
REVIEW PApEr



 Shelby Kutty
skutty@unmc.edu

1	 Fondazione Toscana G. Monasterio, Massa, Pisa, Italy
2	 Institute of Clinical Physiology-CNR, Pisa, Italy
3	 Paediatric Cardiology, Cardio-Thoracic Surgery and 

Technological Innovation Group, Hospital Virgen del Rocio, 
Seville, Spain

4	 Cardiovascular Pathology Unit, Institute of Biomedicine of 
Seville, IBIS, Hospital Virgen de Rocio/CSIC/University of 
Seville, Seville, Spain

5	 Division of Imaging Sciences and Biomedical Engineering, 
King’s College London, The Rayne Institute, St. Thomas’ 
Hospital, London, UK

6	 Paediatric Cardiology Unit, Department of Medical Physics, 
Evelina Children’s Hospital, London, UK

7	 Division of Cardiology, Department of Pediatrics, University 
of Nebraska Medical Center, Creighton University, 
Children’s Hospital and Medical Center, Omaha,  
NE 68198, USA

Received: 17 August 2016 / Accepted: 17 September 2016
© Springer Science+Business Media Dordrecht 2016

Three-dimensional printed models in congenital heart disease

Massimiliano Cantinotti1,2 · Israel Valverde3,4,5,6 · Shelby Kutty7

variations during the cardiac cycle. Furthermore, high costs 
and long average segmentation and printing times (18–
24 h) limit a more extensive use. There is a need for better 
standardization of the procedure employed for collection of 
the images, the segmentation methods and processes, the 
phase of cardiac cycle used, and in the materials employed 
for printing. More studies are necessary to evaluate the 
diagnostic accuracy and cost-effectiveness of 3D printed 
models in congenital cardiac care.
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Abbreviations
CHD	� Congenital heart disease
3D	� Three dimensional
CT	� Computed tomography
MRI	� Magnetic resonance imaging

Introduction

In the last decade, there has been an increasing interest in the 
field of three-dimensional (3D) printing for manufacturing 
of models, which are able to reproduce complex anomalies 
of the heart and great vessels [1–18]. Congenital heart dis-
ease (CHD), with its diverse and often complex pathology, 
the need for complete representation of anatomy and person-
alized treatment approaches, [1, 2, 10, 18] represent an ideal 
field to test the potential, accuracy, and clinical effective-
ness of this technology. Management of CHD is challenging 
due to the broad spectrum of conditions and high variability 
between individual patients. Optimal surgical outcome is 
related to a thorough understanding of the complex spatial 
relationships between anatomical structures in order to avoid 
unexpected findings at surgical repair, and thereby reduce 

Abstract  The purpose of this article is to discuss techni-
cal considerations and current applications of three-dimen-
sional (3D) printing in congenital heart disease (CHD). 
CHD represent an attractive field for the application of 3D 
printed models, with consistent progress made in the past 
decade. Current 3D models are able to reproduce complex 
cardiac and extra-cardiac anatomy including small details 
with very limited range of errors (<1  mm), so this tool 
could be of value in the planning of surgical or percutane-
ous treatments for selected cases of CHD. However, the 
steps involved in the building of 3D models, consisting of 
image acquisition and selection, segmentation, and printing 
are highly operator dependent. Current 3D models may be 
rigid or flexible, but unable to reproduce the physiologic 
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18]. The 3D printed models were able to correctly reproduce 
anatomical details within a few millimetres. For example, 
Schievano et al. [7] found very limited operator error in data 
reconstruction (3.4 %, corresponding to errors of ±0.75 mm) 
and excellent correlations between the 3D images and printed 
models. Similar accuracy was shown by Olivieri et al. for 3D 
printed models of ventricular septal defects [2]. Others have 
[4] demonstrated that the models could accurately reproduce 
93–96 % of major aorto-pulmonary collaterals (MAPCAs) 
identified during surgery or angiography. Valverde et al. [18] 
recently used a 3D printed model for simulation of endovas-
cular stenting of a hypoplastic arch, with good agreement 

operative time and mortality. Visualization using conven-
tional 3D imaging techniques is limited due to presentation 
on a flat screen, which may not allow full comprehension of 
complex intracardiac anatomy. The purpose of this paper is 
to provide an overview of 3D printing in CHD, focusing on 
strengths, weaknesses and technical considerations.

Strengths of 3D printed models

Multiple studies have demonstrated the feasibility and accu-
racy of 3D printed models for the reconstruction of complex 
cardiac [2] and extra-cardiac anatomy. These include visu-
alization of aortic arch anomalies [11], pulmonary branches 
[7], and major aorto-pulmonary collaterals [4]. Printing of 
3D models was feasible at all ages, with different imaging 
techniques including CT, MRI and more recently 3-D echo-
cardiography (Figs. 1, 2). Advantages of 3D models in the 
understanding of complex anatomy and in the planning of sur-
gical and percutaneous interventions have been highlighted.

The diagnostic accuracy of 3D models has been evalu-
ated in different ways. Most of the current work [3, 5, 10–12] 
describes similarities of 3D models with cardiac anatomy, 
and the satisfaction of the surgeon or interventionist. Oth-
ers have used [2, 4, 7, 18] a more systematic approach and 
explored correlations of the 3D reconstructions with anatomi-
cal details visualized at MRI, angiography or surgery [4, 7, 

Fig. 2  3D printed model of the myocardium (grey) and blood pool 
(orange)

 

Fig. 1  The 3D printing process. a Radiological image. b Segmentation. c 3D volume render. d Computer aided design. e 3D printing by fused 
deposition modeling. f Final 3D printed model
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motion artefacts in CT and MRI might hamper segmentation 
of thin intra-cardiac structures such as valves and papillary 
muscles [7]. One study [2] used data from 3D echocar-
diography. Table 2 outlines protocols of CT/MRI acquisi-
tion from published studies [7, 10, 13]. Slice thicknesses of 
images acquired were consistent, varying from 0.625 [4] to 
2 mm [3, 6]. General anaesthesia [4] or sedation [13] was 
used in some studies, while others performed examinations 
in awake patients [7, 10]. MRI acquisitions employed free 
breathing or [10] breath holding [7]. For CT, electrocar-
diogram gated acquisition was reported in one study [10]. 
In our opinion, gated-CT might offer the best image spa-
tial resolution, however in children MRI based sequences 
may be preferred due to the avoidance of ionising radiation. 
Diastolic acquisition could be advantageous for evaluation 
of cardiac chamber size and intra-cardiac structures such as 
ventricular septal defects. Systolic acquisition is preferred 
for evaluation of vascular structures as diameters may be 
larger.

Translation of DICOM files into printable formats

A key step in the process is the conversion of DICOM 
images files into printable formats. Software for conversion 
(example Mimics, Materialize, The Netherlands) are com-
mercially available, but expensive. A version of the Osirix 
software (Pixmeo, Geneva, Switzerland) is available free 
of cost, but the free version has limitations compared to 
the standard commercial product. Some institutions have 
custom-built software, for example, AYRA [21]. Semi-
automated segmentation methods are commonly used [2, 
13, 22] while manual [7, 10], or a combination of manual, 
semi-automated and automated segmentation options are 
available [2]. An in-depth review of the segmentation meth-
odologies is provided in recent publications [22, 23].

The printing process

Table 3 shows the variety of printers and materials that have 
been used. The available materials include solid acrylic or 
plastic [4], urethane [5, 6, 12–14], or thermoplastic resin 
[7]. The choice of material could have an impact on appli-
cations. Rigid models provide a static representation of 
anatomy, while flexible models may be more suitable for 
surgical simulation [13]. Cold gas has been used for ster-
ilization of models for intra-operative use in the operating 
room [4, 14].

Cost and times

Costs are related to [1] the software used to translate DICOM 
images, and [2] the process of printing itself. The combined 
cost has been estimated from 200 to 440 Euros [13, 14], up 

shown between aortic luminal diameters of the model and 
those obtained by MRI and angiography, assisting with pre-
procedural device selection. These models also have excellent 
potential for teaching purposes (Table 1). Another interesting 
area is application for doctor-patient communication, as it has 
been shown to improve overall patient satisfaction.

Limitations of 3D printed models

At the present time, there are limitations to a widespread use 
of 3D printing in the management of patients with CHD. 
Major issues are the lack of standardized approaches, long 
processing times, and high costs. The current model is a 
rigid or flexible ‘static’ reproduction of cardiac anatomy, 
and does not allow reproduction of physiologic changes 
occurring during the cardiac cycles. To overcome this limi-
tation, ‘dynamic’ models have been proposed [20].

Because this is a relatively new and experimental field, 
there is lack of standardization in the procedures and 
materials employed. Imaging techniques and acquisition 
modalities within each technique varied. The segmentation 
processes were also greatly different due to differences in 
software and automation. Furthermore, there were differ-
ences in printing related material and printers, producing 
changes in the physical properties of the models.

Lack of standardization in any process could introduce 
bias, as well as result in operator dependency. With regard 
to 3D printing, operator dependency is relevant in all steps 
from image acquisition and selection to the choice of areas 
to be segmented. Selection of systole or diastole for seg-
mentation remains arbitrary, which may introduce bias in 
the final model. For instance, a pulmonary artery branch 
segmented in diastole is significantly smaller than in sys-
tole. Only one report has thus far indicated the phase of car-
diac cycle chosen [2]. The influence of other confounding 
variables including image quality, differences among imag-
ing techniques, and operator variability in image acquisition 
have never been investigated. Studies using a multi-modal-
ity approach of CT, MR and 3D echocardiography for the 
printing of 3D models are needed. Finally, the pediatric age 
poses additional technical issues for 3D imaging related to 
high heart rates and small cardiac structures.

Technical considerations

Image acquisition

The choice of the imaging technique primarily depends on 
institutional preferences and availability. Most work in this 
field used CT [4, 6, 8, 11, 13, 15, 16] and MRI [6–8, 10, 
17]. Both modalities have been used separately [4, 5, 10, 
11, 13, 15] or interchangeably [6, 8, 16, 17] within the same 
study protocol. Issues related to image spatial resolution and 
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of Fallot with pulmonary atresia and multiple aortopulmonary 
collaterals. JACC Cardiovasc Imag 8:103–104

16.	 Olivieri L, Krieger A, Chen MY, Kim P, Kanter JP (2014) 3D 
heart model guides complex stent angioplasty of pulmonary 
venous baffle obstruction in a Mustard repair of D-TGA. Int J 
Cardiol 172:e297–e298

17.	 Schmauss D, Schmitz C, Bigdeli AK, Weber S, Gerber N, Beiras-
Fernandez A et al (2012) Three dimensional printing of models 
for preoperative planning and simulation of transcatheter valve 
replacement. Ann Thorac Surg 93:e31–e33

18.	 Valverde I, Gomez G, Coserria JF, Suarez-Mejias C, Uribe 
S, Sotelo J, Velasco MN, Santos De Soto J, Hosseinpour AR, 
Gomez-Cia T (2015) 3D printed models for planning endovascu-
lar stenting in transverse aortic arch hypoplasia. Catheter Cardio-
vasc Interv 85:1006–1012

19.	 Kim Ms, Hangsen AR, Carrol JD (2008) Use of rapid prototyping 
in the care of patients with structural heart disease. Trends Car-
diovasc Med 18:210–216

20.	 Maragiannis D, Jackson MS, Igo SR, Chang SM, Zoghbi WA, 
Little SH (2014) Functional 3D printed patient specific modeling 
of severe aortic stenosis. J Am Coll Cardiol 64:1066–1068

21.	 Suárez-Mejías C, Gomez-Ciriza G, Valverde I, Parra Calderón C, 
Gómez-Cía T (2015) New technologies applied to surgical pro-
cesses: virtual reality and rapid prototyping. Stud Health Technol 
Inform 210:669–671

22.	 Byrne N, Velasco Forte M, Tandon A, Valverde I, Hussain TA 
(2016) Systematic review of image segmentation methodology, 
used in the additive manufacture of patient-specific 3D printed 

to 870 Euros [10]. Process time represents a limitation cur-
rently, because manual segmentation may take hours [7], and 
the entire process may take a few days [13]. Rapid segmen-
tation process (<30 min) has been described [10]. A more 
widespread use of 3D models in multiple medical settings 
[24, 25] may help decrease costs related to software, printers, 
and materials. It may also implement more rapid semi-auto-
mated or automated processes [10]. The use of 3D models 
could also potentially reduce costs by diminishing operative 
times and improving outcomes [26, 27]. Superior procedural 
planning could result in savings derived from reduced inter-
ventional time, radiation time and optimal device selection. 
However, true cost-analysis assessment of 3-D models has 
not yet been performed [26, 27].

Conclusion

Recent technology allows good quality three-dimensional 
printing of models for CHD in all ages. These models could 
be used for planning of surgical or percutaneous manage-
ment of CHD with satisfactory results. At the present time, 
experience with these models in CHD remain limited to case 
reports or small studies. More investigations into assess-
ment of outcomes and cost-effectiveness of 3D printed 
models in endovascular and surgical management of CHD 
are warranted.
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