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Abstract
Three-dimensional (3D) printing of vascular structures is of special interest for procedure simulations in Interventional 
Radiology, but remains due to the complexity of the vascular system and the lack of biological tissue mimicking 3D print-
ing materials a technical challenge. In this study, the technical feasibility, accuracy, and usability of a recently introduced 
silicone-like resin were evaluated for endovascular procedure simulations and technically compared to a commonly used 
standard clear resin. Fifty-four vascular models based on twenty-seven consecutive embolization cases were fabricated 
from preinterventional CT scans and each model was checked for printing success and accuracy by CT-scanning and digital 
comparison to its original CT data. Median deltas (Δ) of luminal diameters were 0.35 mm for clear and 0.32 mm for flexible 
resin (216 measurements in total) with no significant differences (p > 0.05). Printing success was 85.2% for standard clear and 
81.5% for the novel flexible resin. In conclusion, vascular 3D printing with silicone-like flexible resin was technically feasible 
and highly accurate. This is the first and largest consecutive case series of 3D-printed embolizations with a novel biological 
tissue mimicking material and is a promising next step in patient-specific procedure simulations in Interventional Radiology.
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AVM	� Arteriovenous malformation
CJP	� Colorjet printing

CLIP	� Continuous Liquid Interface Production
CT	� Computed tomography
CTA​	� Computed tomography angiography
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DLP	� Digital light processing
EVAR	� Endovascular aortic repair
FDM	� Fused deposition modeling
HU	� Houndsfield units
IR	� Interventional radiology
MJP	� Multijet printing
MPR	� Multiplanar reconstruction
MRI	� Magnetic resonance imaging
PJP	� Polyjet printing
SIRT	� Selective internal radiation therapy
SLA	� Stereolithography 3D printing technology
SLS	� Selective laser sintering
STL	� Stereolithography file format
TIPS	� Transjugular intrahepatic portosystemic shunt

Introduction

Three-dimensional (3D) printing has become an innova-
tive way of visualizing imaging data based on computed 
tomography (CT) or magnetic resonance imaging (MRI) 
[1, 2]. Applications include surgery planning, (pre)proce-
dural simulation, device testing, education, and more [3–6]. 
Several studies have shown the potential benefits and fields 
of application for Interventional Radiology (IR), especially 
for manufacturing vascular structures and the simulation 
of endovascular procedures [7–9]. However, the technol-
ogy still has many limitations, particularly time-consuming 
and complex manufacturing processes and the lack of ideal 
vasculature-like 3D printing materials [10]. Additionally, 
there is a wide range of available printing technologies, 
post-processing, and segmentation software and simulation 
models [11, 12]. In short, the ideal setup for patient-specific 
simulations with 3D printing in IR has not yet been found.

During the past decades, multiple 3D printing tech-
nologies were developed and used in different fields of 
medicine. In 1984 the first patents for computer auto-
mated manufacturing processes were filed, including 
Hull and Arcadia with his “Apparatus for production of 
three-dimensional objects by stereolithography” [13]. Ste-
reolithography (SLA) is until today the most commonly 
used 3D printing technology and is utilized in medicine 
already since the 90 s [14, 15]. It is a liquid-based additive 
manufacturing process using photopolymerization of resin, 
where an ultraviolet laser cures each layer slice-by-slice. 
The process starts from the bottom of the model to build 
the layers upward and uses support structures to stabilize 
the model while printing. These supports are a challenge 
for vascular 3D printing, because they can be difficult to 
remove afterward, especially when they are inside the vas-
cular lumen (so called internal supports). Multiple other 
technologies were introduced including fused deposition 
modeling (FDM), multijet and polyjet printing (MJP, PJP), 

selective laser sintering (SLS), digital light processing 
(DLP), and colorjet printing (CJP) [4–6, 11]. However, 
SLA is considered to be one of the most accurate methods 
with the best surface finish [11].

Another challenge, besides the support structures, still 
remains the selection of an appropriate 3D printing mate-
rial. There is a huge variety of materials with different 
technical properties, including also different kinds of 
resins for SLA printing [10, 16]. O’Reilly et al. recently 
published a comprehensive library of 3D printing materi-
als that may be suitable as physical and radiological bio-
logic mimics, but a suitable material for direct vascular 
3D printing for interventional procedure simulations was 
not yet available [17]. So far, this issue could only be over-
come with a complex and time-consuming workaround by 
silicone molding [10], but a recently introduced silicone-
like resin with biological tissue mimicking characteristics 
might solve these problems.

This study evaluates the technical feasibility and accuracy 
of direct vascular SLA 3D printing with this new material 
for endovascular procedure simulations and technically com-
pares it to a commonly used standard clear resin, based on 
a series of 27 consecutive real-life embolizations from our 
institution.

Materials and Methods

Patient and Imaging Data

All consecutive patients from September 2018 to March 
2019 treated with selective embolization and with prior 
procedure-related CT examination at our institution were 
included in this retrospective study. A positive ethics vote 
was obtained (IRB-No. 1004/2020). Patient-identifiers were 
irreversibly anonymized and replaced by a random ID. The 
only inclusion criterion concerning the preprocedural CT 
was an axial reconstruction with 1-mm slice thickness and 
arterial phase contrast enhancement. All CTs were per-
formed for procedural planning as well as for diagnostic 
purposes in clinical routine using 128-slice multidetector 
CT (Somatom Definition AS +, Siemens). A standard pro-
tocol with a bolus of 120 ml non-ionic contrast media was 
used with an injection rate of 3.5–5 ml/s. The arterial phase 
(CTA) was acquired at a delay of 30 s post-injection and 
axial thin-sliced reconstructions with 1-mm slice thickness 
were generated in soft-tissue window. All other phases like 
native or portal venous phase were not used and, respec-
tively, not relevant for creating the vascular models. To 
investigate our manufacturing process in a clinical setting, 
patients were not excluded because of poor image quality 
(i.e., caused by artifacts, low contrast-enhancement).
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Image Processing and Segmentation

The digital models were generated based on the CT scans 
by segmenting the relevant arteries including the aorta, 
using the open-source biomedical image processing soft-
ware ImageJ (Laboratory for Optical and Computational 
Instrumentation, University of Wisconsin). Segmentation 
was done case-by-case by using the window-level tool for 
segmenting the case-related arteries. Calcifications were sub-
tracted with the threshold tool; consecutively only the inner 
vascular lumen was segmented. The surface models were 
generated and exported as binary stereolithography (STL) 
files using the integrated 3D-Viewer with standard preset 
settings (display as = surface, color = white, threshold = 50, 
resampling factor = 2). The open-source 3D graphics soft-
ware Blender (Blender Foundation) was used to remove non-
vascular structures from the STL-file, to smooth the model 
with subdivision surface modifier (algorithm = catmull–clark, 
iterations = 1) and to generate the vessel walls with 1-mm 
wall thickness, using the solidify modifier (mode = complex, 
thickness mode = fixed, boundary shape = none).

3D Printing

An in-house 3d-print lab with a SLA 3D printer (Form 3, 
Formlabs) at our radiology department was used to create 
the patient-specific vascular models. Layer thickness was set 
to 0.1 mm for both materials. Support structures were auto-
matically generated and manually refined using a density 
of 0.8, touching point size of 0.4 mm and deactivation of 

internal supports. Each embolization case was printed twice, 
once with standard clear (transparent but rigid) and once 
with novel flexible resin (transparent and flexible). Post-
processing included automatic model cleaning for 10 min 
in isopropanol (Form Wash, Formlabs), manual flushing of 
small vessels with isopropanol-injection by hand, removal of 
the support structures, and lastly, curing the model in ultra-
violet light for 10 min with 40 °C (Form Cure, Formlabs). 
The whole manufacturing process is summarized in Table 1.

Measurements

All vascular models were scanned with CT and recon-
structed in axial slices of 1-mm thickness (Somatom 
Definition AS +, Siemens). The diameters were meas-
ured orthogonal to the vessel axis using multiplanar 
reconstruction (MPR) in our PACS system, because the 
centerline method was not applicable to the printed mod-
els without contrast enhancement. All models and their 
related CTAs were measured at the same 3 points for 
their mean luminal diameters: (1) at the aorta, (2) a main 
branch of the aorta (i.e., celiac artery), and (3) the small-
est, procedure-relevant artery. To assure that the measure-
ments were performed at the same position, the aorta was  
always measured 10 mm proximal to a main branch and 
the main branch as well as the smallest procedure-relevant 
artery were always measured 10 mm distal their origin, 
demonstrated in Fig. 1. In case the main branch and the 
smallest artery were the same, for example, in a bronchial  
artery bleeding, the smallest procedure-relevant artery was  

Table 1   The manufacturing process. Summary of the steps of our manufacturing process for vascular 3D printing with clear and flexible resin, 
used in this case series

Step Description

1. CT scan Standard protocol CT angiography in arterial phase with axial reconstructions in 1-mm slice thickness
Note that a larger slice thickness will cause a loss of detail and the formation of steps in the vascular models

2. Segmentation ImageJ (open-source software) was used for segmentation and the included 3D-Viewer plugin for creating surface models 
in form of STL files

Note that any segmentation and 3D-modelling software can be used, but has to be focused on a high grade of detail of the 
procedure-relevant vascular system

3. 3D modeling Blender (open-source software) was used for digital post-processing (removing residual non-vascular structures) and creating 
the vessel walls (1 mm) for each STL file

4. 3D printing PreForm (included software, Formlabs) was used for 3D printing at a resolution of 0.1 mm and with automatic generation 
of external supports at a density of 0.8 and touching point size of 0.4 mm

Note that it is important that internal (intraluminal) support structures are deactivated, because they cannot be removed 
from the inside of small vessels afterward

5. Cleaning The printed models were at first cleaned automatically for 10 min in isopropanol (Form Wash, Formlabs) and second by 
hand using isopropanol in a syringe to flush and fully clean the small structures

Note that it is important that all vessels are free from residual resin to prevent permanent vessel blockages from final curing 
in ultraviolet light (step 7)

6. Support removal Support structures were carefully, but easily removed by hand, right after cleaning
Note that support structures are much easier and safer to remove before curing (step 7)

7. Curing The models were finally cured in ultraviolet light for 10 min with 40 °C (Form Cure, Formlabs)
Note that the models are ready to be used for simulation immediately after curing
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measured twice 10 mm after origin and 10 mm before its 
ending. The differences between the CT-scanned models 
and their original CTA were calculated with divergence 
and absolute delta (Δ) in mm. The printing accuracy was 
rated based on absolute delta (Δ): a delta > 1.5 mm was 
considered as insufficient, 1.0 to 1.5 mm as sufficient, 
0.5–1.0 mm as good, and < 0.5 mm as excellent (Table 2).

Statistics

The data was assessed for normal distribution using 
Kolmogorov–Smirnov testing. Given the non-normal 
distribution, continuous variables were given in median 
and interquartile range (IQR). Differences across more 
than 2 groups were assessed using Friedman’s test and 

Fig. 1   Principle of the diameter measurements of the CT-scanned 
vascular models and their original CT data. Each case was measured 
for mean luminal diameters on the patient’s CT scan as well as the 

related CT-scanned printed models (clear and flexible resin) at three 
predefined points: (1) the aorta, (2) the procedure-relevant main 
branch, and (3) the smallest procedure-relevant artery
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Dunn’s multiple comparison test to compare f lexible 
and clear resin versus CT (control group). Differences 
between two groups were assessed using Wilcoxon 
matched-pair signed rank test. All tests were two-sided 
and p-values < 0.05 were considered to be statistically 
significant. GraphPad Prism was used to analyze and 
depict data.

Results

Patient and Imaging Data

A series of 27 consecutive embolization procedures per-
formed at our institution over a 6-month period (18 male, 
9 female, age = 65 years [18–93 years]) was available with 
preinterventional planning CTAs with thin-sliced axial 
reconstructions of 1 mm. The case series involved acute 
bleedings (14), aneurysms and pseudoaneurysms (5), tumor 
embolizations (7), and a pulmonary vascular malformation 
(1). All other procedures performed during this half year 
period did not have preinterventional CTAs for generating 
high-resolution 3D models and were not included in this 
study. TACE and SIRT, for example, usually either received 
preinterventional MRI or a CT from external institutions 

without CTA in 1-mm slice thickness and therefore did not 
match our inclusion criteria. All cases finally included in this 
study are described and listed per organ system in Table 3.

Manufacturing Process

A total of 54 vascular models with standard clear and trans-
parent flexible resin (50:50) was created based on the 27 IR 
cases. Three of 54 prints technically failed because of mate-
rial rupture while printing (5.6% printing error): the pulmo-
nary arteriovenous malformation (AVM) with flexible resin 
and a mesenteric artery bleeding with extensive kinking in 
both 3D printing materials. Segmentation failed in one case 
of bronchial artery bleeding, because the bronchial artery 
was running parallel so close to the aorta (< 1 mm) that they 
fused together to one vessel in both printing materials (3.7% 
segmentation error). Two cases had a lack of detail on the 
CT scan, so that the procedure-relevant artery could not be 
segmented for both materials (7.4% lack of detail error). In 
total, 45 of 54 (83.3%) vascular models were printed suc-
cessfully with the procedure-relevant arteries. Separated into 
both printing materials and excluding the processing errors 
which affect both materials likewise (segmentation error and 
lack of detail on the CT scan), 23 of 24 cases were printed 
successfully with clear (96%) and 22 of 24 with flexible 
resin (92%). Including all technical errors, 23 of 27 prints 
were successful with clear (85.2%) and 22 of 27 prints with 
flexible resin (81.5%). The summary of the results is listed 
in Table 4 and the manufacturing process is demonstrated 
in Fig. 2. The vascular models are transparent and flexible 
and can be easily compressed by hand as shown in Fig. 3.

Measurements, Statistics, and Applications

Each successful case was measured at the three defined 
points for mean luminal diameters on its preprocedural 
CT and on the native CT scans of the clear and flexible 

Table 2   Printing accuracy. The printing accuracy was rated based on 
the absolute delta (Δ) of the vascular model diameters compared to 
their originating CT scan

Absolute delta (Δ) compared to CT scan Rating of 
printing 
accuracy

 > 1.5 mm Insufficient
1.0–1.5 mm Sufficient
0.5–1 mm Good

 < 0.5 mm Excellent

Table 3   The embolization case series. Overview and description of the consecutive embolization case series including 27 patients which were 
used to fabricate 54 vascular models with two different printing materials

Organ/system Indication Cases

Liver Hemorrhage from tumor (1 ×), hemangioma (1 ×), and operation (2 ×) 4
Pancreas Pseudoaneurysm in the arterial arcades of the pancreas after pancreatitis (1 ×) 1
Spleen Splenic artery aneurysm (2 ×) and pseudoaneurysm after pancreatitis (1 ×) 3
Kidney Hemorrhage from tumor (3 ×), renal cyst (1 ×), and operation (1 ×) 5
Gastrointestinal system Mesenteric pseudoaneurysm (1 ×), hemorrhage from duodenal ulcer (1 ×), anticoagulation (1 ×), and GI 

tumor (2 ×)
5

Retroperitoneum Hemorrhage from trauma (1 ×), anticoagulation (1 ×), and post-TAVI (1 ×) 3
Pulmonary Hemorrhage from tumor (2 ×) and cystic fibrosis (1 ×), pulmonary arteriovenous malformation (1 ×) 3
Soft tissue Trauma under anticoagulation (2 ×) 2
Total 27
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resin models (216 measurements in total). The overall 
median absolute delta was 0.35 mm for clear resin and 
0.32 mm for flexible resin; therefore, the printing accu-
racy for both materials was rated excellent (< 0.5 mm). 
No significant differences were observed in diameters 
using Friedman’s test to compare all diameter measure-
ments of the original CT scan, the clear resin models 
and the f lexible resin models in subgroups of aorta 
(p = 0.58), main branch (p = 0.21), and smallest artery 
(p = 0.3). In Dunn’s multiple comparison test the origi-
nal CT scan was used as control group for the clear and 
flexible resin models in the subgroups aorta (p = 0.62 and 
0.94), main branch (p = > 0.99 and 0.22), and smallest 
artery (p = 0.50 and 0.30). Also for the absolute (mm) 

and relative (%) deltas no significant differences were 
observed using the Wilcoxon matched-pair signed rank 
test in subgroups of aorta (p = 0.18 and 0.15), main 
branch (p = 0.43 and 0.65), and smallest artery (p = 0.54 
and 0.56). The results are also demonstrated in Table 5 
and visualized in Fig. 4. All deltas of the aorta were less 
than 1.5 mm and for the main branch and the smallest 
artery less than 1 mm; therefore, no absolute delta was 
rated as insufficient (Fig. 5). The largest aorta in this 
case series had a mean luminal diameter of 26.6 mm and 
the smallest artery 1.4 mm. As proof of concept, proce-
dure simulations were performed with a peristaltic water 
pump and a smartphone camera for 2D projection using 
catheters, microcatheters, and guidewires, as well as 
embolic agents including coils and cyanoacrylate-based 
synthetic glue, demonstrated in Fig. 6. Video 1 illustrates 
the patient-specific procedure simulation of a superselec-
tive gastroduodenal artery embolization with coils in a 
pulsating flexible resin vascular model and visually sum-
marizes the idea behind this study.

Video 1. Embolization of a gastroduodenal artery to dem-
onstrate the simulation setting with a silicone-like flexible 
resin model, connected to a peristaltic water pump. Note 
the pulsations of the vascular structures, caused by the flex-
ible quality of the resin. To accomplish full embolization, 
coils might be combined with cyanoacrylate-based glue until 
stasis. To check for success, disappearing ink can be used 
as contrast agent. Li = Liver, Ki = Kidney, St = Stomach.

Table 4   Printing successResults of the manufacturing process, sepa-
rated into the two printing materials clear (V4) and flexible resin 
(80A)

Clear resin (V4) Flexible resin 
(80A)

Print error (n) 1 2
Segmentation error (n) 1 1
Lack of detail on the CT-scan 

error (n)
2 2

Overall failed prints (n) 4 5
Overall successful prints (n) 23 22
Overall success rate (%) 85.2% 81.5%

Fig. 2   Excerpt of the manufacturing process and simulation setting. 
A 3D printer with a set of printed models in front. B Curing step; 
note that support structures are already removed. C Simulation set-

ting with a smartphone camera for 2D projection and a LED panel 
to improve the visibility of guidewires and catheters inside the model
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Discussion

Interventional Radiology offers a wide range of poten-
tial educational and clinical applications for vascular 3D 
printing. Itagaki for example used a vascular model to 
treat a splenic aneurysm by testing and choosing cath-
eter equipment preoperatively and using it as a refer-
ence intraoperatively. Before the actual procedure was 

performed, a guide catheter, base catheter, and micro-
catheter combination were selected and successfully used 
intraoperatively to reduce repeat angiograms for image 
orientation [18]. The 3D-printed visceral aneurysms 
have been described as technically accurate and aneu-
rysm models were successfully used for simulation of 
endovascular treatments [19]. Simulation of EVAR has 
the potential to radically change endovascular surgery in 

Fig. 3   Proof of flexibility and transparency of a CT-derived vascular 
model, printed with flexible resin. The aorta and its branches are eas-
ily compressed with two fingers, demonstrating the flexible quality of 

this novel 3D-printing material. Transparency is high and can be fur-
ther improved as demonstrated by background lighting with a LED 
panel

Table 5   Technical accuracy. Median luminal diameters, absolute del-
tas (Δ) in millimeter, and relative deltas in percent for aorta, main 
branch, and smallest procedure-relevant artery including the interquar-
tile range (IQR). No significant differences were found between the 

printed models and their original CT (each p > 0.05) using Friedman’s 
test (1) and Dunn’s multiple comparison test for the diameters, as well 
as Wilcoxon matched-pair signed rank test for the deltas

Aorta Main branch Smallest artery

Diameter Median diameter p Median diameter p Median diameter p

Original CT 19.5 (± 6.3) mm 0.58 1 5.9 (± 2.4) mm 0.21 1 3.2 (± 1.8) mm 0.30 1

Clear resin (V4) 18.9 (± 5.3) mm 0.62 6.1 (± 2.6) mm  > 0.99 3.0 (± 1.8) mm 0.50
Flexible resin (80A) 19.0 (± 5.5) mm 0.94 5.9 (± 2.5) mm 0.22 3.0 (± 1.6) mm 0.30
Absolute delta Δ (mm) Median delta (mm) p Median delta (mm) p Median delta (mm) p
CT vs. clear resin 0.48 (± 0.55) mm 0.18 0.40 (± 0.36) mm 0.43 0.23 (± 0.25) mm 0.54
CT vs. flexible resin 0.67 (± 0.54) mm 0.30 (± 0.36) mm 0.18 (± 0.21) mm
Relative delta Δ (%) Median error (%) p Median error (%) p Median error (%) p
CT vs. clear resin 2.66 (± 2.70)% 0.15 6.31 (± 5.31)% 0.65 6.52 (± 10.28)% 0.56
CT vs. flexible resin 3.63 (± 3.17)% 6.27 (± 7.93)% 7.21 (± 8.46)%
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Fig. 4   Box plots and scatter 
plots including the p-values for 
the mean diameters, the delta 
(Δ) in millimeter, and the delta 
in percent (%) measured on the 
CT scans of the patients, as well 
as the CT scans of the clear 
and flexible resin models in the 
subgroups aorta, procedure-rel-
evant main branch, and smallest 
procedure-relevant artery
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the near future [20, 21], for example, by precisely locat-
ing the fenestration position preoperatively [22] or by 
facilitating EVAR-planning with complex neck anatomy 
[23]. Simulated 3D-printed CT-guided procedures were 
rated as realistic for training and learning purposes by 
interventional radiologists [24], and Javan and Zeman 
created an educational model for hepatobiliary interven-
tions to demonstrate TIPS, percutaneous biliary drain, 
and cholecystostomy tube placement [25]. In the future, 
3D printing of antibiotic and chemotherapeutic eluting 
catheters might lead to personalized IR [26].

This study is the first to evaluate the technical feasibil-
ity and accuracy of vascular SLA 3D printing with a novel 
transparent and biological tissue mimicking resin in IR [17]. 
3D printing with this flexible resin was technically feasi-
ble in 81.5% in a consecutive case series of 27 emboliza-
tions. The printing accuracy of flexible resin was excellent 
with a median absolute delta (Δ) of 0.32 mm and a median 
relative delta of 4.78%, where excellent means absolute 
delta < 0.5 mm. In a total of 216 diameter measurements not 
a single absolute delta was rated as insufficiently accurate 
(Δ > 1.5 mm). No significant differences for diameters and 
deltas were observed in the subgroups aorta, main branch, 
and smallest procedure-relevant artery compared to a stand-
ard rigid clear resin with all p-values above 0.05 (Table 5), 
which means that flexible resin vascular models are techni-
cally as accurate as rigid standard clear resin models. How-
ever, standard clear resin had a slightly higher success rate 
with less print failures compared to the novel flexible resin 
(85.2% versus 81.5%), caused by one case which was not 
entirely printable with flexible resin: the pulmonary AVM 
due to partial rupture of the model while printing. This was 
caused by overhangs at an angle less than 10°, which made 
the overhang break off the model. The problem in this case 
did not occur with clear resin. Concerning that, the com-
pany mentions that there are slight variations about the mini-
mum overhang angle at different resins. The same problem 
occurred in one other case but for both printing materials, 
probably due to extensive kinking of the arteries. Consecu-
tively, some cases with extreme overhangs at small angles 
might be easier to print with clear resin at this stage (version 
4), compared to the current version of flexible resin (version 
1). Another technical limitation noticed in this case series 
were difficult segmentations caused by a lack of detail of the 
CT scan (e.g., no contrast agent in the procedure relevant 
artery), which certainly affects both materials likewise. To 
summarize, 4 out of 5 embolization cases over a half-year 
period were replicated technically accurate with complex 
vascular structures ranging from diameters of 26.6 mm 
(aorta) down to 1.4 mm (smallest arteries). Our findings 
correlate with Schicho et al. who stated SLA-printing as 

suitable and sufficiently reliable method for treatment plan-
ning in computer-assisted surgery [27]. Similarly, SLA 3D 
printing of vascular structures with biological tissue mimick-
ing flexible resin is finally technically feasible with an end-
user 3D printer and open-source software, as well as reliable 
concerning the technical printing accuracy. In a case-based 
approach, our results may improve the education and train-
ing of interventional radiologists when using such models 
for simulation of interventional procedures. A peristaltic 
fluid pump connected to the vascular models could be used 
to establish a closed circulatory system and the transparent 
material might enable radiation-free endovascular training of 
patient-specific procedures. Considering these aspects, this 
could also impact the procedural planning of interventions 
in the future, particularly in complex or non-routine cases.

A limitation is that the simulation setting was not evalu-
ated yet, as this study is focused on the technical aspects 
of vascular 3D printing with flexible resin. In a next step, 
guidewire, catheter, and embolic agent behavior should 
be evaluated in a simulation setting, involving trainees as 
well as experienced interventional radiologists. As proof 
of concept, the supplementary video 1 demonstrates the 
usability of a patient-based flexible resin model used in a 
simulation setting with a peristaltic water pump. The main 
technical limitation of the manufacturing process is that 
the complexity of vascular models is limited by the resolu-
tion of the CT scan, compared to conventional angiogra-
phy. Also a larger case series including MRI would have 
been of interest, but CT currently offers a higher resolution 
and, therefore, more details for vascular 3D printing.

Apparently, producing high-quality vascular models is 
not a one-click procedure, but rather a time-consuming, 
technical challenge. However, new technologies using 
deep learning with convolutional neuronal networks will 
improve model generation in the future by automatic seg-
mentation of vasculature [28, 29] and maybe lead to even 
fully automatic generation of printable vascular models. 
Besides that, technical advances in additive manufactur-
ing will also bring significant reduction of printing times, 
notably a technology initially described in the year 2015, 
called Continuous Liquid Interface Production (CLIP, 
Carbon). This innovative method uses digital light projec-
tion in combination with oxygen permeable optics which 
accelerates the manufacturing process of resin photopo-
lymerization up to 100 times and allows fabrication of 
complex models within a few minutes, instead of hours 
[30]. The combination of artificial intelligence and newly 
arising 3D printing technologies is therefore particularly 
interesting for the field of radiology. Finally, automatized 
3D printing for case-based simulations might be a chance 
for IR to progress towards a more personalized medicine.
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Fig. 5   Distribution of deltas (Δ) in percent (%) with 0.5-mm increment for both materials and the subgroups aorta, main branch, and smallest artery. All 
deltas for the aorta were less than 1.5 mm and for main branch and smallest artery less than 1 mm. No statistical outliers were observed
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Conclusion

In conclusion, patient-specific vascular 3D printing with 
one of the first transparent biological tissue mimicking 
resins is technically feasible and accurate with an end-user 
3D printer. In a consecutive case series of embolizations 
over a half-year period, 81.5% were printed successfully 
and with excellent technical accuracy. Future research has 
to evaluate the benefits of procedure simulations with such 
novel materials as 3D printing technologies are continuing 
to evolve. Vascular 3D printing in a case-base approach 
has the potential to impact education, training, and prepro-
cedural planning in Interventional Radiology.
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Fig. 6   Applications of vascular 3D printing for IR. A The main cath-
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coils. D Example of a 3D-printed splenic artery pseudoaneurysm 
caused by pancreatitis

19Journal of Digital Imaging (2022) 35:9–20

https://doi.org/10.1007/s10278-021-00553-z


1 3

otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Tack P, Victor J, Gemmel P, Annemans L: 3D-printing tech-
niques in a medical setting: a systematic literature review. 
Biomed Eng Online. 15(1):115, 2016

	 2.	 Heller M, Bauer HK, Goetze E, Gielisch M, Roth KE, Drees 
P, Maier GS, Dorweiler B, Ghazy A, Neufurth M, Müller WE, 
Schröder HC, Wang X, Vahl CF, Al-Nawas B: Applications of 
patient-specific 3D printing in medicine. Int J Comput Dent. 
19(4):323-339, 2016

	 3.	 Hoang D, Perrault D, Stevanovic M, Ghiassi A: Surgical appli-
cations of three-dimensional printing: A review of the current 
literature & how to get started. Ann Transl Med. 2016. https://​
doi.​org/​10.​21037/​atm.​2016.​12.​18

	 4.	 Aimar A, Palermo A, Innocenti B: The Role of 3D Printing 
in Medical Applications: A State of the Art. J Healthc Eng. 
2019. https://​doi.​org/​10.​1155/​2019/​53406​162

	 5.	 Ballard DH, Trace AP, Ali S, Hodgdon T, Zygmont ME, 
DeBenedectis CM, Smith SE, Richardson ML, Patel MJ, Decker 
SJ, Lenchik L: Clinical Applications of 3D Printing: Primer for 
Radiologists. Acad Radiol. 25(1):52-65, 2018

	 6.	 Mitsouras D, Liacouras P, Imanzadeh A, Giannopoulos AA, Cai 
T, Kumamaru KK, George E, Wake N, Caterson EJ, Pomahac 
B, Ho VB, Grant GT, Rybicki FJ: Medical 3D printing for the 
radiologist. Radiographics. 35(7):1965-1988, 2015

	 7.	 Goudie C, Kinnin J, Bartellas M, Gullipalli R, Dubrowski 
A: The Use of 3D Printed Vasculature for Simulation-based 
Medical Education Within Interventional Radiology. Cureus. 
2019. https://​doi.​org/​10.​7759/​cureus.​43812

	 8.	 Chang D, Tummala S, Sotero D, Tong E, Mustafa L, Mustafa 
M, Browne WF, Winokur RS: Three-Dimensional Printing for 
Procedure Rehearsal/Simulation/Planning in Interventional 
Radiology. Tech Vasc Interv Radiol. 22(1):14-20, 2019

	 9.	 Sheth R, Balesh ER, Zhang YS, Hirsch J, Khademhosseini A, 
Oklu R: Three-Dimensional Printing: An Enabling Technology 
for IR. J Vasc Interv Radiol. 27(6):859-865. 2016

	10.	 Torres I, De Luccia N: Artificial vascular models for endovas-
cular training (3D printing). Innov Surg Sci. 3(3):225-234, 2018

	11.	 Kim GB, Lee S, Kim H, Yang DH, Kim YH, Kyung YS, Kim CS, 
Choi SH, Kim BJ, Ha H, Kwon SU, Kim N: Three-dimensional 
printing: Basic principles and applications in medicine and radi-
ology. Korean J Radiol. 17(2):182-197, 2016

	12.	 Mafeld S, Nesbitt C, McCaslin J, Bagnall A, Davey P, Bose 
P, Williams R: Three-dimensional (3D) printed endovascu-
lar simulation models: A feasibility study. Ann Transl Med. 
2017. https://​doi.​org/​10.​21037/​atm.​2017.​01.​16

	13.	 Hull CW, Arcadia C: United States Patent US4575330A - Apparatus 
for production of three-dimensional objects by stereolithography. 
https://​paten​ts.​google.​com/​patent/​US457​5330A/​en

	14.	 Mankovich NJ, Samson D, Pratt W, Lew D, Beumer J: Surgi-
cal planning using three-dimensional imaging and computer 
modeling. Otolaryngol Clin North Am. 27(5):875–889.2, 1994

	15.	 Coward TJ, Watson RM, Wilkinson IC: Fabrication of a wax 
ear by rapid-process modeling using stereolithography. Int J 
Prosthodont. 12(1):20-27, 1999

	16.	 Garcia J, Yang ZL, Mongrain R, Leask RL, Lachapelle K: 3D 
printing materials and their use in medical education: A review 
of current technology and trends for the future. BMJ Simul 
Technol Enhanc Learn. 4(1):27-40, 2018

	17.	 O’Reilly M, Hoff M, Friedman SD, Jones JFX, Cross NM: 
Simulating Tissues with 3D-Printed and Castable Materials. J 
Digit Imaging. 33(5):1280-1291, 2020

	18.	 Itagaki MW: Using 3D printed models for planning and guid-
ance during endovascular intervention: A technical advance. 
Diagnostic Interv Radiol. 21(4):338-341, 2015

	19.	 Shibata E, Takao H, Amemiya S, Ohtomo K: 3D-printed vis-
ceral aneurysm models based on ct data for simulations of endo-
vascular embolization: Evaluation of size and shape accuracy. 
Am J Roentgenol 209(2):243-247, 2017

	20.	 Marti P, Lampus F, Benevento D, Setacci C: Trends in use of 
3D printing in vascular surgery: a survey. Int Angiol. 38(5):418-
424, 2019

	21.	 Kärkkäinen JM, Sandri G, Tenorio ER, Alexander A, Bjellum 
K, Matsumoto J, Morris J, Mendes BC, DeMartino RR, Oderich 
GS: Simulation of Endovascular Aortic Repair Using 3D Printed 
Abdominal Aortic Aneurysm Model and Fluid Pump. Cardiovasc 
Intervent Radiol. 42(11):1627-1634, 2019

	22.	 Huang J, Li G, Wang W, Wu K, Le T: 3D printing guiding stent 
graft fenestration: A novel technique for fenestration in endo-
vascular aneurysm repair. Vascular. 25(4):442-446, 2017

	23.	 Tam MD, Latham T, Brown JRI, Jakeways M: Use of a 3D 
printed hollow aortic model to assist EVAR planning in a case 
with complex neck anatomy: Potential of 3D printing to improve 
patient outcome. J Endovasc Ther. 21(5):760-764, 2014

	24.	 Jahnke P, Schwarz FB, Ziegert M, Almasi T, Abdelhadi O, Nunninger 
M, Hamm B, Scheel M: A radiopaque 3D printed, anthropomor-
phic phantom for simulation of CT-guided procedures. Eur Radiol. 
28(11):4818-4823, 2018

	25.	 Javan R, Zeman MN: A Prototype Educational Model for Hepa-
tobiliary Interventions: Unveiling the Role of Graphic Designers 
in Medical 3D Printing. J Digit Imaging. 31(1):133-143, 2018

	26.	 Weisman JA, Ballard DH, Jammalamadaka U, Tappa K, Sumerel 
J, D'Agostino HB, Mills DK, Woodard PK: 3D Printed Antibi-
otic and Chemotherapeutic Eluting Catheters for Potential Use in 
Interventional Radiology: In Vitro Proof of Concept Study. Acad 
Radiol. 26(2):270–274, 2019

	27.	 Schicho K, Figl M, Seemann R, Ewers R, Lambrecht JT, Wagner 
A, Watzinger F, Baumann A, Kainberger F, Fruehwald J, Klug 
C: Accuracy of treatment planning based on stereolithography in 
computer assisted surgery. Med Phys. 33(9):3408-17, 2006

	28.	 Hsu CY, Ghaffari M, Alaraj A, Flannery M, Zhou XJ, Linninger 
A: Gap-free segmentation of vascular networks with automatic 
image processing pipeline. Comput Biol Med. 82:29-39, 2017

	29.	 Moccia S, Momi ED, Hadji SE, Mattos LS: Blood vessel segmen-
tation algorithms - Review of methods, datasets and evaluation 
metrics. Comput Methods Programs Biomed. 158:71-91, 2018

	30.	 Tumbleston JR, Shirvanyants D, Ermoshkin N, Janusziewicz 
R, Johnson AR, Kelly D, Chen K, Pinschmidt R, Rolland JP, 
Ermoshkin A, Samulski ET, DeSimone JM: Additive manufac-
turing. Continuous liquid interface production of 3D objects. Sci-
ence. 20;347(6228):1349–52, 2015

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

20 Journal of Digital Imaging (2022) 35:9–20

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.21037/atm.2016.12.18
https://doi.org/10.21037/atm.2016.12.18
https://doi.org/10.1155/2019/53406162
https://doi.org/10.7759/cureus.43812
https://doi.org/10.21037/atm.2017.01.16
https://patents.google.com/patent/US4575330A/en

	Vascular 3D Printing with a Novel Biological Tissue Mimicking Resin for Patient-Specific Procedure Simulations in Interventional Radiology: a Feasibility Study
	Abstract
	Introduction
	Materials and Methods
	Patient and Imaging Data
	Image Processing and Segmentation
	3D Printing
	Measurements
	Statistics

	Results
	Patient and Imaging Data
	Manufacturing Process
	Measurements, Statistics, and Applications

	Discussion
	Conclusion
	References


