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a b  s  t  r a  c t

Introduction  and objectives: 3D printing  technology has  recently been used to improve  diagnosis  and

treatment  of complex surgical  cardiovascular  diseases.  This  technology  allows better  appreciation  of

complex  3D anatomical  and  pathological conditions. The aim of the  present  study is to  show a Latin

American  experience  with  a low-cost digital toolkit for planning  and sizing  with  3D printing  of abdominal

aortic  aneurysms (AAA)  for endovascular  aortic repair (EVAR)  and  preoperative simulation,  combining

2D  and 3D  technologies.

Methods:  Prospective  descriptive study. All  patients  that  underwent  EVAR between January  and May 2021

were included.  The EVAR  procedures were planned  using  the  low-cost digital tool  kit with  3D printing.

Results:  The 3D printed  models  had  fair transparency,  absence  of flexibility  and  no  discrepancy between

the  computer-aided  design.  The models allowed  external inspection  but not  the  insertion of stent grafts

due to the lack of lumen.  The  model  had lower  cost  (25 USD  per  model),  shorter  manufacturing  time

(22 h 31  min),  and an  acceptable level  of accuracy  (2.61%  error)  compared  to other  methods.

Discussion: Using  low-cost  digital tool kits for  planning  and  sizing  with  3D  printing, produces  a robust

physical  model  of a patient-specific  AAA  to aid endovascular  aneurysm  repair  education  and  planning  in

a  timely and  cost-effective  manner.

Conclusions:  Overall,  with  the  levels  of transparency  and flexibility  provided  by  the  3D  printed  part,  the

patient-specific  AAA model could potentially  be  used  for  surgical  planning for  individual patients  but  not

for  surgeons  practicing  endovascular  aneurysm  repair stent  graft.

© 2021  Sociedad  Española de  Cirugı́a  Cardiovascular  y  Endovascular.  Published by  Elsevier  España,

S.L.U. This  is  an open  access article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Introducción  y  objetivos:  La tecnología  de  impresión  3D se ha utilizado  recientemente  para  mejorar  el

diagnóstico y el tratamiento  de  enfermedades quirúrgicas cardiovasculares  complejas.  El objetivo del

presente estudio  es mostrar una  experiencia  latinoamericana  con un kit  de  herramientas  digitales de

bajo  costo  para la planificación  y  el dimensionamiento  con impresión  3D de  aneurismas  aórticos  abdom-

inales (AAA) para la reparación  aórtica  endovascular  (RAE)  y  la simulación  preoperatoria, combinando

las  tecnologías  2D  y 3D.

Métodos:  Estudio  descriptivo  prospectivo  que incluye  a los  pacientes llevados  a RAE durante  el período

comprendido  entre enero  y  mayo  del 2021.  Todos los  procedimientos  de  RAE de los pacientes  se planifi-

caron  utilizando  el  kit de  herramientas  digitales  de bajo coste  para la planificación y  el dimensionamiento

con  impresión 3D.

Resultados: El  modelo  tenía una transparencia  justa, que  permitía su  inspección  externa,  pero no permitía

la inserción  de  injertos de  stent, y una  flexibilidad  nula  con  una discrepancia  general  entre el  diseño

asistido  por  computadora. El modelo  tenía  un costo menor  (25 USD  por  modelo),  un tiempo  de  fabricación

más  corto  (22 h y  31  min)  y  un nivel de precisión  aceptable  (2,61%  de  error)  en  comparación  con otros

métodos.
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Discusión:  El uso  de  kits de  herramientas  digitales  de  bajo  coste  para la planificación y  el  dimension-

amiento  con  impresión 3D, permite  producir  un modelo  físico robusto  de  un AAA  específico de  un paciente

para  ayudar  a la educación  y la planificación  de  la reparación  endovascular  del aneurisma  de  una  manera

rentable  y  en  tiempo.

Conclusiones: En  general, con  los niveles  de  transparencia  y  flexibilidad  proporcionados por la pieza

impresa en 3D,  el modelo  de  AAA específico para el  paciente  podría  utilizarse potencialmente  para  la

planificación  quirúrgica  de  pacientes  individuales,  pero no  para los  cirujanos  que practican  la reparación

endovascular de  aneurismas  con  endoprótesis.

© 2021  Sociedad  Española  de  Cirugı́a Cardiovascular  y Endovascular.  Publicado  por Elsevier  España,

S.L.U.  Este es un  artı́culo Open  Access bajo la licencia  CC BY-NC-ND  (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

Introduction

The conventional way to perform the preoperative planning

for endovascular aortic repair (EVAR) of an abdominal aortic

aneurysms (AAA) is  based on two dimensional (2D) reconstructions

of the Computerized Tomography Angiography (CTA) images, and

centerline based dimension measurements and three dimensional

(3D) reconstructions of the 2D images.1–3 Planning of treatment

for patients with Abdominal Aortic Aneurysms (AAA) needs the

measure of various diameters, lengths and angles to choose the

most ideal device for each specific patient. This process requires a

detailed preoperative knowledge of the patient’s aortic anatomy.4

An error in the preoperative planning in the EVAR may  lead to

misalignment, insufficient overlap, endoleaks, stent graft migra-

tion, limb occlusions, ruptures, or visceral malperfusion.5 Software

packages are available for preoperative EVAR planning. These pro-

grams allow the surgeon an excellent precision of planning in

most AAA cases in 2D and 3D.6 Nevertheless, in  some AAA with

short necks, severe juxta renal angulation, and proximity of vis-

ceral branches, the real dimensions are very difficult to understand

for the vast majority of surgeons.7

In 2014, Hoffman et al.7 developed an accurate and rapid solid

3D aorta model using freely available software programs, and an

accurate 3D printer. These solid models allowed palpation and

manual handling and visual inspection for a  better appreciation of

visceral branches, complex AAA necks and simulation of the EVAR

procedure.7 The color of the 3d model added a  plus for the aortic

anatomy comprehension, even for experienced surgeons. He con-

cluded that 3D printing and modeling and outer shell fabrication for

preoperative simulation are helpful in EVAR planning of complex

AAA.7

The 3D printing technology has recently been used to improve

diagnosis and treatment of complex surgical cardiovascular dis-

eases. This technology allows better appreciation of complex 3D

anatomic and pathologic conditions. In vascular surgery 3D models

of aneurysms have been industrially produced from CTA images for

the stent design and to train physicians and by EVAR manufacturing

companies.7–10 Therefore, the aim of the present study is  to show a

Latinoamerican experience with a low-cost digital toolkit for plan-

ning and sizing with 3D printing of AAA for EVAR and preoperative

simulation, combining the 2D and the 3D technologies.

Methods

We  performed a prospective descriptive study, including

patients taken to  EVAR during the period between January and

May  of 2021. All patients EVAR procedures were planned using the

low-cost digital tool kit for planning and sizing with 3D printing.

The CT scanning of the aorta was performed from the thoracic

arch to below the common iliac arteries bifurcation (Aquilion One,

Toshiba Medical Systems Ltd., UK). The slice thickness was 0.5 mm,

with a pixel size of 0.625 mm.  The process for segmentation and

reconstruction of the patient-specific AAA CT scan data has been

described in  detail previously by Conlisk et al.11 Briefly, segmenta-

tion and reconstruction were carried out in commercial software

(3D Slicer, BWH, US) using manual and semi-automatic thresh-

olding tools, volume preserving smoothing (to remove scanning

artifacts) and meshing operations were then performed in  3-matic

(BWH). Finally, 3D meshes were exported in  the printer compati-

ble computer aided design (CAD) STL format. The chosen STL file

was repaired to remove potential gaps in the geometry and to

ensure smooth surfacing before 3D printing. The STL file  was  then

transferred to the slicing software Cura (version 2.5, Ultimaker, Gel-

dermalsen, Netherlands) for 3D printing. This software was used

to  automatically slice the file into suitable layers for 3D printing

with the Ultimaker 3 3D printer. Print bed temperature was set as

40 ◦C in  Cura 2.5  to ensure material adhesion to the print bed, while

not  exceeding the temperature limit where warping occurs (a phe-

nomenon where the geometry closest to the print bed distorts due

to an excessive print bed temperature being used). PVA support

was  required for the overhanging geometry of the AAA and so the

printer’s second extruder was primed for support structures with a

brimmed adhesion layer between the model and the build plate for

ease of removal with a spatula. The PVA printing parameters were

fixed to  the default recommended settings given in Cura 2.5.10

Data was  collected from the patients’ electronic medical records.

The study did not present any biological, ethical or  social risk to  the

participant patients. The medical ethics committee of the Hospital

Militar Central approved the study.

3D printer

The Ultimaker 3 FDM 3D printer was used (Create Education

Limited, UK). It has the capability for a  minimum thickness layer of

20 �m,  dual extrusion to utilize a  second extruder for water-soluble

support structure printing, and automatic build-plate leveling.10

Materials

Thermoplastic polyurethane (TPU) filament, manufactured by

Ninjatek, called Ninjatek Cheetah Water (USA), and polyvinyl alco-

hol (PVA) filament, manufactured by Ultimaker, were purchased

from Create Education Limited, UK.10

Results

During the study period, 4 patients underwent EVAR proce-

dures (Table 1). Only one 3D printed model was performed per

EVAR procedure. EVAR procedure features are described in  Table 1.

The 3D printed models had fair transparency, absence of flexibility

and no discrepancy between the computer aided design. The mod-

els allowed external inspection of it but  not the insertion of stent

grafts due to the lack of lumen. The software used in the study

doesn’t allow to create a vascular lumen in the 3D printed model.

This is  a  limitation of our 3D printed models due to  not allowing

the residents and fellows to perform previous EVAR simulation. The
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Table  1

EVAR procedures features.

Procedure number Gender Age (years) Aneurysm type Aneurysm size (mm)  EVAR procedure type Surgical time (minutes) Complications

1 Male 62 Suprarrenal 61 Custom Made EVAR 251 No

2  Female 78 Infrarrenal 56 EVAR 114 No

3  Male 59 Yuxtarrenal 67 Fenestrated EVAR 192 No

4  Male 73 Infrarrenal 59 EVAR 125 No

Fig. 1. 3D modeling printing of abdominal aorta and branches.

model had lower cost (25 USD per model), shorter manufacturing

time (22 h 31 min) and an acceptable level of accuracy (2.61% error)

compared to other methods (Figs. 1 and 2).

Discussion

Using our low-cost digital tool kit for planning and sizing with

3D printing, we aimed to produce a robust physical model of a

patient-specific AAA to  aid endovascular aneurysm repair educa-

tion and planning in a  time and cost-effective manner. There are

issues concerning surgical training and planning in EVAR. The EVAR

approach has potential complications including migration of the

graft and endoleaks. Options for surgical training and planning of

EVAR include the use of virtual reality and experimental systems

based on realistic models of AAA.12–15 Manufacturing techniques

of AAA physical models are divided between casting techniques

and 3D printing. Casting of aneurysm patterns is the creation of

geometrically accurate models from transparent silicone rubbers.

However, the time of manufacture has been an average of 2 weeks.

The cost of this technique is around 200 and 1000 USD per model,

due to requiring two sets of molds, for outer and inner geometry,

and material waste. In this study the mean cost of each physical

model was only 25 USD with an average time of manufacture of

22 h. Since 2000s, aneurysm models have been manufactured using

rapid prototyping and 3D  printing in a  one-step process, like in our

series, in which the final model is  produced directly from 3D print-

ing but in some cases a  2 or 3 step process may  be required involving

manufacture of a  mold from the solid 3D printed core.7,9,10

Low-cost AAA models have been accurately 3D printed using

opaque and rigid thermoplastics such as polylactic acid (PLA). The

main issue of 3D printed accurate AAA models is  that these have

Fig. 2. Example of 3D printing of giant abdominal aorta model.

involved the use of expensive 3D printers such as Stratasys printers

(£70,000) with Polyjet technology.10 Physical models of AAA have

been manufactured for a variety of scientific purposes; inclusion

in experimental flow systems to study flow patterns and pres-

sures, for laboratory investigations of migration of stent grafts, and

in  experimental systems for simulation of interventional proce-

dures. This high cost leads to  a restriction in widespread clinical

application in repetitive processes such as EVAR planning and sur-

gical training.10,12,15 In this study we demonstrated the possibility

of producing an accurate, semi-transparent patient-specific AAA

model using a  low-cost FDM machine. The CT scanning typically

takes approximately 15 min, the total processing and manufactur-

ing procedure could feasibly be done in less than 24 h as we showed

in our cohort.

On  the other hand, it is vital to know that while printing tem-

perature and infill percentage only alter the geometry of  the model

compared to the CAD model by a  range of around 2%, increasing

printing speed has a  more adverse effect on accuracy.10 This is why

in  our study we do not recommend a  printing time of less than 20 h

to avoid an increase in dimensional error. The ideal print speed is
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30 mm/s  to maintain the model error range less than 2%.10,13,14 All

the STL files accessed for this study had the geometrical data for the

iliac arteries. This feature allows our  models to  plan more complex

AAA geometries, such as AAAs that extend into the iliac arteries or

those with short neck distance to the renal arteries, as most AAAs

are not infrarenal compared to other series like the reported by

Chung et al.10 with the limitation of difficult anatomies below the

aorto iliac bifurcation.10

The principal problem with our  3D printed AAA model was that

it can not sustain the endovascular aneurysm repair testing. This

issue is due to the absence of lumen that does not allow the possi-

bility to perform previous EVAR simulation to probe the different

abdominal aortic endografts and identify the best option to each

patient aortic anatomy. The next step of this project is to  finance the

purchase of software that allows the creation and printing of 3d aor-

tic models with lumen. The 3D printed AAA model had lower cost

(25 USD per model), shorter manufacturing time (22 h 31 min) and

higher accuracy (∼2.5% error) compared to other methods reported

in literature.16 The cost per model was higher than the opaque,

rigid 3D printed AAA model (6 USD per model) reported by  Bangeas

et al.17 The main barriers to more widespread clinical adoption of

3D printing are the high costs of the art  3D printing systems (81,000

USD) but this is  changing with the new low cost hardware devel-

opment as the Ultimaker 3 printer that costs approximately 3850

USD.17

This study had some limitations. The final AAA model was only

semi-transparent without hollows that did not allow the testing of

AAA endografts, and had poor transparency compared to  silicone

rubbers with optically clear transparency. A stent graft could not

be placed inside the model to  give a fair evaluation of effectiveness.

Investigations into using alternative materials which have higher

transparency and with material with higher compliance, would

improve the model drastically.

Conclusions

Overall, with the levels of transparency and flexibility provided

by the 3D printed part, the patient-specific AAA model could poten-

tially be used for surgical planning for individual patients but not for

surgeons practicing endovascular aneurysm repair stent graft. Con-

versely, due to lack of similarity to aortic properties, the 3D printed

AAA model would not be useful for endovascular aneurysm repair

simulation, peak wall stress or fluid flow testing.
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