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Graphical abstract

Key question: What is the added value of 3D-Virtual Reality (3D-VR) and 3D printed

models over 2D imaging techniques for the surgical planning of complex DORYV patients?

Key findings: Spatial relationships of anatomical structures needed for surgical planning
'm{@

were better visible in the 3D visualization methods, compared to conventional 2 ing.

Take home message: The use of 3D-VR and 3D printed models can atient-

specific surgical planning of complex DORYV surgeries. This resulted in better prediction of

the performed surgical procedure. 0
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Abstract

Objectives: In complex double outlet right ventricle (DORV) patients, the optimal surgical
approach may be difficult to assess based on conventional two-dimensional (2D) ultrasound
(US) and computed tomography (CT) imaging. The aim of this study is to assess the added
value of 3D printed and 3D Virtual Reality (VR) models of the heart used for surgical planning
in DORYV patients, supplementary to the gold standard 2D imaging modalities. &

Methods: Five patients with different DORV-subtypes and high-qualit \Qcans were

selected retrospectively. 3D prints and 3D-VR models were creat e congenital
cardiac surgeons and pediatric cardiologists, from three differe @Is, were shown 2D-
CT first, after which they assessed the 3D print and 3D- %ﬁ in random order. After
each imaging method, a questionnaire was filled in on ?Qity of essential structures and

the surgical plan.
Results: Spatial relationships were gener Etter visualized using 3D methods (3D

printing/3D-VR) than in 2D. The feasibility SD patch closure could be determined best

%, 3D print 66%, and US/CT 46%, P<.01). The

using 3D-VR reconstructions -VIR

percentage of proposed s&% corresponding to the performed surgical approach was
66% for plans based Q/CT,

on 3D-VR visualizatiof.

Conclusion@s udy shows that both 3D printing and 3D-VR have additional value for

8% for plans based on 3D printing, and 80% for plans based

cardiac surgedns and cardiologists over 2D imaging, because of better visualization of spatial
relat%s. As a result, the proposed surgical plans based on the 3D visualizations matched

the actual performed surgery to a greater extent.

Keywords: Virtual Reality; 3D printing; surgical planning; double outlet right ventricle;

congenital heart disease; congenital cardiac surgery
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Abbreviations

2D
3D
Ao
CHD
CT
DORV
IQR
LMM
LR
TGA
VSD
us

USE

two dimensional

three dimensional

aorta

congenital heart disease

computed tomography

double outlet right ventricle

interquartile range

linear mixed-effect model

likelihood ratio

transposition of the great arteries

ventricular septum defect

ultrasound

usefulness, satisfaction, an

Virtual Reality
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1 Introduction

Double outlet right ventricle (DORV) is a complex congenital heart disease (CHD), in which

both the pulmonary artery and the aorta originate predominantly (> 50%) or completely from

the morphologically right ventricle. Of all patients with CHD, DORV has an incidence of 1.0-

1.5%, and it is diagnosed in 1/10.000 live births (1). For surgical planning of each individual

DORYV patient, thorough and accurate evaluation of the intracardiac anatomy and r&ships
th

is required to determine whether biventricular repair or univentricular palliati best

possible approach. Eleven important anatomical structures, called es ifiers, are
relevant for the surgical planning and clinical outcomes of DORV /2) adequate surgical
plan based on this anatomical information is of utmost imp g)ncreases precision,
minimizes the amount of unexpected findings, avoids intraop %mprovisation, decreases

intraoperative time and associated comorbidities, and.th results in better outcomes (3—

5). However, accurate preoperative planning is d ince the surgical approach is different

for each individual in this heterogenous oup (6). Moreover, often these patients
require multiple surgical procedure reasing the complexity even more by scar tissue,
fibrosis, and adhesions during s€o s (7,8).

Currently, diagnosi preoperative surgical planning of DORV is achieved based on

ultrasound (US). | es? (Figure 1A), which in some cases is insufficient to visualize the

complex G d spatial intracardiac relationships of the heart (9). In these cases, cross-

sectionalfconirast enhanced computed tomography (CT) images (Figure 1B), Magnetic
Res&h Imaging can be acquired (10). These modalities are generally visualized on a 2D
screen and need to be mentally translated to a 3D volume to understand the anatomy (9). For
this mental 3D reconstruction, experience and advanced knowledge of the anatomy and 3D

spatial orientation is required, especially with the abnormal anatomy in DORV patients

(7,11,12).
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Several 3D visualization technologies have been suggested to facilitate surgical planning,
including 3D printing (Figure 1C,D) and 3D Virtual Reality (3D-VR) (Figure 1E,F). The
applications of 3D printing and 3D-VR reconstructions are already being explored, however,
studies comparing these different 3D visualizations are still scarce, and use of 3D is currently
not implemented as standard surgical planning in CHD surgery (13,14). The aim of this study
is to assess the added value of these 3D visualization methods (3D-VR models and 3D printed

models) for surgical planning in DORV patients, supplementary to the gold_standard 2D

2 Patients and methods %
Ethics statement 0

The Erasmus MC Medical Ethical Review Comr?e\ proved the research protocol (MEC-

imaging modalities, in a retrospective clinical setting.

2020-0891). Participants provided verbal info onsent before participating.

3D model reconstructions QQ

d retrospectively for 3D reconstruction if the decision of

Operated DORYV patients &\
the surgical strategy Qfﬁcu based on anatomical complexity. In order to reconstruct the

3D printed and 32-

DICOM files @

Commu@v System. The 3D printed models were fabricated according to a previously

madels, the CT images were collected, anonymized and exported as
Imaging and Communications in Medicine) from the Picture Archiving and
publi rotocol (15). To create 3D-VR reconstructions, segmentation of cardiac structures
was performed semi-automatically by using grey value thresholding, region growing
algorithms, and manual editing using 3D Slicer software (16) (Figure 2). Segmentations were
exported as binary NifTi masks and were directly loaded in combination with the DICOM CT
images in 3D-VR visualization software using a MedicalVR workstation and software
(MedicalVR, Amsterdam, The Netherlands).

Study participants and study setup
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All participants were congenital cardiothoracic surgeons and pediatric cardiologists.
Participants were blinded for the executed surgical procedure of the patients. An overview of
the hereafter described workflow and outcomes is shown in Figure 3. The participants were
shown all images and 3D models of the selected patients. For each retrospective patient case,
the participants were first shown the gold standard imaging (diagnostic preoperative US and

CT images). Subsequently, the participant assessed the 3D visualization methods (3D printed

and 3D-VR models) of the corresponding patient. The order of assessment
visualization methods was random, to overcome sequence bias. Right aft essing each
image visualization method, the participants filled in a questionnaire b Xe visibility of
the essential modifiers (3 point Likert-scale: poor, neutral, good)jand Jproposed a surgical

plan. This surgical plan was then compared in retrospect wi: agtually performed surgery.

Moreover, participants rated their certainty on the propes rgical plan on a scale from O

(completely unsure) to 10 (100% sure) (Supple tary File A). Above mentioned steps were
performed for all five patient cases. When §icipant had finalized all patient cases, a
questionnaire was filled in on the useful , satisfaction and ease of use (USE) (17).

Advantages and disadvantages %‘ out for both 3D printing and 3D VR reconstruction

(Supplementary File B).&
2.1 Statistical a IQ

Statistical analysi s performed using R (R Core Team, Vienna, Austria, www.R-
project.org). Because the twelve participants assessed five imaging datasets of complex
DO ients, clustering could exist within data filled in by one participant and also within
the data of one patient. Therefore, for the essential modifiers a linear mixed-effect model
(LMM) with random intercept for patients and participants was used to account for clustering.
A null-model was compared to a model containing the different imaging methods as covariates
using a likelihood ratio test based on Galbraith et al. (18). Data was divided in three groups
(CT/US, VR, 3D printing) with different clusters (participants and patients). First, a null-model
was made, in which only the patient and participant clustering was taken into account. This

7
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was done by specifying a random intercept for patient and participant (crossed random
effects). Moreover, a second model was made, including also the three imaging methods as
fixed effects, besides the clustering of patients and participants. These two models were
compared using a likelihood-ratio (LR) test, in order to calculate the P-value. Next, to assess
between which two groups the results are statistically significantly different, a post-hoc
analysis was performed using these models and a clustered Wilcoxon signed rank test from
the package “clusrank” (19). Moreover, Bonferroni correction was performed iQ corkect for

Qsignificant.

multiple testing, such that a P value <0.00119 was considered statis&

Continuous data are presented as median with interquartile range (IQF@Qtegorical data

are presented as percentage (frequency). < ’
3 Results 0

Twelve participants, five congenital cardiothoracigssurgeons and seven pediatric cardiologists,
working in three different medical centers, %Iuded in this study (Table 1). The
participants had a median work experience years (IQR: 13-25). Eleven complex DORV
patients with preoperatively availab rinted models were identified. Five representative
patient cases were selec& ese patients had various anatomical DORV variants,
underwent different reQurg ies, and sufficient CT scan quality for 3D-VR reconstructions
(contrast enhanc with a maximum slice thickness of 0.6 mm). The segmentations of the
cardiac stru@o k approximately 60-120 min per patient, depending on anatomical
complexity. All5 patients underwent successful surgery, the patient characteristics are shown
in Ta?’and the opinion towards future use of the 3D methods in Figure 4. Nine of the

participants assessed all five patient cases, the other participants assessed one to three

patient cases.
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3.1 Essential modifiers

The visibility of the four essential modifiers that are most important for DORV surgery are
visualized in Figure 5. The spatial relationships were generally visible best using both 3D
modalities. The location of the VSD (good visible: US/CT 64%, VR 90%, 3D print 78%, P=.003)
and the feasibility of VSD patch closure were best visible on the VR 3D reconstructions (good
visible: US/CT 46%, VR 92%, 3D print 66%, P<.00119). The great arterial relatiogShip was
visible best on the 3D printed models (good visible: US/CT 78%, VR QZ%Qprin 6%,
P=.026). Contrarily, the sizes of the mitral and tricuspid valves were bes N ing US/CT
(good visible: US/CT 58%, VR 52%, 3D print 40%, P=.020). Systerpi anonary venous
connections were similarly visible on all three modalities (Su p@ y Figure 1).

3.1 Surgical plan
The median time for surgical planning wa@ges (IQR 8-20) for conventional imaging, 7
I

minutes (IQR 4-11) for VR, and 4 mj s ( 2.5-6) for 3D printing. The proposed surgical
plans were compared with the eg surgical procedures. After VR visualization, most
surgical plans were corre %the performed procedure (correct estimated surgical
plans based on: CT 6%, VR 80%, and 3D printing 78%, Figure 6). For example
discrepancy bet the surgical plans occurred in cases where participants answered that
a Nikaido Rastelli would have been performed where an intraventricular tunnel was
perform@ng surgery. Furthermore, we compared the results regarding surgical plan
betw%e two specialisms, both surgeons and cardiologists proposed a strategy that was
in accordance with the performed surgery in 75% (Supplementary Table S1). The
participants were least sure formulating a surgical plan based on the conventional imaging
compared with both 3D visualization methods (certainty scores; CT/US: 7.0 (IQR 5.3-8), VR:

8.0 (IQR 7.8-9.0), and 3D print: 8.0 (IQR 7.0-9.0), P<.00119).
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3.2 Usefulness, Satisfaction, Ease of use

Nine participants filled in the questionnaire on the usefulness, satisfaction, ease of use, and
ease of learning of the two 3D visualization methods (Supplementary Figure 2-5). According
to the participants, both 3D visualization methods were useful for surgical planning (3D printing
72%, 3D-VR 100%) and helped with the understanding of the complex anatomy of the DORV
patients (3D printing 63%, 3D-VR 100%). Furthermore, most participants prefer&eDboth
3D visualization methods as additional surgical planning tools (3D printierA), -VR

100%), but 81% of the participants disagreed to use these methods as zN
C

gold standard. 3D printed models were easier to use than the 3D-VC} tructions (3D print

ent of the

82%, 3D-VR 54%), but both methods were applicable withou% iohs, based on most of

the participants’ opinions (3D printing 90%, 3D-VR 82%)0

4 Discussion E

In this pilot study, we investigate dditional value of both 3D-VR and 3D printing for
surgical planning of complex Qnts. The use of both additional 3D modalities was
found very useful for co ital €ardiac surgeons and cardiologists. Spatial relationships
needed for surgical pl g were better visible in the 3D visualization, and the surgical plans
based on the sudlizations were more often corresponding to the actual performed

g; Moreover, the specialists were more certain of their proposed surgical

surgical
plan?ﬂgzessing the 3D methods. Based on these observations, we demonstrated the

importance of 3D visualization for surgical planning of these complex cases.

For all DORV patients included in this study, both 3D visualizations were found useful and
gave more insight in the anatomy and possible surgical reparations than the conventional 2D
imaging. The participants’ mental interpretation of the anatomy was confirmed or adjusted

through 3D visualization. The proposed surgical plans were more corresponding to the

10
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264

performed surgical procedures, based on 3D printing and 3D-VR. This ability to indicate the
right surgical plan prior to the procedure, based on preoperative imaging could diminish the
amount of exploration needed intraoperatively. This could save intraoperative time, avoid
unnecessary incisions, and associated comorbidities, and therefore may result in better
outcomes (3-5).

In VR, the intracardiac structures could be assessed more completely, because both the
model and the cutting plane can be moved and visualized in all arbitrary angles,easily, using
the VR controllers and virtual cutting planes (20). Furthermore, navigation ar\ ntation was
easy in the 3D-VR models because of the color coding of cardiac se Q!!bns. Thus, 3D-
VR models are highly interactive to view extra- and intracardiac stguctures, dimensions, and
relationships (21). For the 3D printed models, the cutting pl ere fixed by the designer of
the model and therefore some intracardiac structures Qarﬁally accessible. Moreover,
due to limited printing resolution, in some models. s structures such as coronary arteries
could not be printed, which could have affectedthe'tesults regarding 3D printing. The 3D prints

provided true sized and tactile information, resembling the actual cardiac size intraoperatively.

Although, in VR the 3D models o scaled up, compared to the scaling by the loupe

glasses of the surgeons (2}§

Functional and quantiq data, such as the size and straddling of cardiac valves was better
visible on conver@ ging. This is because 3D visualization is limited by the underlying
image qualitytBec of the limited temporal and spatial resolution of CT, the highly dynamic
valves a@pall structures are often invisible on 2D cross-sectional CT images, making it
also ible to visualize them in physical or virtual 3D reconstructions (24). This underlines
the importance of multimodality imaging. In the future it could be useful to combine functional
and spatial information from multiple imaging modalities, so all necessary information can be
obtained in a glance presented preferably in three dimensions.

Despite most of the participants being early adopters or early majority with regards to new

technology (Table 1), most of them didn’t prefer to replace the gold standard with the 3D

visualizations, but would use it as an addition to the gold standard. Currently, the 3D print and

11
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3D-VR are both based on the CT scans and are thus designed as an addition to the CT and

US imaging.
4,1 Limitations

A limitation of this pilot study is the limited number of study subjects (n=5) as well as the small
(n=12) and heterogeneous (surgeons and pediatric cardiologists) number of participants. The
initial dataset consisted of eleven DORV patients, of which only five pati had a
preoperative CT scan with adequate spatial and contrast resolution for qualization.
Because of the variation in the types of DORYV patients and surgical , the patient

group was suitable for this pilot study, comparing conventional 2Dlima , 3D printing, and

3D-VR in terms of visualization. Even though we acknowl @act that 3D printing is a
i

technique that has been presented as a possible pre-; ive/surgical planning tool for this
e

challenging patient population, we aimed to compar ded value of 3D printing with the
more recently introduced immersive VR-tech that potentially has other benefits than 3D

printing. Moreover, we included a relati mall number of participants. Despite the

multicenter study design, includi .@ ardiothoracic surgeons as cardiologists, still only
te all patient cases due to busy working schedules, as

75% of the participants we&‘
it took approximately minutes for them to analyze each patient case. We also do

acknowledge the Jimi t|2 that we asked cardiologists to propose a ‘surgical repair’ strategy.

However, thigfis r ling the heart team multidisciplinary meetings, in which cardiologists
and surgeonsiscuss the treatment options and surgical strategy for these complex cases. In
this e demonstrated that also cardiologists are able to estimate the surgical plan
correctly. Considering the positive findings regarding both 3D modalities in this retrospective
pilot study, the next step is a prospectively designed clinical study including more study
subjects and participants. Hence, objective evidence could be gathered on the value of the
3D visualization methods for surgical planning of DORV patients, investigating outcomes such
as cardiopulmonary bypass time, intraoperative exploration time, intraoperative changes of

plan, residual defects, complications, and mortality (15,25). However, operative time and

12
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patient outcomes are depending on many other patient and surgeon related factors, so it
remains difficult to study this in this heterogeneous patient population. Currently, we only
compared 2D vs 3D printing and 3D-VR. Additionally, direct volume rendering techniques (not
requiring segmentation of structures) on a computer monitor could be added as an extra
comparison.

In the end, the operative strategy is chosen by the attending surgeon, not necessarily

precluding a possibly different other surgical choice. Furthermore, some of th ipating

surgeons operated on the included DORV patient cases, so they could have\ nized these

patients’ imaging. This could have resulted in a higher percentage oQ&My determined

surgical plans. However, this will be higher for all groups (CT, VR @printing), since they
assessed all imaging data of the patient cases.
Due to the heterogeneity of DORV patients, variou Qg protocols are used within

different centers, which may have contributed tq.the Sclusion of six cases. It is important to
investigate the optimal scanning paramete use a standardized protocol to obtain
comparable and good quality CT images. rmore, both statistical tests used (Wilcoxon

signed rank and LMM tests) we suboptimal for this dataset. The Wilcoxon signed

rank test is only able to t& roetips, instead of the three groups (US/CT, VR, 3D print)
compared in this studQeov , the LR test of the LMM is originally described for continuous
e

data, as the Liker##sc ults were ordinal data. This could have resulted in more statistical

significant results, sinCe more value is assigned to the ordinal data.
4.2 ture perspectives

Since most CHDs are very variable with highly individual anatomy, it can be beneficial to
perform 3D surgical planning for various other CHDs besides DORV patients (for example
pulmonary stenosis with collateral arteries, TGA, or tracheomalacia). At last, the possibilities
of extended reality beyond virtual reality, such as augmented or mixed reality, could be
explored. Augmented or mixed reality could be used to create an overlay of the surgical

13
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planning on the intraoperative view and serve as intraoperative navigation (21). In this way,

the virtual 3D models are valuable not only pre-operatively, but also intra-operatively.

5 Conclusion

Concluding, this study showed that both 3D printing and 3D-VR have additional yalue for

ualizations

cardiac surgeons and pediatric cardiologists over 2D imaging, because of bettegyisualization
of spatial relationships. As a result, the proposed surgical plans based on the@

matched the actual performed surgery to a greater extent. However, a d prospective

cohort of patients is needed in future research, to quantify res @s patient outcomes,
operative time, complications, and survival objectively. 0

14
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Figure Legends

Figure 1 - Imaging modalities used in Double Outlet Right Ventricle patients

A) Ultrasound four chamber overview, B) Axial CT image, C) anterior view of the 3D printed
model, D) lateral view of the 3D printed model. E) right lateral view of the 3D-VR
reconstruction, F) anterior view of the 3D-VR reconstruction, Ao = aorta, LA = left atrium,

LV = left ventricle, RA = right atrium, RV = right ventricle, PA = pulmonary artery, &

coronary artery, * = ventricle septum defect. Q

Figure 2 - CT scan with segmentations of the cardiac structurmr:Jh ial (A), coronal

(B) and sagittal (C) cross-sectional slice are shown, together % lighted cardiac

segments. Ao = aorta, LA = left atrium, LV = left ventricle, R ight atrium, RV = right
ventricle, PA = pulmonary artery, * = coronary artery, * = icle septum defect
Figure 3 - Overview of the workflow; creati models, performing experiments, and

outcomes Q

Figure 4 - Participants’ &%ards future use of 3D visualization

Figure 5 - Visi '@e most important essential modifiers for surgical planning
tra

Based on und and computed tomography images (US/CT), 3D-Virtual Reality (3D-

P<.

VR) and nting. The P values are based on the LR test, based on the LMM. * =
0;11 of the post-hoc analysis between the groups.

Figure 6 - Number of surgical plans corresponding to the actual performed procedure,
based on ultrasound and CT images (conventional 2D imaging), 3D printed models, and the

3D-VR models (left to right).
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Central image - Graphical abstract explaining the key question, key findings and take home

message

Video 1 — Overview of the 2D-US, axial 2D-CT images, 3D printed, and 3D-VR models.
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464  Tables

465 Table 1 - Participant characteristics

Congenital
cardiothoracic

All participants surgeons Pediatric cardiologists

n=12 n=>5 n=
Work experience &
]
4)

16.0 years (IQR: 13- (IQR: 14-
17.5 years (IQR: 8-28)

16
25)
Gaming experience C)

Never 25% (3) 0% (0) 43% (3)
Few times 75% (9) 100% )% 57% (4)
Regular basis 0% (0) 0%,(0) 0% (0)

Attitude towards new technologies
Innovators 0% (0) % (0) 0% (0)
Early adopters 42% (5) W% 3) 29% (2)

Early majority 25% (3) 0% (0) 43% (3)

Late majority 33% (4) 40% (2) 29% (2)

Laggards 0% )Q 0% (0) 0% (0)
Virtual reality experience

Never (1 0% (0) 14% (1)

Few times Q92% (11) 100% (5) 86% (6)

Regular basis 0% (0) 0% (0) 0% (0)

Expert S , 0% (0) 0% (0) 0% (0)
3D print experi
Ne 0% (0) 0% (0) 0% (0)

F%es 75% (9) 80% (4) 71% (5)
Regular basis 25% (3) 20% (1) 29% (2)
466
467
468
469
470
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471

Table 2 — Patient characteristics

Patient

472

Type Associated anomalies

DORV

TOF ASD type 2, right AA,

type hypoplastic PA, single
coronary ostium, double
VCS, azygos
continuation

ncVSD ASD type 2, CoA

type

TGA LVOTO, ASD type 2

type

ccTGA PS, single coronary

type ostium, Ebstein TV

TGA Subpulmonary accessory

type tissue without obstruction

Surgical
approach

Biventricular

Biventricular

Biventricular

Univentric@%

|
Bi icular

Performed
procedure

Intraventricular
tunnel, RVOT
enlargement
with TAP

Nika

ocedure

Intraventricular
tunnel, arterial
switch

Intraventricul Q banding,
tunnel Q}o rctectomy
oh

Previous
palliative
surgeries
Central shunt

A

MBTS

Bidirectional
Glenn, ASD
creation

23

Age at

surgery

(days)

254

600

319

2468

84

O
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482

483

484

485

486

487

Table Legends

Table 1 - Participant characteristics

Based on self-completed questionnaires, the following characteristics of participants were

collected. Inconsistencies in the sum of percentages is due to the rounding of the percentages.

Table 2 — Patient characteristics 2\2

AA = aortic arch, ASD = atrial septum defect, CoA = coarc a@‘lae, LVOTO = left

IQR: interquartile range.

ventricular outflow tract obstruction, MBTS = modified ck-Taussig Shunt, ncVSD = non-
committed ventricular septum defect, PA = pulmon , PS = pulmonary valve
stenosis, PFO = persistent foramen ovale, R ight ventricular outflow tract, TAP =

transannular patch, TGA = transposition o eat arteries, ccTGA = congenitally

corrected TGA, TOF = Tetralogy o TV = tricuspid valve, VCS = vena cava superior

QC)

?\
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Optimized preoperative planning of double outlet right ventricle (DORV) patients by 3D pi:nting and virtual reality: a pilot study

Summary

Key question: What is the added value of 3D-Virtual
Reality (3D-VR) and 3D printed models over 2D imaging

patients?

Key findings: Spatial relationships of anato

conventional 2D imaging.

Take home message: The use of 3 @and 3D
printed models can improve patient- pegific surgical

planning of complex DORV surgeri% resulted in

visible in the 3D visualization methods, CO%

better prediction of the performed surgiCal procedure.

techniques for the surgical planning of complex DORV

a
structures needed for surgical planning were mﬁu
to

Percentage(c

Conventional 2D imaging

[ %] |

ectly determined surgical plans
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