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Congenital heart diseases (CHDs), especially complex ventricular–arterial (VA) rela-
tionships (double outlet right ventricle [DORV], complex types of transposition of 
the great arteries [TGA], and congenitally corrected TGA [c-TGA]) are a heteroge-

neous and complex group of cardiac malformations. The planning of an optimal surgical 
repair of some of these pathologies requires a clear and complete understanding of spatial 
relationships; hence, they sometimes require advanced diagnostic imaging (1). It is import-
ant to reveal the anatomy and three-dimensional (3D) spatial relationships of cardiac struc-
tures before the ultimate decision is reached on whether to perform a single ventricular or 
biventricular repair.

Before surgical procedures, the primary noninvasive and widely used diagnostic tool is 
echocardiography (2–4). While most decisions for treatment can be made with echocardi-
ography (5), it may not be sufficient for decision-making in some complex CHDs, especially 
with complex VA relationships. In particular, the spatial relationship of great vessels and 
ventricular septal defects (VSD) is difficult to determine with echocardiography (6). Com-
puted tomography angiography (CTA) has been widely used for the diagnosis of CHDs, and 

PURPOSE 
This study was planned to assess the application of three-dimensional (3D) cardiac modeling 
in preoperative evaluation for complex congenital heart surgeries.

METHODS
From July 2015 to September 2019, 18 children diagnosed with complex congenital heart 
diseases (CHDs) were enrolled in this study (double outlet right ventricle in nine patients, 
complex types of transposition of the great arteries in six patients, congenitally corrected 
transposition of the great arteries in two patients, and univentricular heart in one patient). 
The patients’ age ranged from 7 months to 19 years (median age, 14 months). Before the oper-
ation, 3D patient-specific cardiac models were created based on computed tomography (CT) 
data. Using each patient’s data, a virtual computer model (3D mesh) and stereolithographic 
(SLA) file that would be printed as a 3D model were generated. These 3D cardiac models were 
used to gather additional data about cardiac anatomy for presurgical decision-making.

RESULTS
All 18 patients successfully underwent surgeries, and there were no mortalities. The 3D pa-
tient-specific cardiac models led to a change from the initial surgical plans in 6 of 18 cases 
(33%), and biventricular repair was considered feasible. Moreover, the models helped to mod-
ify the planned biventricular repair in five cases, for left ventricular outflow tract obstruction 
removal and ventricular septal defect enlargement. 3D cardiac models enable pediatric cardi-
ologists to better understand the spatial relationships between the ventricular septal defect 
and great vessels, and they help surgeons identify risk structures more clearly for detailed 
planning of surgery. There was a strong correlation between the models of the patients and 
the anatomy encountered during the operation.

CONCLUSION
3D cardiac models accurately reveal the patient’s anatomy in detail and are therefore benefi-
cial for planning surgery in patients with complex intracardiac anatomy.
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in some instances, it may eliminate the ana-
tomical shortcomings of echocardiography 
(7). However, even CTA may not provide 
sufficient data on intracardiac anatomy, 
particularly regarding the relationship of 
VSD with great arteries (6). This, in turn, has 
resulted in an increased need for advanced 
diagnostic imaging and additional engi-
neering techniques to achieve adequate 
presurgical planning, particularly before 
biventricular surgical repair.

3D cardiac modeling (i.e., 3D virtual intra-
cardiac modeling and printing techniques) 
is an innovative technology that involves 
computer-aided processing of 3D imaging 
data for physical outputs of virtual objects 
(8–10). More advanced 3D imaging can pro-
vide significant information on complex VA 
relationships and help to select the appro-
priate surgical procedure considering the 
complexity of the spatial planes in complex 
CHDs (11). The relationship between great 
vessels, VSDs, and semilunar valves can be 
clearly identified and the suitability of a 
left ventricular (LV)–aortic tunnel can be 
confirmed with 3D cardiac modeling (12). 
Numerous authors have reported the ben-
efits of 3D cardiac modeling, and this ap-
proach has been a helpful diagnostic tool 
for presurgical decision-making in many 
centers worldwide (1, 13, 14). However, to 
our knowledge, there have been no studies 
conducted in our country examining the 
use of 3D cardiac model techniques (i.e., 3D 
virtual intracardiac modeling and printing 
techniques) for presurgical decision-mak-
ing with complex CHDs. In this retrospec-
tive study, we share our experience with 
surgical planning based on 3D cardiac mod-
eling for complex CHDs and introduce 3D 
cardiac modeling as a valuable tool in pre-

surgical decision-making in complex CHDs 
to be adopted throughout the country.

Methods
After approval from the hospital ethical 

board (2018-40), all CHD patients who had 
3D cardiac modeling prior to surgical inter-
vention between July 2015 and September 
2019 were retrospectively evaluated. All 
patients signed an informed consent form. 
Enrolled in this study were 18 children diag-
nosed with complex CHDs who underwent 
surgical treatment. Demographic, clinical, 
and imaging data were collected from the 
database of the hospital. All patients had 
previously undergone extensive clinical 
evaluation and cardiovascular imaging and 
were then discussed and reviewed by the 
cardiac team (congenital heart surgeons, 
pediatric cardiologists, and radiologists) 
for the planning of surgical options. The 
decisions were reached after the complete 
review of all echocardiography, CTA, and/or 
cardiac catheterization data.

Multidetector CTA examinations were 
performed with the use of a 320-row mul-
tidetector scanner (Aquilion ONE, Toshiba 
Medical Systems) with a gantry rotation 
time of 350 ms and temporal resolution of 
175 ms. The voltage and tube current were 
adjusted to the patient’s weight (80 kV dos-

age was used for patients weighing <20 kg, 
and 100 kV for those weighing 20 to 80 kg; 
tube current was 10  mA/kg for patients 
weighing <9  kg, and 5  mA for each addi-
tional kg). The imaging data were obtained 
during intravenous injection of 1 to 1.5 mL/
kg of the contrast agent iohexol at a rate of 
1 to 3 mL/s for children and manual intra-
venous injection of the drug in newborns 
and children under 1 year old (Iohexol, Om-
nipaque 300 mg/mL, GE Healthcare). The 
contrast agent was removed with 4–15 mL 
saline according to the patient’s weight. Im-
ages were reconstructed to 1 mm in thick-
ness and to a reconstruction interval with 
a 25f kernel filter; processed on a separate 
workstation (Vitrea, Vital Images) with mul-
tiplanar reformatting, maximum-intensity 
projection, and volume rendering.

Advanced 3D examinations were planned 
for patients with different possible surgical 
options and when the cardiac team was un-
certain about the initial surgical decisions. 
3D cardiac models were performed to gather 
extra insight into the cardiovascular anatomy 
and particularly to define the locations of the 
VSDs and their relationship with the great 
vessels and also to avoid postponing the de-
cision to the surgical theatre.

The 3D cardiac models were reconstruct-
ed together with Koç University Faculty of 

vMain points

•	 3D cardiac modeling is an innovative produc-
tion process that uses computer-aided pro-
cessing of 3D imaging data to create physical 
outputs of virtual objects for complex con-
genital heart diseases.

•	 Complex congenital heart diseases provide a 
unique opportunity to implement 3D model-
ing technology to eliminate gaps in anatom-
ical detailing, communication, and surgical 
planning.

•	 In patients with complex ventricular-arterial 
relationships, 3D cardiac models may help 
physicians understand the intracardiac anat-
omy and help with decision-making for sur-
gical planning.

Figure 1. The workflow of the routine procedure.
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Table. Patients’ demographical data, diagnosis, and surgical outcome (Cont'd)

No Age / Weight Diagnosis
Past 
interventions Surgical options

Initial  
options

Recommendation 
after 3D model

Surgery  
performed

1 7 months/  
5.5 kg

DORV, D-malposed great 
arteries, severe PS with 
annular hypoplasia, remote 
VSD

RVOT stenting BCPS or 
biventricular 
repair, LV-aorta 
tunnel

BCPS Biventricular repair Biventricular repair,  
LV-aorta tunnel and 
RV-PA conduit

2 3 years/  
12 kg

DORV, anteroposterior 
great arteries, severe PS 
with annular hypoplasia, 
perimembranous-inlet VSD

None BCPS or 
biventricular 
repair, LV-aorta 
tunnel

BCPS BCPS, RV hypoplasia BCPS

3 9 months/  
10.5 kg

DORV, D-malposed great 
arteries, severe PS with mild 
annular hypoplasia, subaortic 
VSD

None BCPS or 
biventricular 
repair, LV-aorta 
tunnel

Biventricular  
repair 

Biventricular 
repair, LV to aorta 
baffle and RVOTO 
procedure

Biventricular repair, 
LV to aorta baffle and 
RVOTO repair*

4 2 years/  
9.7 kg

TGA, anteroposterior great 
arteries, severe PS with 
annular hypoplasia, LPA 
stenosis, subaortic VSD

PDA stenting BCPS or 
biventricular 
repair, LV-aorta 
tunnel

Biventricular 
repair

Biventricular 
repair, LV to aorta 
baffle and RV to PA 
conduit

Biventricular repair, 
LV to aorta baffle and 
RV to PA conduit

5 19 years/  
45 kg 

TGA, situs inversus 
L-malposed great arteries, 
severe PS with annular 
hypoplasia, subaortic VSD, 
dextrocardia

BCPS Fontan or 
biventricular 
repair, LV-aorta 
tunnel

Fontan Fontan surgery, 
aberrant left 
coronary artery 
course across the 
pulmonic valve

Fontan 

6 7 years/  
22.5 kg

c-TGA, L-malposed great 
arteries, pulmonary atresia, 
inlet VSD

PDA stenting, 
BDGS and leads 
implantation for 
CRT 

Fontan or double 
switch operation

Fontan Fontan, VSD not 
suitable for LV to 
aorta baffle

Fontan

7 9.5 months/  
9 kg

TGA, D-malposed great 
arteries, pulmonary atresia, 
VSD

Central shunt BCPS or 
biventricular 
repair, LV-aorta 
tunnel

BCPS BCPS, VSD not 
suitable for LV to 
aorta baffle

BCPS

8 11 months/  
6 kg

TGA, D-malposed great 
arteries, severe PS with 
mild annular hypoplasia, 
perimembranous outlet VSD

None BCPS or 
biventricular 
repair, LV-aorta 
tunnel

BCPS Biventricular repair Biventricular repair, 
LV to aorta baffle and 
RV to PA conduit

9 18 years/  
45 kg

c-TGA, situs inversus 
D-malposed great arteries, 
severe PS with annular 
hypoplasia, inlet large VSD

None BCPS or double 
switch operation

BCPS BCPS, VSD not 
suitable for LV to 
aorta tunnel

BCPS

10 30 months/  
12 kg

DORV, normally related great 
arteries, mild LV hypoplasia, 
subaortic large VSD

Pulmonary 
banding and 
aortic arch repair

BCPS or 
biventricular 
repair, LV-aorta 
tunnel

BCPS BCPS, LV hypoplasia BCPS

11 30 months/  
12 kg

DORV, side-by-side great 
arteries, subvalvular aortic 
stenosis, large inlet VSD

PA banding BCPS or 
biventricular 
repair, LV-aorta 
tunnel

Biventricular 
repair 

Biventricular repair, 
LV to aorta baffle 
and LVOTO resection

Biventricular repair, 
LV to aorta baffle and 
LVOTO resection, 
debanding

12 13 months/  
7 kg

TGA, D-malposed great 
arteries, severe PS with 
moderate annular hypoplasia, 
subaortic VSD, coronary 
anomaly (1 RCA-LAD, 2 Cx)

PDA stenting BCPS or 
biventricular 
repair, LV-aorta 
tunnel

Biventricular 
repair

Biventricular 
repair, LV to aorta 
baffle with VSD 
enlargement and 
pulmonary root 
translocation

Biventricular 
repair LV to aorta 
baffle with c, and 
pulmonary root 
translocation

13 4 years/  
18 kg 

DILV, VA discordance,  
systemic outflow obstruction 
(restrictive BVF or VSD)

Pulmonary 
banding, BCPS

BVF enlargement 
or DKS operation

BVF 
enlargement 

BVF enlargement, 
RV approach and 
determination 
of enlargement 
location

BVF enlargement 
and Fontan 
procedure
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Table. Patients’ demographical data, diagnosis, and surgical outcome (Cont'd)

No Age / Weight Diagnosis
Past 
interventions Surgical options

Initial  
options

Recommendation 
after 3D model

Surgery  
performed

14 12 months/  
7.6 kg

DORV, normally related 
great arteries, large 
perimembranous VSD

Pulmonary 
banding, aortic 
coarctation 
repair

BCPS or 
biventricular 
repair, LV -aorta 
tunnel

BCPS Biventricular repair, 
LV to aorta baffle 
and LVOTO resection

Biventricular repair, 
LV to aorta tunnel 
and LVOTO resection, 
PA debanding

15 12 months/  
9 kg

TGA, D-malposed great 
arteries, pulmonary atresia, 
inlet VSD

Central shunt, PA 
plasty

BCPS or 
biventricular 
repair, LV-aorta 
tunnel

BCPS Biventricular 
repair, LV to aorta 
tunnel with VSD 
enlargement and RV 
to PA conduit

BCPS, remote VSD, 
VSD not suitable for 
LV to aorta tunnel

16 12 months/  
10 kg

LAI, DORV, severe PS with mild 
annular hypoplasia, PLSVC

None Kawashima 
procedure or 
biventricular 
repair, LV-aorta 
tunnel

Biventricular 
repair, LV to 
aorta tunnel

LV-aorta tunnel with 
VSD enlargement

Biventricular repair 
by LV to aorta 
tunnel with VSD 
enlargement and 
RVOTO repair*

17 15 months/  
9 kg

DORV, side-by-side great 
arteries, outlet subpulmonic 
VSD

Pulmonary 
banding

BCPS or 
biventricular 
repair, LV-aorta 
tunnel or 
LV-pulmonary 
tunnel

BCPS LV to pulmonary 
tunnel and ASO

LV to pulmonary 
artery tunnel 
with ASO, LVOTO 
resection, RVOTO 
repair*

18 12 months/  
8 kg

DORV, D-malposed great 
arteries, severe PS with 
moderate annular hypoplasia, 
accessory mitral valve tissue, 
subaortic VSD

None BCPS or 
biventricular 
repair, LV-aorta 
tunnel

BCPS, small 
VSD and 
accessory 
mitral valve 
tissue

LV-aorta tunnel with 
VSD enlargement, 
and resection 
accessory mitral 
valve tissue

Biventricular repair 
by LV to aorta 
tunnel with VSD 
enlargement, and 
RVOTO repair*, 
resection accessory 
mitral valve tissue

DORV, double-outlet right ventricle; PS, pulmonary stenosis; VSD, ventricular septal defect; RVOT, right ventricular outflow tract; BCPS, bidirectional cavopulmonary 
anastomosis; LV, left ventricle; RV, right ventricle; PA, pulmonary artery; RVOTO, right ventricular outflow tract obstruction; TGA, transposition of great arteries; LPA, left 
pulmonary artery; PDA, patent ductus arteriosus; c-TGA, corrected- transposition of great arteries; LVOTO, left ventricular outflow tract obstruction; RCA, right coronary artery; 
LAD, left anterior descending artery; Cx, circumflex artery; DILV, double inlet left ventricle; BVF, bulboventricular foramen; DKS, Damus-Kaye-Stansel; LAI, left atrial isomerism; 
PLSVC, persistent left superior vena cava; ASO, arterial switch operation.
*Transannular patch repair.

Figure 2. a–f. The 3D printing protocol of the institute in the steps of dataset selection (a), thresholding (b), segmentation (c), restoration (d), editing with 
design tools (e), 3D printing (f).
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Engineering using DICOM (Digital Imaging 
and Communications in Medicine) images 
of patients. Virtual 3D cardiac models were 
created and 3D physical models were printed 
for 18 patients, all of whom underwent  oper-
ations. The cardiac team examined the virtual 
and printed 3D cardiac models both before 
and after surgery, reviewing them for useful-
ness in identifying the intracardiac anatomy 
and for planning potential strategies.

The workflow of the 3D cardiac modeling 
design based on the patient’s anatomy is 
shown in Fig. 1. The CTA images were seg-
mented by image processing tools (Mimics 
Innovation Suite 17, Materialise). After this 
process, the 3D cardiac model of the blood 
pool was obtained based on this segmenta-
tion, and a mold of the blood pool was gen-
erated. The hollow structure in the heart was 
obtained by subtracting the blood pool mod-
el from the mold model using Boolean algo-
rithms in a computer-aided design tool (CAD) 
(15). The images obtained with the paraseptal 
and sagittal incisions were determined to be 
the most suitable in terms of relevant ana-
tomical structures, ventricles, VSDs, and TGA 

and were easily seen in all of the models. The 
physical models were created from the virtu-
al model using a 3D printer (Projet 260C, 3D 
Systems). To represent the true heart anatomy 
of the patient, myocardial tissue was formed 
with a separate segmentation and combined 
with the blood pool model.

Although the hollow models to be cre-
ated from 3D blood pool models, which 
were confirmed to be consistent with the 
echo report measurements and that were 
reconstructed from contrast-dyed sections, 
can be obtained in the same image pro-
cessing program by subtracting the blood 
pool mask from the expanded version, this 
method was not preferred. With this meth-
od, there is a possibility that information 
about small details and the originality of 
the patient-specific image data will be lost. 
Therefore, an offset was added to keep the 
volume of the blood pool model empty 
after transferring it to the CAD program in 
Standard Triangle Language (STL) form. This 
offset is created with a sensitivity that will 
not allow for loss of existing details, provid-
ed that it is not smaller than 1 mm.

The volumes of the models were com-
pared with two different image segmenta-
tion tools for validation and then exported 
in the STL format, which is the most suitable 
file type for 3D printers.

Unlike fused deposition modeling (FDM) 
and stereolithographic (SLA) printers, 
which are preferred in limited studies on 
3D heart anatomy, the Envisiontech Ultra 
3SP (Scan Spin and Selectively Photocure) 
printer was preferred for this study. The lack 
of stair-stepping on inner and outer surfac-
es and layerless technology of this printer, 
which has a smooth voxel resolution of 
100  μm, provided smooth results on com-
plex surfaces. By using ABS flex white mate-
rial, even small details on complex surfaces, 
both durable and partially flexible, could 
be created. Problems such as tearing of the 
hollow structures and fractures during the 
curing process encountered with SLA print-
ers in the elevator of the platform, the sup-
port materials being placed in the hollow 
spaces, and the unwanted layer lines found 
in FDM printers were eliminated with the 
selected printer and material. 

The measurements from the radiolog-
ical data have been compared with the 
corresponding dimensions of the 3D re-
constructed and printed models for the 
validation. Measurements on the 3D model 
were obtained by orientation to the same 
position as the measurements on the ra-
diological data or the echo viewing angle. 
To determine consistency of the model, dif-
ferent sections in the same segment were 
located on the reconstructed 3D model and 
their average diameter was taken into con-
sideration.

Although the cost is expensive com-
pared to FDM printers, it is the same as an 
SLA printer, and results that better served 
the purpose in terms of production speed, 
smoothness, and accuracy were obtained 
with minimal material waste.

Results
Eighteen 3D cardiac models were creat-

ed in total, with the diagnoses as follows: 
DORV in nine patients, TGA in six patients, 
and c-TGA in two patients. The remaining pa-
tient had a functional single ventricle (dou-
ble inlet left ventricle with VA discordance 
and restrictive VSD). Decisions were made 
after the evaluation of the 3D cardiac mod-
els, and all of the patients were operated on. 
The median age of the patients at the time 
of the operation was 14 months (range, 7 

Figure 3. a–d. CT scan of Patient 10 (a), 3D virtual heart model (b), intracardiac cross-section (c), 3D 
replica of the heart (d). See Table for case definition. The LV is hypoplastic and VSD is remote-inlet 
(c, asterisk), biventricular repair is not feasible. Ao, ascending aorta; PA, pulmonary artery; RV, right 
ventricle.

c

a

d

b
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months to 19 years), and the median weight 
was 9.85 kg (range, 5.5–45 kg) (Table 1). No 
mortality was observed during the median 
follow-up period of 1.5 years (0.2–4 years).

Out of 18 patients, 12 (66.6%) had pre-
viously undergone palliative procedures 
before corrective surgery. Of these patients, 
two (11%) had a central shunt, two (11%) 
had patent ductus arteriosus (PDA) stenting, 
one (2.9%) had right ventricular outflow tract 
(RVOT) stenting, three (16%) had pulmonary 
banding, two (11%) had an aortic arch repair 
and pulmonary banding, and two (11%) had 
a bidirectional Glenn (BDG) shunt. After 3D 
cardiac modeling, univentricular heart pallia-
tion was performed in six patients (33%; three 
BDG, three Fontan procedure) and biven-
tricular repair was conducted in 12 patients 
(67%). All cases survived with good clinical 
outcomes and no major complications.

The CTA was performed in all patients, 
and all imaging studies had adequate con-
trast for image segmentation, 3D volume 
rendering, and 3D printing (Fig. 2). As an im-
portant point, in patients with a BDG shunt, 
a CTA scan should be evaluated in the ve-

nous phase for biventricular filling. Clinical 
details and anatomical diagnoses are sum-
marized in Table 1. The cardiac team and an 
imaging engineer reviewed all images of 
cases prior to surgery. For surgical planning, 
all members of the cardiac team expressed 
that all individual 3D cardiac models pro-
vided a better understanding of the patho-
logical features of CHDs and were useful for 
making a decision. The team acknowledged 
that this might be a routine tool for an opti-
mal surgical approach with CHD.

For five patients (Cases 1, 8, 14, 17, and 
18) in whom univentricular palliation was 
initially planned due to the size and loca-
tion of the VSD, the 3D cardiac model eval-
uation resulted in a biventricular repair be-
ing considered feasible, and the 3D cardiac 
models helped the surgeon better under-
stand the location of the VSD. The biventric-
ular repair was subsequently chosen and 
successfully performed in these five cases. 
In Case 17, a multidisciplinary review of the 
3D cardiac model suggested that an arterial 
switch type of operation would be suitable 
due to the favorable position of the VSD. In 

this case, the 3D cardiac model additionally 
helped to modify the planned biventricular 
repair for an arterial switch operation with 
baffling of the VSD to the native pulmonic 
valve (neo-aortic valve).

In another case (Case 13), the inspec-
tion of the 3D cardiac model modified the 
Fontan operation by not only implantation 
of the extracardiac tube but also demon-
strating the need to enlarge the restrictive 
VSD. The surgical plan was to perform a 
Fontan by extracardiac non-fenestrated 
tube. The 3D cardiac model revealed that 
the VSD was restrictive and identified the 
relationship of the VSD and outlet septum. 
It also helped with performing a subaortic 
obstruction removal without any complica-
tions. In five cases (Cases 11, 12, 14, 17, and 
18), the 3D cardiac model helped to modify 
the planned biventricular repair for left ven-
tricular outflow tract obstruction (LVOTO) 
removal and VSD enlargement. Specifically, 
in three of these patients’ anatomies, LVO-
TO had not been clearly demonstrated with 
two-dimensional (2D) images before the 3D 
cardiac modeling.

The surgical plans made with the help 
of the 3D models were successfully imple-
mented in all cases except one (Case 14). 
In this case (Case 14), the surgical plan was 
changed intraoperatively. Case 14 was a 
12-month-old male with TGA, perimembra-
nous VSD with inlet extension pulmonary 
stenosis. The aorta was located to the right 
and anterior of the pulmonary artery. The 
patient was initially palliated with a central 
shunt, left pulmonary artery reconstruc-
tion, and PDA closure. The review of CTA, 
echocardiography, and cardiac catheteriza-
tion had suggested that anatomy was too 
complicated to achieve a successful biven-
tricular repair. But after the 3D cardiac mod-
el evaluation, the biventricular repair was 
considered feasible with VSD enlargement. 
However, intraoperatively, the surgical risk 
was found to be too high as to preclude 
biventricular surgery due to the size and 
location of the VSD, and the surgical team 
decided to perform BDG shunt after visu-
alization of the VSD during the operation. 
Four of the cases (Cases 1, 5, 9, and 10) with 
interesting features are presented in Figs. 
3–6. After the operation, surgeons verified 
that there was a strong correlation between 
the 3D cardiac models of these patients 
and the anatomy detected during the op-
eration. The correlation is the relationship 
between the aorta or pulmonary artery, 
VSD, and left ventricle which is essential 

Figure 4. a–d. CT scan of Patient 12 (a), 3D virtual heart model (b), intracardiac cross-section (c), 
3D replica of the heart (d). See Table for case definition. The 3D model has been extremely helpful 
to plan biventricular repair with VSD enlargement (c, asterisk). Ao, ascending aorta; PA, pulmonary 
artery; RV, right ventricle; LV, left ventricle; VSD, ventricular septal defect.

c

a

d

b
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in determining if a straightforward baffle 
from the left ventricle to one of the great 
arteries may be created (with or without an 
arterial switch procedure or VSD enlarge-
ment). We did not use any device or patch 
related to the 3D model in the operation. 
Because of this, we did not need any quan-
titative measurement to demonstrate the 
accuracy of the 3D printed cardiac model. 

Discussion
In this study, we shared our experiences 

related to 3D cardiac modeling (3D virtual 
intracardiac modeling and printing tech-
niques) for complex CHDs, particularly 
patients with complex VA relationships, in 
planning an optimal surgical technique for 
univentricular or biventricular repair. In ad-
dition, we wanted to pioneer the use of this 
technique for presurgical decision-making 
in our country and to popularize it with 
concrete data. To the best of our knowl-
edge, this is the first study in a pediatric 
patient cohort from Turkey. The first step is 

to introduce the process, followed by stan-
dardization of scanning techniques and 
post-processing of data sets. Finally, a deci-
sion should be made about the appropriate 
patient selection.

Currently, diagnostic evaluation and pre-
operative planning of CHD is based on 2D 
and multisection imaging of volumetric 
data such as echocardiography, magnet-
ic resonance imaging (MRI), and CTA. The 
use of these imaging techniques may clar-
ify complex intra-extra cardiac anatomy in 
most cases, but they may be insufficient 
to delineate the relationship between VSD 
and large vessels, particularly for preop-
erative planning of remote VSD cases (13, 
16–18). Due to these known limitations of 
standard 2D techniques, patient-specific 
3D cardiac model for surgical planning has 
been increasingly used in recent years (19). 
In light of these data, we started the 3D car-
diac modeling with Koç University Faculty 
of Engineering for complex CHD manage-
ment in July 2015. During this period, 18 

3D cardiac models were created, and all of 
them were used in operations.

There have been many studies regard-
ing the benefits of 3D cardiac modeling 
and printing in CHD, in terms of improving 
medical understanding, teaching, surgical 
training, and patient information (6, 13, 14). 
Moreover, it has already been established 
that these techniques play an irrefutable 
role in confirming or altering the planned 
approach and providing data for orienta-
tion of a surgically planned interventricular 
baffle in pediatric cardiac surgery (6, 18, 20). 
In a recent multicenter study, Valverde et 
al. (13) reported that 3D models clearly de-
lineated cardiac and vascular anatomy and 
improved the understanding of complex 
CHDs. In 50% of the cases in which it had 
no impact on decision-making, it helped in 
optimizing surgical planning.

In our study, 3D cardiac models changed 
the initial surgical plan in 6 out of 18 (33%) 
cases, and biventricular repair was con-
sidered feasible. Five of them were subse-
quently performed successfully, with only 
one case (Case 14) where the surgical plan 
was changed intraoperatively to revert to 
the initial, pre-3D-model, plan. In addition 
to these, the 3D models helped to modify 
planned biventricular repairs in five cases 
regarding LVOTO removal and VSD enlarge-
ment. All members of the cardiac team 
agreed that the 3D cardiac models provided 
a better delineation of the VSD anatomy and 
relationship with the aorta and pulmonary 
artery for surgical planning. After the opera-
tion, the surgeons expressed that there was 
a strong correlation between the models of 
these patients and the anatomy observed 
during the operation. Although it is hard 
to provide statistical data that 3D-printed 
models improve operative performance, we 
think that the use of 3D models in complex 
CHDs before decision-making aid the pedi-
atric cardiac team and allow for much bet-
ter mental preparation before surgery (20). 
Furthermore, it was claimed that the use of 
3D models may provide shorter operating 
and hospitalization times (14). However, 
we did not evaluate operating time and 
length of hospitalization for our patients 
due to the design of this study. Nonethe-
less, 3D presurgical cardiac models allowed 
for the examination of internal structure in 
the desired planes without causing any loss 
of time in the operating room. Finally, all 
members of the cardiac team agreed that 
the 3D cardiac models were helpful for the 

Figure 5. a–d. CT scan of Patient 13 (a), 3D virtual heart model (b), intracardiac cross-section (c), 3D 
replica of the heart (d). See Table for case definition. The 3D model has been extremely helpful to 
plan transventricular subaortic obstruction (c, asterisk) removal without the AV block and/or injury 
of structures. Ao, ascending aorta; RV, right ventricle; LV, left ventricle; VSD, ventricular septal defect; 
BVF, bulboventricular foramen.
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education of fellows and interdisciplinary 
communication.

3D modeling is a time-consuming and 
complex process and is too expensive for 
practical daily use (21, 22). Imaging in-
volves and integrates the skills of image 
interpretation and technology with the 
collaboration of more than one branch 
(cardiologists, radiologists, CAD software 
specialists, and 3D printer professionals). 
Additionally, the efficiency of 3D cardiac 
models for operative planning may be low-
er with much simpler CHDs (13). For these 
reasons, 3D modeling should only be con-
sidered for complex CHDs, when needed, 
after a medical multidisciplinary team 
meeting. All the cases modeled in our 
study had definite anatomical complexi-
ties that were considered by the pediatric 
cardiac team to be difficulties for making 
an optimum surgical decision.

Segmenting the blood pool, intracar-
diac, and cross-section 3D models cre-

ated from CTA image datasets took only 
half a day for each patient in the created 
workflow plan. Obtaining a 3D intracardi-
ac cross-section replica for each patient 
from the STL form takes a maximum of 
six hours. Although FDM printers are pre-
ferred in most studies in terms of cost, 
problems such as inconsistency between 
the inner and outer surfaces, the appear-
ance of layer lines, and filling of gaps with 
support material affect the accuracy of the 
studies. For this reason, it is best to choose 
a method that can display the speed and 
the internal cavities of the models in the 
most accurate way and can be indepen-
dent of situations such as tearing, break-
ing, and lack of smoothness.

We think the virtual 3D cardiac model can 
finely delineate the intracardiac anatomy. It 
can give enough information to assist with 
decision-making. Unfortunately, it is not 
enough for cardiac team communication 
and education. The main beneficial applica-

tions of 3D printing are surgical simulation 
and teaching. This participation as surgical 
simulation is another exciting area that can 
lead to potentially improved surgical out-
comes and, therefore, better patient care 
(23). Even post-surgery, the printed models 
continue to be used as morphology models 
to help clinicians understand the complex 
CHD examples in the training sessions, in 
case there is no easy access to real anatom-
ic samples. These can also be used as excel-
lent tools for communication with patients 
and their families and for preoperative 
counseling.

Our study is limited by the retrospective 
nature, single‐center analysis, and lack of 
a statistically meaningful endpoint. Other 
limitations may be related to case selection 
and randomization. Furthermore, there are 
no data about cardiopulmonary bypass 
(CPB), cross-clamping time, length of stay 
in the hospital, and comparison of surgical 
repair with and without the 3D model.

There are also many limitations in these 
3D cardiac modeling techniques. Some 
thin and especially mobile structures, such 
as atrioventricular valves, are difficult to 
replicate. This is particularly important for 
a straddling AV valve that may preclude 
biventricular repair in patients with com-
plex CHDs. For this reason, it should be used 
as a complement to echocardiography for 
adequately describing the atrioventricular 
valves (19). The process of modeling de-
pends on many factors affecting quality, but 
most important is the quality of the source 
data provided. At any stage of creating a 
model, there is a risk of misrepresenting the 
anatomy. All imaging modalities should be 
reviewed in order to fully and correctly un-
derstand morphological variations (24, 25).

In conclusion, this study demonstrates 
that 3D cardiac modeling can accurately 
replicate a patient’s cardiac anatomy and 
may be beneficial for the preoperative 
planning of surgery for children with com-
plex CHDs. With patient-specific 3D cardiac 
models, a patient-based therapeutic strat-
egy can be implemented, and the surgical 
option can be confirmed, particularly when 
the VSD position is crucial for biventricular 
repair. In our experience, it supports the 
alignment of pediatric cardiologists and 
surgeons by increasing the strength of in-
terdisciplinary teamwork. These 3D models 
may also be beneficial for young doctors 
and surgeons in training. Without a doubt, 
3D cardiac modeling is a promising tool for 
future clinical practice.

Figure 6. a–d. CT scan of Patient 14 (a), 3D virtual heart model (b), intracardiac cross-section (c), 3D 
replica of the heart (d). See Table for case definition. The 3D model has been extremely helpful to 
plan biventricular repair with subaortic obstruction removal. Ao, ascending aorta; PA, pulmonary 
artery; RV, right ventricle; LV, left ventricle; VSD, ventricular septal defect (asterisk).
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