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Introduction

In recent years, three-dimensional (3-D) printing technolo-
gies have attracted increasing interests in medicine with va- 
rious applications in medical fields, ranging from 3-D phantoms 
for simulation to bioprinting of organs (1–3). The life-sized 3-D 
printed models offer a realistic demonstration of complex 3-D 
anatomical structures and pathological changes associated 
with the cardiovascular system. With the use of the cardiac im-
aging data, 3-D printed models have been shown as useful tools 
for education and pre-surgical planning in different cardiovas-
cular diseases (3–5). Despite rapid developments in 3-D printing 
techniques, most of the studies are based on individual case re-
ports showing the feasibility of 3-D printing in depicting complex 
cardiovascular and cerebrovascular pathology; however, syste- 
matic review of these studies is lacking. The purpose of this sys-

tematic review is to evaluate the clinical value and applications 
of 3-D printing in cardiovascular and cerebrovascular diseases.

Methods

This review was performed in accordance with the PRISMA 
guidelines (6). PubMed/Medline and Scopus databases were 
searched until November 30, 2016 using the following search 
keywords: 3-D printing and cardiac disease/cardiovascular 
disease/congenital heart disease/aortic or cerebrovascular 
disease. Studies were eligible for inclusion in the review if they 
evaluated 3-D printed models based on in vivo patient imaging 
data. Studies using in vitro phantom experiments or review ar-
ticles were excluded. References were searched and evaluated 
by two independent reviewers to determine the eligibility of the 
studies with disagreements resolved by consensus.

Objective: The application of 3-D printing has been increasingly used in medicine, with research showing many applications in cardiovascular 
disease. This systematic review analyzes those studies published about the applications of 3-D printed, patient-specific models in cardiovascu-
lar and cerebrovascular diseases.
Methods: A search of PubMed/Medline and Scopus databases was performed to identify studies investigating the 3-D printing in cardiovascular 
and cerebrovascular diseases. Only studies based on patient’s medical images were eligible for review, while reports on in vitro phantom or 
review articles were excluded.
Results: A total of 48 studies met selection criteria for inclusion in the review. A range of patient-specific 3-D printed models of different car-
diovascular and cerebrovascular diseases were generated in these studies with most of them being developed using cardiac CT and MRI data, 
less commonly with 3-D invasive angiographic or echocardiographic images. The review of these studies showed high accuracy of 3-D printed, 
patient-specific models to represent complex anatomy of the cardiovascular and cerebrovascular system and depict various abnormalities, 
especially congenital heart diseases and valvular pathologies. Further, 3-D printing can serve as a useful education tool for both parents and 
clinicians, and a valuable tool for pre-surgical planning and simulation.
Conclusion: This systematic review shows that 3-D printed models based on medical imaging modalities can accurately replicate complex 
anatomical structures and pathologies of the cardiovascular and cerebrovascular system. 3-D printing is a useful tool for both education and 
surgical planning in these diseases. (Anatol J Cardiol 2017; 17: 423-35)
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Two reviewers independently screened the titles and abstracts 
of all identified references from the search strategy. Data were ex-
tracted from individual studies with a focus on the following details: 
year of publication, number of cases, imaging techniques used for 
3-D printing, and key research findings reported in each study. The 
two reviewers repeatedly extracted these details to avoid intra-ob-
server variability. Also, other details such as materials used for 3-D 
printing, model properties, and cost associated with 3-D printing 
were also extracted if they were available in the studies.

Results

A total of 94 hits were initially identified with 43 articles exclud-
ed because they did not meet the inclusion criteria. Of 51 eligible 
studies (7–57), three studies were further excluded due to dupli-
cate publications from the same research groups (55–57), thus 
leading to a total of 48 studies included in the review. Figure 1 is 
the flow chart showing search strategy to identify eligible studies.

Of these 48 studies, 20 of them (42%) were based on individu-
al case reports to generate 3-D printed models, while 24 studies 
were based on a number of cases ranging from 2 to 20 select-
ed patients with different cardiovascular and cerebrovascular 
diseases. The remaining four studies focused on surveying the 
opinion on the usefulness of 3-D printed models by pediatric phy-
sicians, parents of pediatric patients, cardiac nurses, and medi-
cal students, respectively (10, 11, 14, 24). Table 1 shows study 
characteristics of 3-D printing in cardiovascular and cereb- 
rovascular diseases as reported in these eligible studies.

Cardiac computed tomography (CT) is the most common ima- 
ging modality with images used for generating 3-D printed mo- 
dels in 24 studies. Cardiac magnetic resonance imaging (MRI) 
was used in 8 studies, and either data from cardiac CT or MRI 
were used for 3-D printing in another 8 studies. 3-D printed mod-
els were based on 3-D digital subtraction angiography or rota-
tional angiography images in 4 studies and 3-D echocardiograph-
ic images in another three studies. In the remaining study, hybrid 

3-D imaging was applied with the use of 3-D echocardiography 
and cardiac CT images to generate 3-D printed models (19).

Different materials and a range of 3-D printers were used for 
3-D printing and were reported in 29 studies, while in the rema- 
ining studies, the information was not available. Mechanical 
properties of the materials used for 3-D printing were only pro-
vided in two studies (43, 54), with details of tensile strength and 
tensile modulus being provided in correspondence to different 
materials. Table 2 shows details of the materials and 3-D printers 
as reported in these studies. The cost associated with manufac-
turing 3-D printed models was only provided in 12 studies, with 
a wide range of costs being reported depending on the size and 
complexity of the models, as shown in Table 2.

The clinical applications of patient-specific 3-D printed mo- 
dels are overall positive with results showing high accuracy in 
replicating complex anatomy of cardiovascular and cerebrovas-
cular pathologies (in particular, congenital heart disease).

Discussion

This review shows that patient-specific 3-D printed models 
created from standard imaging modalities show high accuracy 
for replicating complex cardiovascular and cerebrovascular 
structures with most of the applications in congenital heart 
diseases and valvular pathologies. 3-D printed models have 
been shown to improve diagnosis and enhance physicians’ 
knowledge and understanding of cardiovascular pathologies, 
in particular, congenital heart disease. Furthermore, 3-D printed 
models are suitable for pre-surgical planning and minimally in-
vasive procedures as shown in more than half of the studies in 
this review.

Findings of the applications of 3-D printing in cardiovascu-
lar and cerebrovascular diseases can be summarized into the 
following three main areas according to this review: first, 3-D 
patient-specific models were shown to represent complex 
anatomy of the cardiovascular and cerebrovascular system and 
depict various pathologies with high accuracy. Excellent agree-
ment or correlation was found between 3-D printed models and 
2-D/3-D pre-3-D printing images (Fig. 2) (12, 16, 17, 32, 37, 40, 48). 
Olivieri et al. (32) compared 3-D printed model measurements 
with 2-D echocardiographic images in 9 patients with congeni-
tal heart disease, and their results showed high correlation 
between these two methods, with 3-D printed model having ac-
curacy of less than 1 mm (the mean absolute error between 2-D 
images and 3-D printing was 0.4±0.9 mm) (32). This is confirmed 
by another study on 3-D printing accuracy in aortic disease. Sun 
and Squelch compared measurements taken at six different ana-
tomical locations of ascending and descending aorta for pre-3-D 
printing CT images of an aortic aneurysm and aortic dissection, 
3-D printed models and post-3-D printing images with measure-
ment differences were less than 0.8 mm (49). This indicates the 
reliability of using 3-D printed models for the diagnostic assess-
ment of cardiovascular disease.

Citations were retrieved from databases
N=94

Articles were finally included in the analysis
N=48

Complete articles assessed according to 
selection criteria

N=51

Articles were excluded on titles/abstracts
N=43

Duplicate articles were excluded on full text
N=3

Figure 1. Flow chart showing strategy for identifying the eligible studies 
in this review
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Continued

Table 1. Study characteristics of using 3-D printing in cardiovascular and cerebrovascular disease with individual cases

First author, et al. 

Anderson et al. (7) 
 
 

Anwar et al. (8) 
 
 

Bartel et al. (9) 

Biglino et al. (10) 
 
 
 
 

Biglino et al. (11) 
 
 
 
 
 
 
 
 
 
 

Binder et al. (12) 
 
 

 
 
 
 

Canstein et al. (13) 
 
 
 

Costello et al. (14) 
 
 

 
 

Dankowski et al. (15) 
 
 

 
 

Year of 
publication

2014 
 
 

2016 
 
 

2016 

2016 
 
 
 
 

2015 
 
 
 
 
 
 
 
 
 
 

1999 
 
 

 
 
 
 

2008 
 
 
 

2015 
 
 
 

 

2014 
 

 
 
 

Imaging data used 
for 3-D printing

3-D DSA images for 3-D 
models, 4-D phase contrast 
MRI for flow and CFD 
analysis

MDCT with high-pitch 
mode or cardiac MRI 
images 

MDCT images 

Cardiac MRI images 
 
 
 
 

MDCT or MRI images 
 
 
 
 
 
 
 
 
 
 

3-D echocardiographic 
images 
 

 
 
 
 

3-D MRA. Models from 
patients 2 and 3 were used 
for in vitro 4-D MRI, while 
model from patient 3 was 
used for CFD simulation

MRI images 
 
 

 
 

MDCT images 
 

 
 
 

Study design, no. of 
participants, and age range

Six cases of cerebral 
aneurysms (age, not available) 
 

Nine cases (4 months to 36 
years) with complex congenital 
heart disease

 
A 48-year-old male with atrial 
septal defect

100 nurses (65 pediatric and 35 
adult) were presented with a 
range of 3-D printed models for 
their views on the usefulness 
of the 3-D models through 
questionnaires

Questionnaires were 
distributed to 97 parents 
of pediatric patients with 
congenital heart disease and 2 
cardiologists

Model group: 45 participants 
with use of 3-D patient-specific 
model during each visit.

Control group: 52 participants 
with no model used during 
consultation

13 patients (median age, 50 
years; range 28 to 72 years) 
underwent transesophageal 
3-D echocardiography

12 were suitable for 3-D 
printing with 24 models 
printed (6 normal mitral valve, 
18 different mitral value 
pathologies)

Three cases (1 with severe 
kinking of descending aorta 
and small aneurysm in right 
subclavian artery, 2 with normal 
cases)

Questionnaires were distributed 
to 23 pediatric resident physicians

3-D printed models with five 
common ventricular septal 
defect diseases were created 
and used in a simulation-based 
curriculum

A 41-year-old male patient with 
heart failure 

 
 

Key findings 

3-D printed models replicate cerebral 
aneurysms with simulation of flow patterns 
and hemodynamic changes as confirmed 
by phase contrast MRI images

3-D printed models precisely demonstrate 
complex cardiac anatomy, plan surgical 
procedures, and teach trainees and 
patients

3-D printed model assists accurate device 
deployment and procedural optimization 

Patient-specific, 3-D printed models of 
congenital heart disease are found to 
be useful in training adult and pediatric 
cardiac nurses by demonstrating complex 
cardiac anatomy 

3-D patient-specific models were 
rated very useful by both patients and 
cardiologists

3-D printed models improved 
communication between parents and 
cardiologists

Parental knowledge or understanding of 
their child’s condition was not improved 
with use of 3-D printed models 
 

3-D printed models allow for accurate 
depiction of mitral valve anatomy and 
pathology

Excellent agreement was found for 
measurement of volume and maximal 
dimensions between 3-D models and in 
vitro phantoms 
 

3-D printing in combination with MRA 
and 4-D MRI enables analysis of flow 
hemodynamics in realistic model systems 
 

Using 3-D printed models was found to 
significantly improve pediatric resident 
physicians’ knowledge and understanding 
of congenital heart disease (P<0.05)

3-D printing technology serves as a 
feasible education and simulation tool in 
the clinical setting

The 3-D model was used to quantify the LV 
end-diastolic diameter and LV height with 
high accuracy

3-D printed model can be used to plan 
individualized procedures and optimize the 
implantation of percutaneous annuloplasty 
system
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Continued Table 1. Study characteristics of using 3-D printing in cardiovascular and cerebrovascular disease with individual cases

First author, et al.

D’Urso et al. (16) 

 
 

Farooqi et al. (17) 
 
 

 
 
 

Gallo et al. (18) 
 

Gosnell et al. (19) 
 
 

Greil et al. (20) 
 

 

Itagaki et al. (21) 
 

Jacobs et al. (22) 
 
 

Kimura et al. (23) 
 
 

 

Lim et al. (24) 
 
 
 
 

Little et al. (25)

Maragiannis et al. (26)

Year of 
publication

1999 

 
 

2016 
 
 

 
 
 

2016 
 

2016 
 
 

2007 
 

 

2015 
 

2008 
 
 

2009 
 
 

 

2016 
 
 
 
 

2016

2015

Imaging data used 
for 3-D printing

MDCT and MRI images 

 
 

Cardiac MRI 
(5 MRA, 1 3-D SSFP) 
 

 
 
 

MDCT images 
 

Hybrid 3-D imaging with 
use of 3-D transesophageal 
echocardiography and 
MDCT images

MDCT and cardiac MRI 
images 

 

MDCT images 
 

MDCT and cardiac MRI 
images 
 

MDCT images 
 
 

 

MDCT images 
 
 
 
 

MDCT images

MDCT images

Study design, no. of 
participants, and age range

16 cases with 15 having 
cerebral aneurysms and 1 
with cerebral arteriovenous 
malformation

Six patients (median age, 6.5 
years; range 2 to 29 years) with 
complex double outlet right 
ventricle

 
 
 

A 79-year-old patient with 
severe comorbidities 

A 55-year-old male with 
congenitally-corrected 
transposition of the great 
vessels (L-TGA)

Five patients (median age, 
12.6 years; range 41 days to 21 
years) with congenital heart 
disease

A 62-year-old female with 
multiple asymptomatic splenic 
artery aneurysms

Three cases (1 with malignant 
tumor, 2 with ventricular 
aneurysms) 

8 prospective cases (median 
age, 63.5 years; range 39 to 
81 years) and 3 retrospective 
cases with cerebral aneurysms

 

52 participants (first year 
medical students): 18 used 
cadaveric materials, 16 used 
3-D printed heart models, and 
18 used combined materials 
(a combination of cadaveric 
materials and 3-D models) 
 
A 62-year-old man with severe 
mitral valve regurgitation with 
restricted leaflet coaptation 
and perforation of the posterior 
leaflet

Eight (median age, 82.5 years; 
range 55 to 92 years) patients 
with severe aortic stenosis

Key findings

3-D models replicate anatomical details 
accurately

3-D models enhance surgeon’s 
understanding of complex pathology and 
assist planning of the surgical approach

3-D models demonstrate intracardiac 
structures from different views, thus 
improving the understanding of real 
anatomic relationships.

There is excellent correlation for 
measurements of aortic annulus diameters, 
VSD diameters, and RV long axis between 
3-D models and source CMR images

3-D printed models serve as useful tools 
to plan complex transcatheter valve 
implantation

3-D printed models derived from multiple 
imaging modalities are feasible to 
accurately demonstrate the morphology of 
congenital heart disease

3-D printed models derived from CT or 
MRI images accurately represent cardiac 
pathology

3-D printed models may serve as teaching 
and preoperative planning purpose

3-D printed models with accurate 
representation of vascular anatomy are 
feasible and affordable

3-D printed models may improve surgical 
outcome by improving preoperative 
planning and intraoperative orientation of 
risk structures and target tissue

3-D models help neurosurgeons’ 
understanding of 3-D relationship of 
vascular anatomy before and during 
surgical procedures

3-D models enhance confidence for 
inexperienced surgeons during live surgery

Significant improvement in post-test scores 
(P=0.003) was found in the group that used 
3-D printed models when compared to the 
other two groups

3-D printed models serve as appropriate 
supplements to cadaver-based curriculum 
in medical education

Patient-specific 3-D printed model assists 
mitral valve intervention by facilitating 
selection and sizing of an occluder device 
 

3-D printed models of patient-specific 
aortic valve and root anatomy and 
functional properties are feasible with 
accurate replication of these features

Sun et al.
3-D printing in cardiovascular diseases Anatol J Cardiol 2017; 17: 423-35426
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Continued Table 1. Study characteristics of using 3-D printing in cardiovascular and cerebrovascular disease with individual cases

First author, et al.

Mashiko et al. (27) 
 

 

 
 
 
 

 
 

Mottl-Link et al. (28) 
 
 
 

 
 

Namba et al. (29) 
 
 
 

 
 
 

Ngan et al. (30) 
 
 
 
 

Noecker et al. (31) 
 
 

 
 
 

Olivieri et al. (32) 
 
 
 

Olivieri et al. (33) 
 
 
 

Year of 
publication

2015 
 

 

 
 
 
 

 
 

2008 
 
 
 

 
 

2015 
 
 
 

 
 
 

2006 
 
 
 
 

2006 
 
 

 
 
 

2015 
 
 
 

2014 
 
 
 

Imaging data used 
for 3-D printing

MDCT images

 
 

 

 
 

 
 
 
 
3-D MRI images 
 
 
 

 
 

3-D rotational angiographic 
images 
 
 

 
 
 

MDCT images 
 
 
 
 

MDCT images 
 
 

 
 
 

3-D echocardiography 
images 
 
 

MDCT images 
 
 
 

Study design, no. of 
participants, and age range

20 patients (median age, 63 
years; range 47 to 75 years) 
with cerebral aneurysms.

Clipping was performed in 12 
patients, while clipping was 
not done in the remaining 8 
patients

12 surgeons responded to the 
questionnaire after the clipping 
operation

6 junior surgeons learned how 
to clip using the 3-D printed 
models

A 24-year-old patient with 
complex congenital heart 
malformation (pulmonary 
atresia, large ventricular septal 
defect, atrial septal defect, 
tricuspid regurgitation, and 
dextrocardia)

10 patients (median age 59.5 
years; range 45 to 71 years) 
with cerebral aneurysm. All 
patients were treated with 
endovascular procedure

Preplanned microcatheter 
shape was tested on 3-D 
printed models prior to 
endovascular treatment

Six patients (6 months to 
2 years 6 months) with 
pulmonary atresia with 
ventricular septal defect 
and major aorto-pulmonary 
collateral arteries (MAPCAs)

11 patients (median age, 3 
years; range 2 days to 13 years) 
with and without congenital 
heart disease

12 models with 3 normal and 
9 different congenital heart 
diseases showing cardiac and 
thoracic structures

Nine patients with congenital 
heart disease (eight with 
ventricular septal defects and 
one with three periprosthetic 
aortic valve leaks)

A 30-year-old man with 
pulmonary venous baffle 
obstruction 
 

Key findings

3-D printed hollow elastic model is 
considered useful for understanding of 3-D 
aneurysm structure

The surgeon’s postoperative assessment 
was overall favorable

3-D printed models provide surgeons with 
a better 3-D understanding than with a 
simulated 3-D display on a flat computer 
screen 

 
 

3-D printed physical models improve 
orientation at an open heart by 
demonstrating anatomical structures 
which could not be intraoperatively 
obtained

3-D printing may assist high-risk correction 
procedures in patients with complex 
congenital heart disease

3-D printing allows accurate and stable 
catheter design, thus determining optimal 
microcatheter shape for coiling an 
aneurysm before the procedure 

 
 
 

3-D printed models accurately (>90%) 
represent MAPCAs which were identified 
during surgery and conventional 
angiography

3-D printed models were found by 
surgeons to be useful in preoperative 
planning

3-D printed models replicate cardiac 
structures and congenital heart diseases 
with high accuracy

3-D printing technique has the potential 
to assist preoperative planning by 
demonstrating precise 3-D relationships 
between anatomic structures 

3-D printed models derived from 3-D 
echocardiographic datasets show high 
accuracy in replicating congenital heart 
disease with excellent correlation between 
standard 2-D and 3-D model measurements

3-D printed model assists planning the 
interventional approach by increasing 
procedural efficiency and reducing 
procedural complications 

Sun et al.
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Continued Table 1. Study characteristics of using 3-D printing in cardiovascular and cerebrovascular disease with individual cases

First author, et al.

O’Neill et al. (34) 
 
 

Otton et al. (35) 
 
 

Poterucha et al. (36) 
 

Ripley et al. (37) 
 

 
 

Ryan et al. (38) 
 
 

Salloum et al. (39) 

 
 

Samuel et al. (40) 
 
 

Schievano et al. (41) 
 
 

 
 
 
 

Schievano et al. (42) 
 
 

Schmauss et al. (43) 
 
 
 

Shiraishi et al. (44) 
 
 

Year of 
publication

2015 
 
 

2015 
 
 

2014 
 

2016 
 

 
 

2015 
 
 

2016 

 
 

2015 
 
 

2007 
 
 

 
 
 
 

2010 
 
 

2015 
 
 
 

2010 
 
 

Imaging data used 
for 3-D printing

MDCT images 
 
 

MDCT images 
 
 

3-D rotational angiographic 
images 

MDCT images 
 

 
 

MDCT images 
 
 

MDCT images 

 
 

3-D echocardiography 
images 
 

MRI images 
 
 

 
 
 
 

MDCT images 
 
 

MDCT or MRI images 
 
 
 

MDCT images 
 
 

Study design, no. of 
participants, and age range

A 57-year-old patient 
with severe mitral valve 
regurgitation post-mitral ring 
placement

A 74-year-old man with 
paroxysmal atrial fibrillation 
 

A 15-year-old girl with 
combined neopulmonary 
stenosis and regurgitation

16 patients (median age, 85 
years; range 69 to 91 years). 
9 had paravalvular aortic 
regurgitation (PAR) and 7 were 
control patients

One day of age with Tetralogy 
of Fallot, pulmonary stenosis, 
and multiple aorto-pulmonary 
collateral arteries

A 63-year-old asymptomatic 
man with 3-cm aneurysm of the 
celiac trunk

 

One selected case with atrial 
septal defect for 3-D printing 
 

12 patients (median age, 17 
years; range 9–39 years) who 
had been referred for possible 
percutaneous pulmonary valve 
implantation (PPVI) 
 
 

A 42-year-old male with severe 
pulmonary insufficiency 
 

Eight patients (3 months to 81 
years): 4 pediatric cases with 
congenital heart disease, while 
the other 4 were adult patients 
with different cardiac diseases

Eight pediatric patients (4 days 
to 4 years) with congenital 
heart disease

Key findings

3-D printed model aids in selection 
of transcatheter valve and guides 
periprocedural and multimodality planning 
for transcatheter caval valve implantation 

3-D printing has potential clinical utility 
for both device (left atrial occlusion 
device) sizing and avoiding procedural 
complications

3-D printed model represents a novel 
and valuable tool for patient and trainee 
education

Excellent agreement was reached between 
3-D models and 2-D images for annulus 
measurements

3-D printing as a novel technique may 
complement traditional methods to predict 
and avoid PAR or other complications

3-D printing provides significant 
advantages in preoperative and 
periprocedural planning of complex 
cardiovascular disease

3-D printing allows optimization of the 
choice of operative approach

3-D printing combined with surgical 
robot represents an innovative, minimally 
invasive technique

3-D printed models using 3-D 
echocardiography imaging are feasible and 
maybe potentially valuable in surgical or 
interventional cases

Excellent correlation was found between 
dimensional measurements on 3-D MRI 
images and 3-D printed models (r=0.97, 
P<0.001)

3-D printing enables complete appreciation 
of anatomy of right ventricular outflow 
tract and pulmonary trunk, thus, assisting 
selection of patients for PPVI more 
accurately

Percutaneous pulmonary valve can be 
safely implanted in a dilated pulmonary 
trunk with aid of a patient-specific 3-D 
printed device

3-D printed models are shown to be 
feasible for perioperative planning and 
simulation in various complex pediatric 
and adult cardiac diseases, as well as in 
interventional cardiology

3-D printed biomedical models have 
been shown to be a promising technique 
for preoperative simulation of surgical 
procedures in patients with congenital 
heart disease

Sun et al.
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Continued Table 1. Study characteristics of using 3-D printing in cardiovascular and cerebrovascular disease with individual cases

First author, et al.

Sodian et al. (45) 
 
 
 
 

Sodian et al. (46) 
 
 
 
 

Sodian et al. (47) 
 
 

Sodian et al. (48) 
 
 
 

Sun et al. (49) 
 

Tam et al. (50) 
 

Valverde et al. (51) 
 
 
 
 

Valverde et al. (52) 
 
 

 

Vranicar et al. (53) 
 
 
 

 

Wurm et al. (54)

Year of 
publication

2007 
 
 
 
 

2008 
 
 
 
 

2008 
 
 

2009 
 
 
 

2016 
 

2013 
 

2015 
 
 
 
 

2015 
 
 

 

2008 
 
 

 
 

2011

Imaging data used 
for 3-D printing

MDCT and MRI images 
 
 
 
 

MDCT and MRI images 
 
 
 
 

MDCT images 
 
 

MDCT images 
 
 
 

MDCT images 

 

MDCT images

 
 
MRI images 
 
 
 

 
MRI images 
 
 

 

MDCT images 
 
 

 
 

3-D rotational angiographic 
images

Study design, no. of 
participants, and age range

Two pediatric patients with 
1 diagnosed with aberrant 
retroesophageal left subclavian 
artery and right aortic arch, 
and another with ventricular 
septal defect

2 pediatric patients (2 and 14 
years) with univentricular heart 
 
 
 

An 81-year-old woman who 
had previous coronary artery 
bypass grafting developed 
aortic valve stenosis

A 50-year-old patient with 
HIV infection who developed 
pseudoaneurysm after aortic 
arch replacement due to type A 
aortic dissection

Three patients with aortic 
dissection and aortic aneurysm

 

A 75-year-old man with 
infrarenal abdominal aortic 
aneurysm

A 1.5-year-old boy with 
complex congenital heart 
disease (transposition of the 
great arteries. ventricular 
septal defect, and pulmonary 
stenosis)

A 15-year-old boy with 
hypoplastic aortic arch 
 

 

12 patients (median age, 8 
years; range 19 days to 29 
years). 9 aortic coarctation, 3 
vascular ring

Models were compared to 
catheterization and surgical 
findings

Normal cerebral 
vascular anatomy with 
aneurysm created during 
stereolithography process

Key findings

3-D printed models are feasible for 
demonstrating complex cardiovascular 
pathology 
 
 

It is feasible to produce 3-D printed models 
of the patients with univentricular hearts. 
The physical models offer practical 
advantages for clinicians and researchers 
to better understand complex cardiac 
anatomy and pathology

3-D printed models improve surgeon’s 
comprehension of 3-D cardiovascular 
anatomy and aid in development of optimal 
surgical approach

3-D printed models prove to be useful for 
interventionalists and surgeons treating 
complex cardiac pathology 
 

3-D printed models showed high accuracy 
when compared to CT angiography

Aortic dissection and intimal flap are 
replicated

3-D printed models facilitate visualization 
of complex anatomic structures and assist 
in planning of surgical procedures

3-D printed models allow the surgeons 
to better evaluate the location and 
dimensions of cardiovascular pathology, 
and assist in planning cardiac surgery in 
patients with complex congenital heart 
disease

3-D printed models are shown to 
accurately replicate anatomy with high 
correlation between 3-D models and MRI 
and angiographic images

3-D printed models assist in planning 
endovascular stenting procedures

Realistic 3-D printed models can 
accurately demonstrate complex aortic 
pathology and provide important additional 
information

3-D printed models may be useful teaching 
tools for parents and students 

3-D printed models offer great opportunity 
for preoperative rehearsal and 
neurosurgical training and assessment

CFD - computational fluid dynamics; CMR - cardiac magnetic resonance; MAPCAs - major aorto-pulmonary collateral arteries; MDCT - multidetector computed tomography; LV - left 
ventricle; MRI - magnetic resonance imaging; PAV - paravalvular aortic regurgitation; PPVI - percutaneous pulmonary valve implantation; RV - right ventricle; SSFP - steady state free 
precession; TGA - transportation of the great arteries; VSD - ventricular septal defect

Sun et al.
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Table 2. Type of materials and 3-D printers used for 3-D printing in cardiovascular disease

Studies

Anderson et al. (7)

Anwar et al. (8)

Bartel et al. (9)

Biglino et al. (10)

Biglino et al. (11)

Binder et al. (12)

Canstein et al. (13)

Costello et al. (14)

Dankowski et al. (15)

D’Urso et al. (16) 

Farooqi et al. (17)

Gallo et al. (18)

Gosnell et al. (19)

Greil et al. (20)

Itagaki et al. (21) 
 

Jacobs et al. (22)

Kimura et al. (23) 

Lim et al. (24)

Little et al. (25)

Maragiannis et al. (26) 

Mashiko et al. (27) 

Mottl-Link et al. (28) 

Namba et al. (29) 

Ngan et al. (30)

Noecker et al. (31) 

Olivieri et al. (32)

Olivieri et al. (33)

O’Neill et al. (34)

Otton et al. (35)

Poterucha et al. (36)

Ripley et al. (37)

Ryan et al. (38)

Salloum et al. (39) 

Samuel et al. (40) 

Schievano et al. (41)

Materials used for 3-D printing and associated costs

Polylactide resin filaments

N/A

N/A

N/A

White nylon

Polyacrylic polymer

Photopolymer

Polyjet

Photopolymer resin

Resin monomer 
USD 300

N/A

N/A

Flex material

Polyamide power

White nylon 
Solid luminal model: USD: 50.34 

Hollow vessel model: USD: 235.03

Plaster power

Rubber-like polymer (Tango Plus) 
USD 300–400

N/A

N/A

Vero White Plus for rigid material 
TangoPlus for soft tissue structure

ABS (acrylonitrile-butadiene-styrene) resin 
JPY: 90–290

Plaster power 
USD: 364

ABS resin 
JPY: 150

Solid acrylic or plastic material

Starch-based power for rigid models 
Polyurethane and silicone rubber for flexible models

N/A

N/A

N/A

Rubber-like material to simulate atrial mechanical properties

N/A

Clear flexible resin

N/A

N/A 
Euro: 400

Flex material

Thermoplastic resin

3-D printers

Makerbot Replicator, 2nd generation 3-D printer

N/A

Materialise

N/A

EOSINT P360

Stereolithography (SLA 250/30A)

Polyjet Eden 330

Objet 500 Connex 3D printer

Commercial Stereolithography machine

Stereolithography machine 

N/A

N/A

HeartPrint

Laser sintering machine Eosint P 385

Shapeways 
 

N/A

Rapid prototyping machine 

N/A

N/A

Objet 260 Connex 3-D Printer (Stratasys) 

OPT 3D printer 

ZPrinter 310 

OPT 3-D printer 

Stratasys Prodigy Plus or In Vision si2 3-D printer

ZPrinter 310 

Objet500 Connex Polyjet Printer (Stratasys)

Objet500 Connex Polyjet Printer (Stratasys)

N/A

Objet500 Connex Printer (Stratasys)

Objet350 Connex Printer (Stratasys)

Form 1 Plus 3-D printer

N/A

Dimension 1200es Printer (Stratasys) 

Materialise HeartPrint

P1500 polyester

Continued
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High diagnostic accuracy of 3-D printing in valvular diseases 
was also reported in some studies (26–28, 34, 37, 41, 47). Schievano 
et al. (41) used MR data from 12 patients with the pulmonary valvu-
lar disease to create 3-D printed rigid models with results showing 
accuracy in demonstrating the 3-D anatomy of the right ventricu-

lar outflow tract and pulmonary trunk. Further, 3-D printed models 
were more accurate than MRI images in selecting patients for 
percutaneous pulmonary valve implantation (41). Ripley et al. (37) 
in their recent report demonstrated the usefulness of 3-D printed 
models for assessment of aortic roots and implanted aortic valves 

Continued Table 2. Type of materials and 3-D printers used for 3-D printing in cardiovascular disease

Studies

Schievano et al. (42)

Schmauss et al. (43) 
 

Shiraishi et al. (44) 
 
 

Sodian et al. (45)

Sodian et al. (46)

Sodian et al. (47)

Sodian et al. (48)

Sun et al. (49) 

Tam et al. (50) 

Valverde et al. (51) 

Valverde et al. (52)

Vranicar et al. (53)

Wurm et al. (54)

Materials used for 3-D printing and associated costs

N/A

Starch/cellulose powder. Elastomeric urethane resin was used for 
infiltration after printing. 

Euro: 200 to 400

Solid epoxy and rubber-like urethane 
Solid epoxy: tensile strength: =78MPa, tensile modulus=2.8 GPa 

Rubber-like urethane: tensile strength=3.8 MPa, 
tensile modulus=0.01 GPa

N/A

N/A

N/A

N/A

Nylon power 
USD: 122

Thermoplastic polylactic acid 
USD: 150–500

Polylactic acid 
USD: 350

Polylactic acid and flexible polymer

Photopolymer

Epoxy photopolymer with a tensile strength of around 50 MPa 
Euro: 2000

3-D printers

N/A

ZTM 510 Printer 
 

Stereolithography machine (JMC) 
 
 

Stereolithography machine (ZCorp)

Stereolithography machine (ZCorp)

Stereolithography machine (ZCorp)

Stereolithography machine (ZCorp)

Shapeways 

Orcabot printer 

Stereolithography machine 

Stereolithography machine

Stereolithographic laser printer

Model SLA-3500 for STL model 
Objet 500 Connex 3-D Printer for 3-D model

N/A - not available

Figure 2. 3-D printed models of aortic aneurysms. (a) 3-D printed patient-specific model shows an aneurysm involving the ascending aorta. (b) An-
terior view of a 3-D printed model with an abdominal aortic aneurysm. (c) Superior view of the same 3-D printed model as shown in B showing the 
hollow structure of the abdominal aorta
IA - innominate artery; LCA - left common carotid artery; LSA - left subclavian artery; SMA - superior mesenteric artery

a b c

IA LCA

Aneurysm

LSA

SMA

Right renal 
artery

Left renal artery

Aneurysm
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based on CT data from 16 patients. Excellent agreement was found 
between 3-D models and 2-D CT data for annulus measurements 
with mean difference less than 0.4 mm. 3-D printed models also 
showed high accuracy within 0.1 mm of designed dimensions in 
the valve prostheses (37). Maragiannis et al. (26) extended the 
applications of 3-D printing to aortic valve disease using multi 
material 3-D printed models. Eight patient-specific 3-D models of 
severe aortic stenosis were created with accurate replication of 
both anatomic and functional properties of aortic valve stenosis. 
Each model was assessed using 2-D echocardiography for peak 
flow velocity, transvalvular gradient, and aortic valve area, and it 
was found to be in accordance with the clinical Doppler study (26). 
This further confirms that 3-D printed models represent a novel 
technique to study functional characteristics of valvular diseases.

Second, 3-D printing can serve as a useful education tool 
for both parents and clinicians, healthcare professionals, and 
medical students. Biglino et al. (11) investigated the benefit of 
3-D patient-specific models in the doctor-patient communication 
by comparing the model group with a control group. Forty-five 
participants in the model group were presented with 3-D printed 
patient-specific models of their children’ heart diseases, while 52 
participants (parents of pediatric patients) in the control group 
did not have any model during the consultation. 3-D printed mo- 
dels were scored very useful by both parents and cardiologists, 
with improved communication between parents and cardiolo-
gists who dealt with congenital heart disease (11). Another re-
cent study by the same research group reported the usefulness 
of 3-D printed models for training adult and pediatric cardiac 
nurses (10). Similarly, Costello et al. (14) reported significant im-
provement of pediatric resident physician’s knowledge and un-
derstanding of congenital heart disease through a questionnaire 
study. Using 3-D printed models of ventricular septal defects, pe-
diatric residents’ ability to manage postoperative complications 
in patients with ventricular septal defects was also improved (14). 
In a recently published randomized control trial, 3-D printed mo- 
dels have been shown to significantly improve medical students’ 
knowledge in learning external cardiac anatomy when compared 
to cadaver-based curriculum (24). Studies based on case reports 
have also shown that 3-D printed models improve surgeons’ un-
derstanding of complex cardiac disease (20, 23, 27, 28, 31, 45–47).

Third, 3-D printing is regarded as a valuable tool for pre-surgi-
cal planning and simulation of cardiovascular and cerebrovascu-
lar diseases (Fig. 3). Mashiko et al. (27) analyzed the value of 3-D 
printing in 20 patients with cerebral aneurysms. Clipping surgery 
was performed in 12 patients while no clipping was done in eight 
patients. Twelve experienced surgeons were asked to respond 
to the questionnaire after the operation, while another six junior 
surgeons who had never had any experience performing clip-
ping surgery were invited to learn how to clip an aneurysm using 
3-D printed models. Qualitative and quantitative assessments 
were overall favorable according to surgeon responses, confirm-
ing the advantages of 3-D printed models over conventional flat 
computer screens (27). Also, 3-D printing techniques assists the 

Figure 3. Models for planning and simulation of stent deployment for 
Mustard baffle revision in a 45-year-old man with a history of comp- 
lete transposition of great vessels. (a) Delayed venous phase CT dem-
onstrating a large defect between the IVC and the pulmonary venous 
pathways at the rightward aspect of the baffle, a smaller defect be-
tween the SVC and the pulmonary venous pathways, and an interme-
diate-sized defect between the baffle and the right atrial appendage 
(red arrows). (b) 3-D printed model of the baffle designed as a fictitious 
wall around the blood pool (printed in gray) and including the ventricles 
(printed in white) for spatial orientation in this difficult case. (c) Remov-
able ventricles and cut-out window of the wall of the pulmonary ve-
nous pathway/right atrium demonstrate the superior small and inferior 
large baffle defect (red arrows) and cut-out window of the right atrial 
wall demonstrates the third baffle defect communicating with the right 
atrial appendage. (d) A segment of the baffle was also printed in flex-
ible material and used to simulate stent graft deployment to ensure an 
adequate proximal sealing zone
IVC - indicates inferior vena cava; LV - left ventricle; PV - pulmonary vein; RA - right atrium; 
RAA - right atrial appendage; RV - right ventricle; SVC - superior vena cava. Reprinted with 
permission from Giannopoulos et al. (4)
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design of catheter devices before the operating procedure. This 
is confirmed by a recent study conducted by Namba et al. (29). 
Authors used 3-D printed hollow models of a cerebral aneurysm 
to verify the preplanned shape of microcatheter, with successful 
catheterization in both 3-D printed models and patient’s intra-
cranial aneurysm (Fig. 4). Their results based on 10 cases with 
cerebral aneurysms contribute to determining a patient-specific 
and optimal microcatheter shape, which is essential for coiling 
an aneurysm preoperatively. Other case reports supported these 
findings by showing the potential clinical value of using 3-D 
printing for assisting/guiding interventional procedures, selec- 
ting appropriate device sizes, and reducing procedural compli-
cations (18, 22, 25, 28–30, 33–35, 37, 39, 41, 43, 47, 52, 54).

The recent growth and development of 3-D printing have en-
abled the generation of 3-D models of complex anatomy with high 
resolution and accuracy in depicting both cardiovascular/cereb- 

rovascular anatomy and pathology. The expanded applications of 
this technology in cardiovascular and cerebrovascular disease 
allow for rapid generation of 3-D complex anatomical structures 
from medical imaging datasets, such as CT, MRI or echocardiog-
raphy data of patients, although cardiac CT and MRI are the most 
commonly used imaging modalities (1–4). This is confirmed in this 
review as 3-D printed models have shown promising results in 
these studies with high accuracy of replicating cardiovascular and 
cerebrovascular diseases, in particular, its applications in congeni-
tal heart disease as shown in the studies discussed in this review.

Although 3-D printing holds great promise in cardiovascular 
medicine, the application of this technology in routine clinical 
practice is still in its infancy (4, 5). There are some limitations 
that exist in the current literature on 3-D printing. First, as shown 
in this review, most of the current studies are based on isolated 
case reports, indicating the necessity of further studies with in-
clusion of more cases based on large cohort prospective studies. 
Second, materials used for 3-D printing in most of the studies do 
not match the true mechanical properties of cardiovascular and 
cerebrovascular anatomies in terms of the true elastic modulus 
of arterial wall or cardiac chambers. Only two studies provided 
detailed information on this aspect. Thus, this represents a major 
limitation of the current 3-D printed models. Future research is de-
sirable to develop 3-D printed models with appropriate materials 
reflecting mechanical properties of human anatomy and patho- 
logy, such as deformability of the 3-D printed models secondary to 
external forces. Third, limitation of current 3-D printing technolo-
gies lies in the production of a static model of a dynamic organ, 
which makes it difficult to comprehend the hemodynamic func-
tion of the cardiovascular system. Local and systematic flow dy-
namics of 3-D printed models were analyzed using 4-D MRI in two 
studies with findings comparable to in vivo flow pattern analysis 
and numerical simulations using computational fluid dynamics (7, 
13). Future studies should be conducted to generate 3-D printed 
dynamic models capable of replicating both anatomic and physi-
ological changes during the cardiac cycle, which could further im-
prove understanding of the complex cardiovascular and cerebro-
vascular diseases. Finally, the cost associated with 3-D printing is 
still high. The cost is quite variable as it depends on the materials 
used for 3-D printing and the size and complexity of the model.

From a clinical perspective, future applications will aim to 
establish patient-specific 3-D printed models in routine clinical 
practice for individual patient treatments. Further potential ap-
plications of 3-D printing in cardiovascular and cerebrovascular 
diseases include the development of 3-D printed models that 
simulate characteristics of specific tissues, such as arteries 
and muscles, thus maximizing treatment outcomes and reducing 
complications. Bioprinting represents another major advance in 
3-D printing involving the development of printable biomaterials, 
3-D printed tissue scaffolds, and 3-D printed stem cells and func-
tional vascular networks (5, 58–60). Applications of 3-D bioprint-
ing have not translated into clinical practice. We refer the readers 
to some excellent reviews on 3-D or even 4-D bioprinting (58–62).

Figure 4. (a) Left internal carotid artery (ICA) angiogram in left oblique 
view demonstrates an aneurysm overriding the anterior communicat-
ing artery. (b) Preplanning of the shaping mandrel. The curves of the 
ICA and anterior cerebral artery, in addition to the aneurysm axis, are 
reproduced on the mandrel. Two types of microcatheter tip shapes 
were formed by use of the same mandrel by adjusting the insertion of 
the microcatheter. (c) No subtracted left ICA angiogram in left oblique 
view after advancement of the predetermined microcatheters. Note 
that the proximal catheter (small arrow) is pointing to the right and the 
distal catheter (large arrow) to the left as planned. (d) At the end of the 
coiling, the tip of the distal microcatheter is stably pointing toward the 
aneurysm. The proximal microcatheter has been withdrawn during the 
procedure. Reprinted with permission from Namba et al. (29)
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Conclusion

This systematic review shows the feasibility and accuracy of 
using 3-D patient-specific printed models in the diagnostic as-
sessment of cardiovascular and cerebrovascular diseases. 3-D 
printed models can also serve as a valuable tool for both edu-
cation and pre-surgical planning and simulation. Future studies 
should focus on developing 3-D printed models with more re-
alistic mechanical properties of replicating cardiovascular and 
cerebrovascular anatomy and hemodynamic features to optimize 
treatment for cardiovascular and cerebrovascular diseases.
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