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ABSTRACT: Advanced holographic visualization techniques are becoming increasingly important in clinical 
practice, not only for diagnostic purposes but also in the planning of interventional or surgical procedures. The 
traditional approach for visualizing anatomic structures is based on standard imaging modalities such as 
echocardiography, cardiac magnetic resonance (CMR) and cardiac CT scan (CCT) which, however, can only provide 
two-dimensional (2D) images thus limiting 3D perception. Many recent studies have shown that the use of 3D imaging 
modalities such as augmented reality, virtual reality, mixed reality and holography improve the short and long-term 
outcome of percutaneous or surgical procedures. In this article, we report our experience on the use of the hologram 
in different clinical scenarios and in the field of university education. 
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Introduction 
Visualization technology is very important for 

acquiring clinical information. The traditional 
approach for visualizing CHD anatomy is based 
on standard imaging modalities such as 
echocardiography, cardiac magnetic resonance 
(CMR) and cardiac CT scan (CCT) which, 
however, can only provide two-dimensional (2D) 
images thus limiting 3D perception and leaving 
the understanding of CHD lesions to individual 
spatial imagination [1]. 

Recent advances in 3D imaging modalities 
such as augmented reality, virtual reality, mixed 
reality and holography have granted the 
possibility of applying these technologies in the 
medical field and are nowadays used to generate 
accurate representations of anatomic structures 
[2-4]. 

Several studies have demonstrated that novel 
3D imaging techniques provide a better depth and 
volume perception compared to standard imaging 
modalities [5] leading to increased diagnostic 
accuracy and facilitating surgical and 
interventional programming [6-9]. 

3D holography is today common practice in 
the evaluation of complex anatomies in high-
volume centres to offer a tailored patient’s 
approach [4]. 

Moreover, holographic techniques have been 
successfully exploited for educational purposes 
[10-13]. 

At IRCCS Policlinico San Donato, 
augmented reality has been implemented 
multiple times for different clinical and 
educational purposes. The approval of the 
institutional ethics committee was obtained for 
each case presented. This article is a review of our 
activity. 

Mixed reality for planning stent 
implantation in systemic venous baffle 
obstruction in TGA after atrial switch 
operation 

Considerations 
In the past decades transposition of great 

arteries (TGA) were corrected with the Mustard-
Senning procedure, which involves implantation 
of a baffle to redirect caval blood flows to the left 
atrium [14]. 

TGA after Mustard-Senning procedure is 
a condition characterized by the presence of 
a morphological right ventricle (RV) and 
tricuspid valve (TV) on the systemic position 
which means that the RV is called upon to 
generate the systemic blood pressure [15]. 

The RV is, however, anatomically poorly 
suited to generate high pressure loads, so it may 
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fail in the longer term leading to chronic heart 
failure [14]. 

A late complication of Mustard-Senning 
procedure is obstruction of the systemic venous 
baffle (SVB), usually presenting with exercise 
intolerance, signs of venous obstruction and heart 
failure [15-17]. 

SVB obstruction is defined as mean 
doppler/catheterization gradient >6mmHg or 
anatomic narrowing <10 mm (or less than 50% the 
diameter of the proximal systemic vein) [18]. 

SVB obstruction may be due to improper 
baffle geometry and suture line placement, baffle 
material, contraction of the pericardial or 
synthetic baffle material, scar tissue or adhesions 
involving the baffle and the excised margins of 
the atrial septum [16,17,19,20]. 

In this setting, baffle stenting can lead to 
prompt symptom reversal [21,22], where accurate 
evaluation of the extension of the obstruction is 
essential for correct stent sizing [18,21,23]. 

Practice 
At IRCCS Policlinico San Donato this was 

made possible through the implementation of a 
holographic augmented reality prototype 
(ARTINESS, Milan, Italy) [24]. 

In fact, the prototype allowed us to inspect the 
3D anatomy of a patient with SVB obstruction 
status post atrial switch operation and allowed the 
operator to perceive the severity of SVB stenosis 
together with its longitudinal extension [24]. 

This helped the congenital interventionalist to 
predict the feasibility of the procedure, 
particularly the location of stent implantation in 
order to avoid obstruction of the pulmonary 
venous baffle [24]. 

Subsequently, a multiplanar analysis of 
superior vena cava (SVC) cross-section was also 
exploited to support stent sizing and, basing on 
this, a 48-mm ANDRA stent was chosen 
(Andramed, Reutlingen, Germany) post-dilated 
with a balloon-in-balloon catheter 18x50mm 
(BiB® Catheter, NUMED, Hopkinton, NY, 
USA). At the end of the procedure a 
normalization of the peak-to-peak gradient was 
documented. The results of the procedure were 
then detected via a 3D computed tomography 
reconstruction. 

Holography in tracheoesophageal fistula 
treatment planning 

Considerations 
Tracheoesophageal fistulas (TOF) are 

abnormal connections between the oesophagus 
and the trachea [25] and may be congenital or 
acquired in aetiology [25,26]. 

Acquired tracheoesophageal fistulas may 
result from penetrating trauma, surgery and 
infectious diseases [25,27-30]. 

However, the two most common causes of 
tracheoesophageal fistulas are cancer and cuff-
related tracheal injury in mechanically ventilated 
patients [25]. 

Malignant tracheoesophageal fistulas (mTOF) 
may occur both in the context of oesophageal 
carcinoma but also in lung, trachea, larynx and 
thyroid neoplasms [26]. 

mTOF are devastating complications for 
oncologic patients and usually present with 
increased secretions and evidence of aspiration of 
gastric contents possibly leading to life-
threatening pneumonia [26]. 

Closure of the tract has been traditionally 
performed via open surgery, a procedure that 
bears, however, a poor prognosis [25,26]. 

Recently, the use of cardiac septal occluders 
(CSO) has been proposed as an endoscopic option 
for the closure of different types of 
tracheoesophageal fistulas in patients at high 
surgical risk with satisfactory results [31-35]. 

Practice 
Starting from this promising evidence we 

have opted to endoscopically close with a CSO a 
tracheoesophageal fistula in one of our patients 
who presented this condition several years after 
radiation therapy for oesophageal 
adenocarcinoma. 

Pre-procedural planning was achieved 
through a holographic 3D reconstruction 
(Artiness, Milan, Italy) of the abnormal 
connection starting from pre-operative CT scans 
[36]. 

Microsoft Hololens were then used to 
visualize the anatomy of the fistulous path 
(Figure 1). 
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Figure 1. Holographic representation of tracheoesophageal fistula. 

The 3D reconstruction was also used to 
support a multidisciplinary discussion involving 
oncologists, surgeons, endoscopists and 
cardiologists during which the endoscopic 
closure of the fistula with a Amplatzer device 
(AGA Medical, Plymouth, Minnesota, USA) was 
planned through a combined bronchoscopy, 
esophagoscopy and fluoroscopy approach. 

The procedure was successfully performed 
under general anaesthesia [36] and an oral 
gastrografin swallow CT scan performed on post-
operative day three confirmed the absence of leaks 
and complete closure of the fistula. 

The implementation of 3D holography was 
essential to fully understand the spatial 
relationship between the trachea and the 
oesophagus, to choose the most appropriate 
Amplatzer device and to match the defect size 
thus improve the safety and efficacy of the 
procedure. 

Holography in sinus venosus atrial 
septal defect interventional planning 

Considerations 
Atrial septal defects (ASDs) may run 

asymptomatic until advanced age [37] when they 
present with right heart enlargement and 
dysfunction following lifelong left-to-right shunt 
possibly leading to atrial arrhythmias, pulmonary 
artery hypertension and heart failure [38-40]. 

With the intention of preventing morbidity 
and mortality associated with late presentation of 
ASDs, current guidelines recommend closure of 
the defect in adults with right heart enlargement, 
with or without symptoms [41-43]. 

Atrial septal defects are classified as sinus 
venous (SV-ASD) when the defect develops near 

the entry of the superior or inferior venae cavae, 
these defects may be associated with partial 
anomalous pulmonary venous drainage [44]. 

Although current guidelines recommend 
surgical closure of SV-ASD [41-43], in recent 
years percutaneous techniques for SV-ASD 
closure have been developed with promising 
results [45-47]. 

Percutaneous treatment of SV-ASD implies 
the use of a covered stent that, when strategically 
positioned, leads to the separation between the 
superior vena cava (SVC) and the right atrium 
(RA) from the right upper pulmonary vein 
(RUPV) and the left atrium (LA) thus together 
sealing the defect and redirecting partial 
anomalous pulmonary drainage to the LA [48]. 

In this context, a profound understanding of 
the 3D anatomy of the defect is essential to avoid 
impairment in pulmonary venous return 
[45,49,50]. 

Practice 
One of our patients was diagnosed with right 

ventricular (RV) failure in the presence of ostium 
secundum atrial septal defect (OS-ASD) and SV-
ASD with partial anomalous pulmonary venous 
return, consequently correction of the defects was 
deemed necessary. 

In order to plan treatment and choose between 
minimally invasive percutaneous correction and 
surgical correction, we developed a holographic 
augmented reality prototype (ARTINESS, 
Milan, 

Italy) starting from computed tomography 
(CT) scans. The holographic model allowed us to 
evaluate the anatomy using HoloLens 
(Microsoft) (Figure 2). 
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Figure 2. Holographic representation of superior sinus-venosus ASD with partial anomalous venous return. 

This allowed us to directly investigate the 
feasibility of either approach on the instrumented 
model, predicting the post-operative anatomic 

relationship between the stent, the superior vena 
cava (SVC) and the anomalous pulmonary veins 
(Figure 3). 

 

 
Figure 3. Holography-guided pre-procedural planning of SV-ASD percutaneous closure. 

The balloon is used to predict the site of stent implantation. 
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Basing on these analyses transcatheter 
treatment was preferred to open surgery. 

Consequently, a covered Cheatham-Platinum 
stent (NUMED, Hopkinton, New York) was used 
to close the SV-ASD and redirect the anomalous 

venous return to the left atrium. Successful 
closure of the defects was confirmed via 3D 
holographic reconstruction of post-operative CT 
scans (Figure 4). 

 

 
Figure 4. Holographic representation of the anatomical relationship between the superior vena cava, the 

pulmonary veins and the deployed stent. 

Holography in cardiac fibroma surgical 
planning 

Considerations 
Cardiac fibromas are the second most common 

primary cardiac tumour in the paediatric 
population [51]. 

These are primarily composed of connective 
tissue and fibroblasts and although benign, can be 
symptomatic due to intracavitary obstruction, 
inflow and outflow tract obstruction, coronary 
artery compromise, thromboembolic events, 
conduction defects, and can also lead to sudden 
death [52-54]. 

A recent literature review showed that these 
tumours are usually located in the left ventricle 

(LV) and less commonly at other locations such as 
the ventricular septum and the left atrioventricular 
groove [52]. 

Anatomical understanding of tumour location, 
tumour involvement of heart wall layers and its 
vascularization is essential for appropriate 
surgical planning [52]. 

Practice 
We developed a 3D holography model (Figure 

5) to explore the anatomy of a cardiac fibroma in 
a twelve-year old patient who presented recurrent 
sustained ventricular tachycardias needing 
repeated electrical cardioversions and was 
therefore candidate for surgical excision of the 
tumour. 
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Figure 5. Holographic representation of cardiac fibroma (T) embracing the left ventricle (LV) posterior 

myocardial wall (LVPM). RV=right ventricle. 

In this context, the three-dimensional anatomy 
of the tumour was reconstructed from short axis 
views CMR dynamic sequences and was 
visualized via HoloLens (Microsoft, Redmond, 
WA, USA) using a prototype software platform 
(ARTINESS SRL, Milan, Italy). This model 

helped us to understand fully the extension of the 
tumour and the involvement of myocardial layers 
so to plan with extreme precision resection 
margins. The same holographic 3D model wars 
displayed during the surgical procedure to guide 
incision margins and the surgical steps (Figure 6). 

 

 
Figure 6. Congenital cardiac surgeons visualizing the 3D anatomy 

of a cardiac fibroma via holography mounted on HoloLens. 
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The procedure was safely performed under 
cardio-pulmonary bypass and the tumour was 
removed without entering the LV cavity as 
predicted by the hologram. The girl was 
discharged home on the 6th post-operative day 
with a normal LV ejection fraction (EF) and 
remained free of arrhythmic events at follow-up. 

Holography in Teaching Congenital Heart 
Defects 

Considerations 
Holographic techniques have been 

successfully exploited for educational purposes, 
where they can provide interactive learning 
experiences to improve and facilitate tuition [10-
13]. 

In the context of CHD, holography can aid in 
visualizing their complex three-dimensional 
anatomy which may be particularly difficult to 
envision, especially for those who are naïve to the 
subject [55]. 

In order to explore the efficacy of holography 
in CHD teaching we have developed an 
exploratory study in which we have compared 
holography to traditional tuition methods. 

Practice 
In pursuance of this, we selected fifty-nine 

third year medical students who had just 
completed the course of general cardiology. 

The participants were randomly allocated into 
three groups (20, 20 and 19 people respectively). 
Every group received the same recorded lecture 
on the anatomy of sinus-venous atrial septal 

defect (SV- ASD) superior vena cava type with 
partial anomalous pulmonary venous return 
(PAPVR) and its related percutaneous treatment. 

The lecture was performed with different 
iconographic materials. The 1st group (“regular 
slideware” group, RS) received a traditional 
lecture with slides showing SV-ASD anatomy 
projected onto a flat screen. The 2nd group 
(“holographic videos” group, HV) was shown 
slides incorporating videos of holographic 
anatomical models of SV-ASD with PAPVR, and 
the related transcatheter intervention planning, 
both displayed on a traditional projector screen. 
The 3rd group (“augmented reality” group, AR) 
interacted with holographic images of the CHD 
and SV-ASD anatomy, procedural planning and 
procedural results wearing Microsoft HoloLens. 

At the end of the lecture, each group compiled 
a multiple-choice questionnaire as a proxy to 
evaluate the efficacy of the lecture in terms of 
information acquired. The test was divided into 
two different parts the first part consisted of 
questions regarding the epidemiology, anatomy, 
and pathophysiology of the disease, the second 
part consisted of questions regarding the 
anatomical relationships between the SV-ASD 
and the surrounding structures and their 
implications in the transcatheter treatment of the 
device. When the test results were analysed, we 
have found out that students in the AR performed 
better than students from the other groups in the 
second part of the test thus implying that 
holography helped students to understand better 
the complicated anatomical relationships of the 
congenital defect (Figure 7). 

 

 
Figure 7. Test scores stratified per group (Blue group regular slideware,  

Green group holographic videos, Red group augmented reality). 
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Discussions 
Holographic visualization technology has 

existed for several years [56]; however, its 
application in medical imaging has been impeded 
by equipment that was unable to display high-
quality holographic images. 

Nowadays, the most modern equipment allows 
operators to interact with holograms through 
gestures to move the anatomical structures in 
space, resize them, cut digital images, and 
simulate surgical or percutaneous interventions 
and their results [57]. 

It provides a true perception of 3D  
depth-integrated into the real world and helps to 
create an interactive model between the virtual 
and the real world. This technology has already 
been applied in several areas such as 
neurosurgery, visceral, and orthopedic surgery 
[58]. 

In this article, we report our single-center 
experience on the complementary use of the 
hologram for surgical and percutaneous planning 
of different clinical conditions. 

The first observation is the wide variability of 
the clinical cases presented, from the 
transposition of the large arteries to the 
tracheoesophageal fistula, which allows us to 
conclude that every clinical scenario susceptible 
to intervention can theoretically benefit from the 
use of the hologram. 

In addition, each presented clinical case had 
an underlying anatomical complexity that could 
not be corrected with common surgical strategies, 
so the hologram in such contexts made possible 
the treatment in all cases with satisfactory results. 

Therefore, the use of virtual reality allows us 
to increase a patient's eligibility for a complex 
surgical or percutaneous operation and to 
improve the immediate anatomical result. 

Further studies are needed to analyze the use 
of the hologram in the operative planning of 
specific clinical conditions and therefore to 
support its use increasingly on a large scale, at 
least for the most complex anatomies. 

An additional field of use of the hologram is 
now represented by university education, 
particularly in learning complex anatomies such 
as congenital heart disease. 

It is often difficult to learn the complex 
anatomies resulting from alteration of the 
embryological development as in congenital 
heart disease. For teaching purposes, the use of 
the hologram will become increasingly 
widespread. 

Conclusions 
In conclusion, this initial experience suggests 

that holographic techniques will be increasingly 
used and implemented for educational, clinical, 
and therapeutic use and might be a new next-
generation operation-supportive tool in terms of 
spatial awareness, sharing, and simplicity. 
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