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Background: Advances in 3D printing technology allow us to continually find new medical applications. 
One of them is 3D printing of aortic templates to guide vascular surgeons or interventional radiologists to 
create fenestrations in the stent-graft surface for the implantation procedure called fenestrated endovascular 
aortic aneurysm repair. It is believed that the use of 3D printing significantly improves the quality of 
modified fenestrated stent-grafts. However, the accuracy and reliability of personalized 3D printed models of 
aortic templates are not well established.
Methods: Thirteen 3D printed templates of the visceral aorta and sixteen of the aortic arch and their 
corresponding computer tomography of angiography images were included in this accuracy study. The 
3D models were scanned in the same conditions on computed tomography (CT) and evaluated by three 
physicians experienced in vascular CT assessment. Model and patient CT measurements were performed at 
key landmarks to maintain quality for stent-graft modification, including side branches and aortic diameters. 
CT-scanned aortic templates were segmented, aligned with sourced patient data, and evaluated for the 
Hausdorff matrix. Next, Bland-Altman plots determined the degree of agreement.
Results: The Intraclass Correlation Coefficients values were more than 0.9 for all measurements of aortic 
diameters and aortic branches diameter in all landmark locations. Therefore, the reliability of the aortic 
templates was considered excellent. The Bland-Altman plots analysis indicated measurement biases of 0.05 
to 0.47 for aortic arch templates and 0.06 to 0.38 for reno-visceral aortic templates. The arithmetic mean of 
Hausdorff’s mean distances of the aortic arch templates was 0.47 mm (SD =0.06) and ranged from 0.34 to 0.58. 
The mean metrics for abdominal models was 0.24 mm (SD =0.03) and ranged from 0.21 to 0.31. 
Conclusions: The printed models of 3D aortic templates are accurate and reliable, thus can be widely used 
in endovascular surgery and interventional radiology departments as aortic templates to guide the physician-
modified fenestrated stent-graft fabrication. 
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Introduction

Over the last two decades, three-dimensional (3D) printing 
has become a new diagnostic tool in imaging radiology 
and medicine (1-3). Three-dimensionally printed models 
of anatomical and pathological structures contain spatial 
information that would be lost on flat two-dimensional 
screen monitors. The physical dimension of the 3D models 
allows for user interaction and haptic response. These 
remarkable features quickly became a source of additional 
information for surgeons. To this day, 3D printing is used 
to create anatomical models for surgery planning (2,4,5), 
intraoperative navigation (2,4), procedure simulation (6-8),  
and resident training (9,10) as well as for producing 
anatomically realistic, patient-mimicking phantoms for 
low-contrast lesions detectability testing in radiology 
departments (11). Its use is estimated to save money and 
reduce the number of complications (12) in conjunction 
with augmenting the successful rate of radiological 
diagnostics of different lesions in patients (11).

The next stage of development and search for new 
applications for additive manufacturing technologies are 
3D models used as surgical templates or guides (13-15). 
They are made based on computed tomography (CT) of a 
given patient, so they are patient-specific devices. Thus, this 
concept follows a personalized medicine trend—tailored 
individually to the patient.

One such example is the creation of aortic templates 
based on computer tomography of angiography (CTA) (16). 
An aortic template is a hollowed aortic 3D model containing 
cut off side branches, representing an artificial wall with an 
empty interior corresponding to the blood pool.  Its purpose 
is to enable the precise design of a constellation of side aortic 
branches on the stent-graft surface. The template allows 
performing fenestration on the stent-graft surface so that 
after its implantation, the fenestration is aligned with the 
vascular branch. Several smaller series and case descriptions 
of visceral and aortic arch cases are currently available for 
patients with threatening aortic aneurysms requiring urgent 
fenestrated stent-graft implantation (16-19).

Fenestrated and branched stent-grafts are used to extend 
the indications for endovascular treatment in patients with 
aortic aneurysms located near the aortic side branches 
i.e., aneurysms lacking the aortic neck where the regular 
endograft could anchor. The time required to fabricate a 
custom-made device is several weeks, and the associated 
delay makes patients with giant and symptomatic aneurysms 
unsuitable for this treatment method with custom-made 

stent-grafts. Therefore, urgent or emergency treatment 
of patients with abdominal aortic aneurysms is in need of 
alternative treatment solutions. Another limitation is the 
relatively high price of custom-made stent-grafts (20). An 
alternative solution to the above inconveniences is a stent-
graft modified by a physician during the operation. Another 
group of patients convenient for physician-modified stent-
grafts (PMSGs) for aortic surgery are those with anatomy 
unsuitable for commercially available stent-grafts (19) 
or those with chronic postdissection thoracoabdominal 
aortic aneurysms (21) or those with small access vessel 
diameters and access vessel calcifications (22). In addition, 
the data concerning late advances in PMSGs technologies 
and medical applications have been recently reviewed 
elsewhere (23,24). The process of “manual” fenestration 
design is based on measurements of the aorta and its side 
branches such as distances, diameters, angles, and angular 
distances and then transferring them to the stent-graft 
surfaces in the sterile conditions of the operating suite, 
thus with limited use of arithmetic tools (25). Radiology 
workstations and semi-automated analysis tools such as 
vessel centerline delineation can be helpful. However, the 
lack of standardization of this method may be one of the 
factors contributing to significant inter-observer variability 
during the design process (26).

It is believed that using an artificial aortic template 
to modify the real stent-graft significantly improves its 
final quality and reliability (17-19). In recent times, the 
fenestrated physician-modified stent-grafts started to be 
an alternative to achieve total endovascular aortic repair, 
especially in elderly and high-risk patients with major 
comorbidities. The number of such patients requiring 
emergency repair is steadily growing because of an aging 
society. Therefore, the 3D printing method arouses 
great hope among vascular surgeons and interventional 
radiologists to improve their clinical practice results. 
Therefore, it is expected that with the spread of 3D 
printing in the medical sector, this method will replace the 
“manual” fenestration design of stent-grafts nowadays used 
increasingly in vascular surgery. 

The accuracy of the aortic templates and their ability to 
reflect the patient’s anatomy is crucial for spatially accurate 
modification of the stent-graft and subsequent precise 
implantation. If the stent-graft fenestration is performed 
in the wrong place, it may lead to misalignment with 
the aortic side branch. As a result, it may lead to aortic 
branch coverage impairing blood flow or even complete 
obstruction, causing organ ischemia.
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At present, there is a lack of research that would 
determine the accuracy of 3D printed aortic templates. 
Only a few accuracy studies of aorta and aortic aneurysms 
have been reported to describe a very small number of cases 
(27-29). Importantly, it cannot be assumed that the accuracy 
of 3D models of solid organs and 3D aortic templates 
will be similar. This is due to an additional stage when 
preparing the template for the 3D printing process. An 
artificial wall is created in a process called modeling. The 
clear design of the aorta template requires specific additive 
manufacturing technology. Furthermore, 3D printed aortic 
templates’ accuracy should be established, especially in the 
key localization for stent-graft modification. Therefore, we 
aimed here to investigate the accuracy of personalized 3D 
printed models created for aortic stent-graft modification to 
support with additional data this novel endovascular method 
of treatment of aortic aneurysms. We present the following 
article in accordance with the MDAR checklist (available at 
https://dx.doi.org/10.21037/qims-21-529).

Methods

For this study, two groups of patients with aortic 
pathologies were identified. The first group constituted 
thirteen patients with juxtarenal abdominal aortic aneurysm 
treated with fenestrated endovascular aortic aneurysm 
repair (FEVAR) using physician modified stent-grafts. 
The operating surgeon performed the modification and 
included four fenestrations in a personalized 3D printed 
patient-specific aortic model. The fenestrations aimed to 
preserve the flow to the celiac artery (CA), the superior 
mesenteric artery (SMA), the left and right renal artery 
(LRA, RRA, respectively). Our goal was to anchor a stent-
graft proximally to the CA, so we performed fenestrations 
of all reno-visceral vessels. The second group formed 16 
patients with aortic arch and descending aortic aneurysm. 
The personalized 3D printed models used were prepared 
with dedication for therapeutic use in FEVAR procedures 
performed by vascular surgeons. The study was conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013). The study was approved by ethics board of 
Pomeranian Medical University and individual consent for 
this retrospective analysis was waived.

Three-dimensional models manufacture

Three-dimensional personalized printed models were 
created for all patients enrolled in the study based on 

preoperative CTAs, which were performed on different 
CT scanners (Figure 1). CTA scans with a slice thickness 
exceeding 1 mm were excluded from the study. The digital 
3D aortic template generation workflow included image 
processing such as CTA data segmentation, cutting off 
unnecessary branches, smoothing, and vessel hollowing, 
thus finally forming the artificial aortic model wall. The 
first group models presented a limited section of the reno-
visceral aorta, consisting of a short part of the aorta and cut 
off ostia of CA, SMA, LRA, and RRA. The second group 
constituted models of the aortic arch and the proximal part 
of the descending aorta and cut off ostia of the innominate 
artery (IA), left common carotid artery (LCCA), and the left 
subclavian artery (LSA). Two aortic arch cases had a common 
ostium of IA and LCCA, and were therefore analyzed as 
single vessel in the study. The external artificial model 
wall thickness was set to 1.5 mm. The segmentation and 
modeling were made in 3D Slicer software (version 4.10.0; 
https://www.slicer. org/) (30). All these steps were executed 
by a vascular surgeon experienced in vascular segmentation 
and 3D printing. Additive manufacturing was performed 
on a Form 2 printer (Formlabs) using standard clear resin. 
All models were gas sterilized before use in operating suite, 
so the analysis performed in this study includes possible 
geometric distortion due to ethylene oxide. This effect is 
unspecified by the manufacturer, therefore the material used 
is not approved for medical sterilization.

Imaging of 3D printed models

All 3D printed models were scanned using the SOMATOM 
Definition AS scanner (Siemens).  The acquisition was 
made using vascular presets (BodyAngio) with a slice 
thickness of 0.75 mm. The patient’s names on 3D models 
were anonymized to blind evaluating radiologists. For this 
reason, the acquired scans were named with encrypted 
code.

Landmark measurements

The patient CTA (PCTA) scans and model computed 
tomography (MCT) scans were assessed independently by 
three physicians well trained in CTA: two radiologists and 
one vascular surgeon (respectively five, six, and six years of 
experience in vascular CTA evaluation). The radiologists 
worked on Syngo.via software (Siemens) using multiplanar 
reconstruction. To diminish measurement error, we 
conducted all aortic measurements perpendicular to the 
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center lumen line. We decided to work on an effective 
diameter calculated as the arithmetic mean of maximal and 
minimal vessel diameter. All values were averaged from 3 
independent measurements.

The following measurements were conducted on both 
MCT and PCTA of the aortic arch: 
 Aortic diameter 5-cm distally from LSA;
 Aortic diameter 1-cm distally from LSA;
 Aortic diameter at the level of LSA;
 Aortic diameter at the level of LCCA;
 Aortic diameter at the level of IA;
 Diameter of LSA;

 Diameter of LCCA;
 Diameter of IA.
The following measurements were conducted on both 

MCT and PCTA of the reno-visceral aorta: 
 Aortic diameter just below the lowest of the renal 

arteries; 
 Aortic diameter at the level of SMA; 
 Aortic diameter at the level of CA; 
 Diameter of LRA; 
 Diameter of RRA; 
 Diameter of SMA; 
 Diameter of CA.

Figure 1 Representative display of three-dimensionally printed aortic templates. A visceral template (A). An aortic arch template (B). 
Multiplanar reconstruction of CT-scanned aortic arch template (C).

A B

C
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Comparisons of meshes

Additionally, we performed a quality analysis of meshes. 
To do that, we evaluated stereolithography meshes used to 
manufacture aortic 3D models with the meshes obtained 
from CT-scanning of 3D models. To develop the latter, we 
had to conduct MCT segmentations in 3D Slicer software. 
Both meshes were aligned through point registration, 
and Hausdorff distances were assessed in Meshlab free 
software (31). 

Statistical analysis

To assess the reliability between 3D models and PCTA, 
we performed the Interclass Intercorrelation Coefficient 
(ICC) analysis. We used a two-way model for k-raters with 
an absolute agreement (32). According to the Shapiro-Wilk 
test, non-normally distributed variables were transformed 
with Box-Cox transformation and then analyzed by the 
ICC. Values of less than 0.5 indicate low reliability, values 
between 0.5 and 0.8 indicate moderate reliability, values 
between 0.75 and 0.9 good reliability, and values greater 
than 0.9 indicate excellent reliability. Furthermore, we 
examined the degree of agreement with Bland-Altman plots 
with 95% confidence intervals and 1.96 standard deviation 
limits. P<0.05 was considered significant. All presented 
means were calculated as the average of 3 raters. The value 
of Hausdorff’s mean distances were tested for normality 
and presented as a mean, standard deviation (SD), and 
value range. All statistical analysis was conducted in PQStat 
software (PQStat Software) except Box-Cox transformation 

performed in Statistica 13.0 (TIBCO Software).

Results

Three-dimensional models reliability

The ICC values were greater than 0.9 for all measurements 
of aortic diameters and aortic branch diameter in all 
landmark locations (Tables 1,2). The ICC analysis was 
statistically significant for all values. Therefore, the 
reliability of the aortic templates was considered excellent. 
However, when extrapolating the data for the larger 
population, one should mind the confidence intervals. The 
lower limit was more significant than 0.9 in all landmarks 
except visceral and renal branches. The absolute difference 
between PCTA and MCT for landmark measurements 
ranged from 0.05 to 0.47 for aortic arch templates and from 
0.06 to 0.38 for reno-visceral aortic templates.

Degree of agreement

The Bland-Altman plots analysis indicated measurement 
biases of 0.06 to 0.38 for reno-visceral aortic templates and 
0.05 to 0.47 for aortic arch templates (Figures 2,3). However, 
the Bland and Altman method does not state if such bias is 
relevant or not. It should be judged by the clinicians and 
interpreted to the specific clinical situation. Considering 
the spatial resolution of CT scanners greater than 0.75 mm,  
one should conclude that features smaller than that cannot 
be reliably visualized. Therefore, we could consider 0.75 mm  
as the upper limit for the bias. The analysis of the graphs 

Table 1 Reliability of aortic arch templates

Landmark PCTA MCT Delta ICC 95% CI P value

Aortic diameter 5 cm distally to LSA 30.01 30.23 −0.23 0.9979 0.9941–0.9993 0.0000

Aortic diameter 1 cm distally to LSA 34.78 34.80 −0.02 0.9994 0.9983–0.9998 0.0000

Aortic diameter at the level of LSA 29.85 29.63 0.22 0.9975 0.9930–0.9991 0.0000

Aortic diameter at the level of LCCA 27.92 27.81 0.12 0.9960 0.9876–0.9987 0.0000

Aortic diameter at the level of IA 29.46 29.28 0.18 0.9958 0.9884–0.9985 0.0000

LSA diameter 11.45 10.98 0.47 0.9814 0.9482–0.9935 0.0000

LCCA diameter 8.61 8.70 −0.09 0.9777 0.9318–0.9928 0.0000

IA diameter 14.74 14.69 0.05 0.9845 0.9557–0.9946 0.0000

Delta represents the difference between PCT and MCT. PCTA, patient computed tomography of angiography; MCT, model computed  
tomography; ICC, interclass correlation coefficient; 95% CI, confidence intervals for ICC; CA, celiac artery; IA, innominate artery; ICC,  
interclass intercorrelation coefficient; LCCA, left common carotid artery. 
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Table 2 Reliability of visceral aortic templates

Landmark PCTA MCT Delta ICC 95% CI P value

Aortic diameter below RA 25.55 25.34 0.20 0.9988 0.9961–0.9996 0.0000

Aortic diameter below SMA 26.82 26.50 0.32 0.9961 0.9867–0.9988 0.0000

Aortic diameter above CA 26.75 26.37 0.38 0.9888 0.9463–0.9969 0.0000

CA diameter 6.58 6.22 0.36 0.9401 0.6009–0.9849 0.0000

SMA diameter 8.43 8.37 0.06 0.9464 0.8237–0.9837 0.0000

LRA diameter 6.21 5.89 0.32 0.9630 0.8219–0.9898 0.0000

RRA diameter 5.86 5.78 0.08 0.9686 0.8979–0.9904 0.0000

Delta represents the difference between PCT and MCT. PCTA, patient computed tomography of angiography; MCT, model computed  
tomography; ICC, interclass correlation coefficient; 95% CI, confidence intervals for ICC; LRA, left renal artery; RRA, right renal artery; CA, 
celiac artery; SMA, superior mesenteric artery.

does not indicate any trend or systemic error for the 
difference of measurements. The variability is consistent 
across the plot. 

Hausdorff distances

The arithmetic mean of Hausdorff’s mean distances of the 
aortic arch templates was 0.47 mm (SD 0.06) and ranged 
from 0.34 to 0.58. The mean metrics for abdominal models 
was 0.24 mm (SD 0.03) and ranged from 0.21 to 0.31. The 
exemplary models with overlayed heatmaps of Hausdorff 
metrics are presented in Figures 4,5.

Discussion

Here, we evaluated the 3D aortic template accuracy based 
on landmark measurements. We selected measurement 
points located in the key locations for stent-graft 
modification. Any deviations from the pattern in these 
locations may negatively affect the operation course. 
However, the verification of the accuracy of the model itself 
is also burdened with measurement error. The analysis 
of the model’s accuracy consists of the real error plus the 
measurement error (33). It could be assumed that the 
measurement error on both the model and the tomography 
imaging will be abolished with a sufficient number of 
measurements. This hypothesis assumes that the error size 
is the same on the model as on the CT scans. This does 
not necessarily have to be true because the scanned 3D 
model gives a different radiological shadow. Additionally, 
the 3D model is static, while the patient’s aorta is in motion, 
generating wall movement and blurring and negatively 

affecting the accuracy of measurements.
Previously, intraobserver differences and variability 

on CTA measurements of aortic diameter have been 
established in a few studies (34,35). The mean arithmetic 
difference for one reader was −0.21 mm, while for the other 
was 0.2 mm. These values are similar to those obtained in 
our study. Intraobserver variability for aortic measurements 
can be as high as 2.6 to 3.8 mm (34). For this reason, 
the accuracy of the model cannot be assessed based on 
individual measurements. It always must be a series that 
averages the error of measurement. The threshold from 
which a model is considered inaccurate should be the voxel’s 
size of the tomography used to scan a 3D model. The 
results obtained in this study may be used as a reference 
for the implementation of 3D model quality assurance 
protocols in units dealing with this subject.

The comparison of our results to other research reports 
is difficult due to the different methodology applied. The 
3D models mainly differ in the additive manufacturing 
technology, materials used for fabrication, the type and 
quality of CT input data, type of pathology, 3D model 
destination, and finally, the method of measurement. D. 
Ho et al. fabricated two models of the dissected thoracic 
aorta (29). The models were made in the Fused Deposition 
Modelling (FDM) technology; thus, they were opaque. One 
physician evaluated specified landmarks based on horizontal 
and vertical diameter. The mean difference was equal to 
1.0 mm (SD 1.0) and 1.2 mm (SD 0.9) for the first and 
second model. The other group assessed the accuracy of 3D 
aortic models manufactured for simulation purposes (28). 
The models were equipped with outlets and inlets for the 
connection to the perfusion system. Two raters assessed six 
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Figure 2 Bland-Altman plots showing the degree of agreement between CTA and 3D model for abdominal aortic diameter measured at the level 

of key landmarks and the degree of agreement of abdominal aortic branch diameters. (A) The degree of agreement at the level of the lowest renal 

artery; (B) the degree of agreement at the level of the superior mesenteric artery; (C) the degree of agreement above the celiac trunk; (D) the degree 

of agreement of the celiac artery diameter; (E) the degree of agreement of the superior mesenteric artery diameter; (F) the degree of agreement of the 

left renal artery diameter; (G) the degree of agreement of the right renal artery diameter. CTA, computer tomography of angiography.
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Figure 3 Bland-Altman plots showing the degree of agreement between CTA and 3D model for thoracic aortic diameter at the level of key 

landmarks and the degree of agreement of aortic arch branch diameters. (A) The degree of agreement measured 5-cm distally from LSA; (B) the 

degree of agreement 1-cm distally from LSA; (C) the degree of agreement at the level of LSA; (D) the degree of agreement at the level of LCCA; (E) 

the degree of agreement at the level of IA; (F) the degree of agreement of LSA diameter; (G) the degree of agreement of LCCA diameter; (H) the 

degree of agreement of IA diameter. CTA, computer tomography of angiography; LSA, left subclavian artery; LCCA, left common carotid artery; IA, 

innominate artery.
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abdominal aortoiliac aneurysm models fabricated in PolyJet 
technology. The mean deviations of 3D replicas ranged 
from −0.73 to 0.14 mm. Besides, Kato et al. fabricated five 
abdominal aortic aneurysm models in SLA technology. 
The mean difference was −0.2 (0.4 SD) with a significant 
correlation between 3D models and patient CT data (27).  
It is important to note that the type of 3D printing 
technology itself affects the quality of cardiovascular models 
among which vat polymerization and material jetting appear 
to be the most accurate when compared using heatmap 
methods (36).

Fabrication of medical 3D models is a complex multi-
stage process. The first step is data imaging in DICOM 
viewers and organ segmentation. After converting the data 
to the Standard Tessellation Language (STL) format, next, 
it is possible to model the data to clinically required 3D 
forms and functions. Before sending the blueprint to a 3D 
printer, the last step is to design model supports and plan 
the 3D printer’s building chamber’s spatial arrangement. 
The fabricated model requires postprocessing, which 
usually means removing the unnecessary supports and 
smoothing the model surface. In each of these steps, a 
quality error can occur. Moreover, the error that occurred 
in one step can be additionally augmented in other of the 
subsequent stages. For this reason, it is crucial to establish 
maximum permissible deviations and quality standards for 
specific types of models. This data must be determined 
before the introduction of quality assurance programs to 

the medical practice.
3D aortic templates should be fabricated in a technology 

that ensures at least partial wall transparency so that the 
surgeon can adequately assess the stent-graft structure and 
its wall apposition (37). This prerequisite limits the range of 
technologies used in additive manufacturing, disqualifying 
popular FDM (38). PolyJet and SLA stereolithography 
used in this study are the technologies of choice. Therefore, 
inaccuracies in 3D printing will be due to the limitations 
of a specific 3D printer (39). By narrowing the number of 
available technologies, we can identify defects and potential 
points of error in the selected procedure. Inaccuracy of 
3D printing may also result from the limitations of a given 
technology (40). For example, the laser spot size on Form 2 

Figure 4 Heatmaps showing Hausdorff's distances for exemplary 
two reno-visceral aortic model templates. The minimal and 
maximal values are color-coded and presented in mm. The white 
arrow points out the model edge, which broke off during use. (A) 
First exemplary model; (B) second exemplary model.

Figure 5 Heatmaps showing Hausdorff distances for three 
exemplary aortic arch templates. The minimal and maximal values 
are color-coded and presented in mm. (A) First exemplary model; 
(B) second exemplary model; (C) third exemplary model.
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is 140 microns, which means that it cannot generate smaller 
size parts in the XY plane. The layer thickness in the Z-axis 
is adjustable and ranges from 25 to 100 microns. Thus, both 
parameters determine the final three-dimensional resolution 
of the printer. 

Vascular centers performing stent-graft modifications 
using 3D printed templates should implement appropriate 
quality control standards. Developed procedures should 
consider the type of additive manufacturing technology 
used, segmentation and digital modeling methods, 
postprocessing of the model, and the impact of sterilization.   
The model's accuracy should be checked at the stage of 
the digital blueprint and the physical 3D model.  A good 
practice would be to engage an independent evaluator who 
was not involved in the model development process. The 
results of this study can serve as a reference when evaluating 
the accuracy of individual 3D templates. 

Conclusions

Personalized 3D printed aortic templates are accurate and 
reliable models, thus can be used in endovascular surgery 
as aortic templates to guide fenestrated physician-modified 
branched stent-graft fabrication. We postulate that the 
vascular centers performing stent-grafts modifications using 
3D printing should establish their own and independent 
systems for management and quality control of the 3D 
models performed for using them routinely in clinical 
practice in operating theaters.
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