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Abstract: Education and training of morphology for medical students, and professionals specializing in
pediatric cardiology and surgery has traditionally been based on hands-on encounter with congenitally
malformed cardiac specimens. Large international archives are no longer widely available due to stricter data
protection rules, a reduced number of autopsies, attrition rate of existing specimens, and most importantly
due to a higher survival rate of patients. Our Cardiac Archive houses about 400 cardiac specimens with
congenital heart disease. The collection spans almost 60 years and thus goes back to pre-surgical era.
Unfortunately, attrition rate due to desiccation has led to an increased natural decay in recent years. The
present multi-institutional project focuses on saving the collection by digitization. Specimens are scanned by
high-resolution micro-CT/MRI. Virtual 3D-models are segmented and a comprehensive database is built.
We now report an initial feasibility study with six test specimens that provided promising results, however,
adequate presentation of the intracardiac anatomy, including septa and cardiac valves requires further
refinements. Computer assisted design methods are necessary to overcome consequences of pathological
examination, shrinkage and/or distortion of the specimens. For a next step, we anticipate an expandable web-
based virtual museum with interactive reference and training tools. Web access for professional third parties
will be provided by registration/subscription. In a future phase, segmental wall motion data could be added
to virtual models. 3D-printed models may replace actual specimens and serve as hands-on surgical training
to elucidate complex morphologies, promote surgical emulation, and extract more accurate procedural
knowledge based on such a collection.
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Introduction London (also a suspect in the Jack-the-Ripper murders)

postulated: “The road to medical knowledge is through the

Over the centuries, specimens removed from the corpse pathological museum and not through an apothecary’s shop.” (1).

were the ultimate models that anatomy was studied upon.
Sir William Withey Gull (from 1816 to1890), an eminent
English physician and Governor of Guy’s Hospital,
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Generations of physicians and surgeons were educated with
the help of morphological archives, especially of cardiac
specimens. Dr. Maude Abbott (from 1869 to 1940), founder
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Figure 1 The virtual heart museum project. Focus of the current pilot study.

of pathomorphology for congenital heart disease, began
“museum demonstrations” in 1904 that have become part
of the medical school curriculum (2,3). In recent years
however, the availability of these archives has become
limited due to stiffened data protection regulations (4), a
reduced number of autopsies, natural attrition of specimens,
and most importantly that patients with congenital heart
disease survive (5). Due to these factors the source of
specimens has dropped dramatically. There are, however,
inherent problems with specimens as they are rigid, have
friable tissues owing to formaldehyde fixation and storage
that also leads to shrinking and distortion; some parts are
missing and/or open due to post-autopsy; delicate (valvar)
structures are difficult to handle, and are vulnerable to
injury. Furthermore, specimens present anatomy in a fixed
spatial relationship for the purpose of demonstration rather
than the dynamic correlation of the structures in the body.
Transfer of morphological specimens on a digital 3D
platform, and the creation of a virtual museum from
clinical data could solve the problem (6). High-resolution
is mandatory to preserve imaging information of delicate
valvar structures (7). First, a specimen is scanned with a
high-resolution 3D scanner (that only registers surface
information), or preferably with micro-computed
tomography (CT) as it can achieve in the 10-micron
resolution range and/or magnetic resonance imaging
(MRI) (8). Next, digital information is segmented and
a 3D virtual model is created. Availability of a virtual
museum offers innumerable opportunities for training and
education, academic reference, research, and also clinical
applications e.g., presurgical planning and virtual surgery,
patient-family education, etc. Similar free-to-use, publicly
accessible interactive educational sites are available and
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study material from our project could be linked with

similar collections (9,10).

Inclusion of contour recognition and heart-cycle
information to the 3D virtual models may conjoin structure
and function in the future as shown in Figure 1. This report
aims to achieve the following objectives:

% To rescue heart specimens in the collection at

Hungarian Institute of Cardiology, Budapest,

Hungary (i.e., the Archive) from disintegration,

natural attrition, and to bequeath them to future

generations. Without this project, these precious
objects may be lost for good;

% To establish a comprehensive digital database of
malformed cardiac specimens, so that information
becomes open for wider communities of researchers,
clinicians, trainers and trainees;

% "To create a digital platform that can serve as a basis
for future research, conduction of meta-analyses (i.e.,
in comparison with specimens in other international
cardiac archives), and machine learning;

% To generate collective awareness about the pilot’s
goals and results.

Methods
Archive

The study material consists of a historic archive of
malformed cardiac specimens collected between 1960
and 1999 and maintained at the Hungarian Institute of
Cardiology, Budapest, Hungary. Cardiac specimens were
routinely retrieved from deceased patients with congenital
heart disease at the time of autopsy. Hearts suffered the
usual pathological examination by opening cardiac chambers
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Figure 2 Historic specimen from the Archive with distal transverse
aortic arch hypoplasia and preductal coarctation. AAo, ascending
aorta; DAo, descending aorta; innom, innominate artery; LAA, left
atrial appendage; LCCA, left common carotid artery; LSCA, left
subclavian artery; LV, left ventricle; PDA, patent ductus arteriosus;
PT, pulmonary trunk; RAA, right atrial appendage; RV, right

ventricle; *, aortic isthmus.

and cutting away certain segments for demonstration
purposes. In order to restore their geometry, specimens
were filled and supported with soft material, although
closure of the post-mortem incision was not attempted
at the time of their fixation in 4% buffered formaldehyde
(methanal). The slow evaporation of formaldehyde
necessitates regular refilling of the containers. The first
author acted as curator of the Archive between 1990 and
2006 and catalogued the specimens according to established
nomenclature (11). A corresponding photo-library was also
set up. There are about 400 cardiac specimens spanning
almost 60 years and some of them had been collected in
the pre-surgical era (early 1960s). Some specimens feature
very unique anatomies, e.g., unoperated tetralogy of Fallot
(TOF), aortic coarctation, transverse aortic arch hypoplasia,
etc. (Figure 2).

Nowadays, these malformations are unfortunately
impossible to encounter in pathological specimens as
patients receive correctional surgery and survive. Therefore,
this collection is now closed. Unfortunately, attrition rate
due to desiccation and natural decay has been increasing in
recent years, prompting preservation by digitization.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Ethical considerations

During the years of collection of the Archive, pertinent
national regulation permitted retention and anonymous
storage of human tissues and organs of scientific
significance for education and research (12). Having been
closed down in 1999, no more new specimens are added
to the collection. The Institutional Review Board of the
Hungarian Institute of Cardiology, Budapest, Hungary
had approved maintenance of the Archive provided that
anonymity is granted and “the person cannot be recognised
simply by examination of the part” (13).

Project and pilot study description

Rapid attrition rate of cardiac specimens in the Archive
prompted efforts to save the collection by digitization.
A feasibility study team consisting of a pediatric cardiac
surgeon with expertise in cardiac morphology, a biophysicist
with expertise in multimodal imaging, and a bioengineer
with experience in segmentation and virtual modelling
was formed. Scanning and segmentation were performed
at the Department of Biophysics and Radiation Biology,
Semmelweis University, Budapest, Hungary. First, a pilot
study was conducted to ascertain whether scanning methods
with high-resolution micro-CT/MRI could result in a full
digital imaging and communications in medicine (DICOM)
dataset allowing representation of all cardiac segments
including the cardiac valves. Next, 3D virtual models were
created by image segmentation and rendering. Models were
further refined by computer aided design (CAD), so that
missing and/or dislocated parts could be corrected. Virtual
3D models presented as 3D rotating pdf files can be further
investigated and edited; one can circumspect them, open the
chambers in any trans-sectional plane, delete and annotate
segments, etc. In our case, segmental anatomy, i.e., cardiac
chambers, details of the viscero-atrial situs, atrioventricular
and ventriculo-arterial connexions, and other structures
were identified and labelled for reference.

In the next phase of the project, with a full morphological
spectrum of models with congenital cardiac anomalies,
a comprehensive database will be established, in which
specific entities can be searched by diagnosis and
morphological label (according to the segmental approach
and internationally adopted classification of congenital
cardiac nomenclature) (14). The database also connects
descriptions of the segmental anatomy, and existing photo/
video documentation to the newly-created virtual 3D

qims.amegroups.com  Quant Imaging Med Surg 2019;9(1):115-126



118 Kiraly et al. Virtual museum of congenitally malformed cardiac specimens

models, DICOM data, stereolithography file, etc. for each
of the scanned specimens. A website is about to be set up to
provide an interactive platform, acting as a virtual museum,
for study, education, and research with open-access by
registration and/or subscription.

In a further research phase of the project we plan to add
wall-motion and flow information rendered to the virtual
3D models. By adding heart-cycle metadata to segmental
identification of the models, intracardiac flow could be
studied and quantified alongside with “virtual intracardiac
tours” in pulsating virtual hearts. This will be additional to
augmented visualization and virtual reality in presurgical
planning and surgical emulation.

Methods of image scanning and creation of
virtual models

Scanning

Before scanning all specimens were partly cleansed of
formaldehyde using water, and they were placed on the
scanning table in the proper anatomical position.

MRI was performed with a nanoScan PET/MRI system
(Mediso, Hungary), which is equipped with a permanent
magnetic field of 1T and with a 450 mT/m gradient system
using a volume coil for both reception and transmission.
The diameter of the coil is 60 mm, therefore only small
enough specimens (less than 60 mm in diameter) could be
investigated with MRI. T1-weighted 3D gradient echo
sequence was acquired using 4 excitations with TR =25 ms
repetition and TE =2.6 ms echo times and a 30° flip angle.
The in-plane resolution and the slice thickness were
both set to 0.3 mm. The size of the field of view (FOV)
was set according to the actual size of each specimen,
therefore the acquisition time varied around an average of
30 minutes.

CT measurements were performed on a NanoX-
CT (Mediso, Hungary) cone-beam micro-CT imaging
system. Semi-circular CT scans were acquired with an 8W
power X-ray source with 45 kV tube voltage, 3.6x zoom,
1,300 ms exposure time, 1:4 binning and 360 projections
in 16-32 minutes (depending on the size of each particular
specimen). For reconstruction, we used filtered back
projection with a Butterworth filter. In-plane resolution
and slice thickness were set to 0.2 mm. In the case of the
CT scans, the maximal FOV size was big enough for all
investigated specimens.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Modelling

CT and MRI images were loaded into the open-source
3D Slicer 4.10 software (15), by means of which the
multistep semi-automatic segmentation procedure was
carried out (Figure 3). First, a conservative approximate
value was assigned to the segmentation using global
thresholding. Second, small noise-origin islands were
removed by an automatic algorithm. Third, the built in
“hole-closing” smoothing method was applied with a 1-mm
kernel. Fourth, the skipped parts caused by local intensity
variabilities were corrected by local threshold segmentation,
in accordance with the theoretical requirements. As a final
step, a 3D model was created from the segmented area, and
theoretical and aesthetic corrections were made based on
the visual examination of the model (including the mistakes
committed by our semi-automatic segmentation procedure
and the deterioration of the specimen). The results were
double checked by an independent expert who did not take
part in the segmentation process.

Results

Six specimens were randomly selected from the Archive and
scanned with CT and/or MRI. MRI was performed in all
but one case where size constraints did not permit. Presence
of formaldehyde contributed to increased contrast in the
CT studies, especially in the foreign materials (cotton balls)
utilized to fill the cardiac cavities at the time of preservation.
The filling material was removed in subsequent scans. Effect
of formaldehyde was not observed in the MRI scans. Raw
image data were adequate for segmentation and 3D virtual
models were created. At the time of initial assessment of the
models, no segmental diagnosis or details of anatomy were
provided.

Morphological considerations

Diagnosis of the segmental cardiac anatomy could be
established accurately in 5 out of the 6 models (7able 1).
In the remaining case [case 4: multiplex ventricular
septal defect (VSD)], malformations primarily affected
the interventricular septum and accuracy of intracavital
representation of anatomy was suboptimal. In this case
scenario, absence of the compact layer of the myocardium
and malalignment of the remaining septal components
created an impression that both aortic and pulmonary
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Figure 3 Four main steps of the modelling process. After the preparation of the specimens (cleansing and positioning), high resolution CT

and MRI images were acquired, and the tissue was segmented on the images using a multistep semi-automatic procedure. Finally, a rotatable

3D model was created, with a possibility to inspect the inner structure of the specimen as well.

Table 1 Overview of case scenarios processed in the feasibility study

No.  Morphological diagnosis

Scanning method

Remarks

1 Transposition of the great arteries, VSD; unoperated

2 VSD, right ventricle outflow tract obstruction; operation:
right ventricle outflow tract patch (?VSD closure)

3 Interrupted aortic arch, VSD; operation: transverse arch
conduit

4 Multiplex VSD; unoperated

5 Hypoplastic left heart syndrome; aortic atresia, mitral
atresia; unoperated

6 Normal cardiac morphology; operated with aortic valve

replacement

CT Distorted specimen; semilunar valvar anatomy
recognizable; did not fit in MRI

MRI/CT Effects of autopsy: open chambers, tissue flaps

MRI/CT Accurate representation of the segmental
anatomy

MRI/CT Accurate representation of the external segmental
anatomy; some loss of intracavital detail

MRI/CT Accurate representation of the segmental
anatomy; loss of intracavital detail

MRI Distorted specimen; metallic suturing ring of the

valve prosthesis results in extra noise

MRI, magnetic resonance imaging; CT, computed tomography; VSD, ventricular septal defect.

outlets confined to the left ventricle (Figure 4). Technical
inadequacy in positioning of the specimen and lack of
refolding its structures and tissue flaps resulted in severe
distortion and misrepresentation of structures (Figure 5).
Viscero-atrial situs was not fully discernible for the lack of
abdominal viscera; however, sidedness of the systemic veins
was recognizable. Correct segmental diagnosis, i.e., atrio-
ventricular (AV) and ventriculo-arterial connexions was

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

uniformly recognised. Representation of finer details of the
intracavital anatomy, especially the AV valves, their tensor
apparatus and papillary muscles was clearly suboptimal
compared to the original specimens (Figure 6). Semilunar
(aortic) valves yielded better representation in the models.
Aortic sinuses were recognizable by commissural ridges
and orifices of the coronaries were indicated (Figure 7).
The present resolution range did not allow recognition and
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Anterior

Cranial

Left

Figure 4 Multiple VSD (case 4). (A) Cardiac specimen; (B) 3D model of the same heart with the lateral wall of the left ventricle open.

Deficiency and misalignment of septal components result in multiple VSDs and appearance that both pulmonary and aortic outlets are

connected to the left ventricle. Ao, aortic valvar orifice; LV, left ventricle; OS, outlet septum; PM, papillary muscle; PV, pulmonary valvar

orifice; VSD, ventricular septal defect.

Anterior

Figure 5 Representation of the right ventricle and its connexions
(3D virtual model of case 1), with transposition of the great
arteries and ventricular septal defect. Arch vessels and descending
aorta suffered major distortion due to inappropriate positioning of
the specimen before scanning. Ao, aorta; DAo, descending aorta;
innom, innominate artery; LCCA, left common carotid artery;
LSCA, left subclavian artery; PM, papillary muscle; RAA, right
atrial appendage; RCCA, right common carotid artery; RV, right
ventricle; TV, tricuspid; VSD, ventricular septal defect.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

follow-up on the course of the epicardial coronary arteries.
Arterial segments were represented accurately in cases
where the pathological process left the great arteries intact
(Figure 8). Morphological information was cross-checked
with the actual specimens and existing data from previous
classification of the Archive. Although basic segmental
diagnosis regarding the external anatomy was correctly
established by the models alone, background data confirmed
our assessment and elucidated missing details especially the
intracavital anatomy.

Technical considerations

Scanning and evaluation of the cardiac specimens has been
a learning process. Proper preparation before scanning
by adequate rinsing, removal of foreign material from the
cardiac cavities, adequate positioning of distorted structures,
e.g., aortic arch its branches, and refolding of flaps created
during the post-mortem examination resulted in improved
scanning datasets. Conjoined rendering of CT/MRI data
and applying higher resolution could translate into better
presentation of the intracavital structures, especially the
cardiac valves. We utilized CAD to close openings of
the cardiac chambers, and complete missing segments
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Caudal

Figure 6 Hypoplastic left heart syndrome (case 5). (A) Cardiac
specimen; (B) 3D model of the same heart, viewed from the
right ventricle apex. Tricuspid valvar components of the papillary
muscle, chords and leaflets are less detailed in the virtual 3D
model. CSV, crista supraventricularis; PM, papillary muscle; PV,

pulmonary valvar orifice.

(Figures 9,10). These methods may improve demonstration
and education value of the models; however, one potential
query is about their overuse as they may introduce artificial
relationships and shape of the structures that never existed
in the original study material.

Observations

% Currently, cardiac specimens are scanned in a certain
position, lying unsupported on a platform resulting in
limitations for a perfect anatomical reconstruction, in
contrast to clinical scenarios with living hearts that are
surrounded by anatomic structures and filled with blood.
There are limitations in size: our current MRI setup can
handle specimens up to 60 mm in diameter.

% Apart from the size limitations of the MRI, generally
speaking there was no significance difference between
the information content of the images acquired by the
means of the two modalities. However, in special cases
(depending on the preparation, the deterioration and
the partial thinning of the specimen) the double imaging
approach proved to be quite useful in the segmentation
process.

% The image resolutions described above seem to be

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Posterior

Right

Caudal

Figure 7 Representation of the aortic valve 3D virtual model
of case 1), with transposition of the great arteries and ventricular
septal defect. Anterior aortic root features three sinuses and
semilunar valve leaflets hinged by commissures (broad white
arrows). Facing sinuses give rise to coronary ostia (narrow white
arrows) for the right and left coronary arteries (RCA, LCA).
Pulmonary bifurcation lies posterior; incipient segments of the
right and left pulmonary arteries (RPA, LPA) are visible as well as
the pulmonary valve (PV).

satisfactory at the moment, but if later on higher
resolutions are to be required, the resolution of the
CT scanning could be upgraded even to as small as 10
microns.

X3

2

Segmentation and model design take longer for the
specimens than for a clinical case, as there are additional
iterations and refinements to be done. According to our
experience, segmentation of a complex clinical scenario
usually takes less than two hours, whereas specimens in
the feasibility study needed more than three hours and
repeated sessions to create a virtual model. It is expected
that with participation of an anatomist with intimate
knowledge of raw specimens and additional experience,
segmentation time may be reduced to the range of the
clinical cases.
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Anterior

Figure 8 Hypoplastic left heart syndrome (case 5). (A) Cardiac specimen; (B) 3D model of the same heart, frontal view. The 3D virtual
model demonstrates significant accuracy in the segmental anatomy and the arterial structures. AAo, ascending aorta; DAo, descending aorta;
innom, innominate artery; LCCA, left common carotid artery; LSCA, left subclavian artery; LAA, left atrial appendage; LPA, left pulmonary
artery; LPVV, left pulmonary veins; PDA, patent arterial duct; PT, pulmonary trunk; RAA, right atrial appendage; RV, right ventricle; SVC,

superior veéna cava.

Cranial

Anterior

Figure 9 Interrupted aortic arch and VSD (case 3). (A) 3D model of a cardiac specimen with the right ventricle opened at the pathological
examination; (B) the same model with the right ventricle closed by CAD, frontal view. The patient underwent a surgical attempt to
reconstruct the continuity of the transverse aortic arch by interposing a polytetrafluoroethylene tube (*) between the ascending and
descending aorta. At the time of pathological examination incisions were made in the right ventricle and ascending aorta. The latter incision
is not closed by CAD. 3D virtual model accurately demonstrates segmental anatomy and the arterial structures. AAo, ascending aorta; LAA,
left atrial appendage; LV, left ventricle; PDA, patent arterial duct; PM, papillary muscle of the tricuspid valve PT, pulmonary trunk; RAA,
right atrial appendage; RV, right ventricle; SVC, superior vena cava; TV, tricuspid valve leaflet; VSD, ventricular septal defect.
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Cranial

Right
Posterior

Figure 10 Interrupted aortic arch and VSD (case 3). (A) 3D model of a cardiac specimen with the left ventricle opened at the pathological

examination; (B) the same model with the left ventricle closed by CAD, dorsal view. Orifices of the pulmonary veins are not represented as

they were not captured at scanning for technical reasons. Surgical anastomosis between the interposition polytetrafluoroethylene tube (*)

and the descending aorta was truncated on the original specimen. DAo, descending aorta; LA, left atrium; LAA, left atrial appendage; LPA,

left pulmonary artery; LV, left ventricle; MV, mitral valve orifice; PFO, patent foramen ovale; PDA, patent arterial duct; PT, pulmonary

trunk; RA, right atrium; RV, right ventricle; VSD, ventricular septal defect.

% The flexibility of the reconstruction is limited; additional
CAD software is needed to rebuild missing or dislocated
segments (i.e., consequences of the pathological
examination).

% Accuracy of the 3D models: representation of the

external and segmental anatomy seems accurate; loss

of intracavital detail with current processes is still
significant.

Discussion

In 16th century Europe anatomy was the most popular
subject in universities and was taught by demonstrations on
human specimens (16). Modern application of 3D imaging
and modelling techniques and 3D-printed prototypes may
bring back the same intellectual excitement into present-
day medical education and clinical practice that pioneers
of anatomy could have experienced during preparation
and studying of early anatomical specimens (17,18). In the
clinical imaging scene, 3D echocardiography/ultrasound,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

3D rotational angiography, CT-angiography and MRI
greatly contribute to the development of individualized
medicine and surgery (19). Image data integration of
these modalities will enhance 3D modelling with grossly
improved reliability, accuracy and resolution (20). Based on
the general, commonly shared features of anatomy, clinical
practice focuses on the individual phenotype of structures.
3D virtual modelling is especially useful as it often reveals
patient-specific new information not obvious from simple
planar (2D) projection.

Cardiac specimens offer the opposite approach: although
they feature anatomy of an individual, their characteristics
of the patho-morphology stimulate abstraction into general
rules. This makes them especially useful for education
and training (21). They are reviewed binocularly with
interactivity and hands-on training (22). Touching and
feeling an object activates the same area in the brain as
vision, thus neural responses are modulated by sensory
input from other modalities (23). Multisensory convergence
enhances visual processing, and haptic input significantly
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Figure 11 Historic photographs from the 1960s of the same cardiac specimens with uniatrial but biventricular connection. A rare case (from

the Archive, unknown photographer) of absent right atrioventricular connection and the left-sided atrioventricular valve (AVV) straddles

into two fully developed ventricular cavities. Besides its aesthetic value, photograph demonstrates AVV anatomy similar to the one found

in complete AV septal defects. Note, the aortic valve (AoV) is separated from the AVV by fine muscular conus (*) and is confined in the left

ventricle (LV) with fine trabeculations. AoV, aortic valve; AVV, atrioventricular valve; LV, left ventricle; VSD, ventricular septal defect.

contributes to the fine-tuning of visual information (24).
Given the essentially 3D nature of the heart, photographic
or even video archiving and documentation have a limited
value (Figure 11).

Comments on the feasibility of the study

"Technical aspects of scanning and data processing introduced
an aspect of learning into our study. Theoretically, stand-
alone specimens fixed in position offered benefits of
maximum data acquisition in the micrometer range.
Representation of the intracavital structures needs
improvements. Direct involvement of cardiac morphologist
and conscientious utilization of CAD methods in the
modelling process can significantly ameliorate accuracy
and detail of the 3D virtual models (Tzble 2). Static
reconstructions of the 3D virtual models are still projected
on the visual screen in two dimensions. Understanding of
complex patho-anatomy rests on mental reconstruction only
aided by a two-dimensional, unisensory visual input (25).
Although our pilot project was impelled by an imperative
to rescue the Archive, in its future phases it will also
open avenues for applications of visual analytics and
new knowledge derived from dynamic 3D models. As an
example, in the segmentation process, predictive modelling
may be applied, i.e., machine-learning will learn the cardiac
segments and complete them. Our future database can

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Table 2 Comparative characteristics of scanning and 3D modelling
of specimens with congenital cardiac anomalies

Advantages

Reproducible scanning environment; static images; no
registration misalignment

Insensitive to radiation doses
Editing possibilities
Disadvantages

Stand-alone specimens; not in anatomical position; not
surrounded by anatomical structures

Technical difficulties, longer segmentation process
CAD requirements (post-autopsy conditions)

Further work to be done for the optimal visualization of the
internal cardiac anatomy, e.g., AV valves, chordal apparatus,
and semilunar valves

CAD, computer aided design; AV, atrioventricular.

operate as a mixed data reservoir where raw data (e.g.,
DICOM datasets) are alongside structured and processed
data, and they can be accessed on a highly agile and secure
platform designed for low-cost storage for a wide range
of professionals (26). Such new knowledge can improve
decision support algorithms, exploit deep learning, and
underlie novel future applications.

As cardiac specimens with congenital heart disease
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become increasingly difficult to collect and maintain, it
may be very helpful to create a collection of 3D printed
physical models based on the scanned data. Among the
many applications of these physical models, they can be
utilized for education, postgraduate training and presurgical
planning and simulation (27,28).

Another direction of 3D technology is image-guided
surgery in augmented reality. With this modality, patient-
specific 3D models or holograms can be projected to
a fixed point in space or directly superimposed on the
operative area (29). In combination with robotics, optical
displays developed into intelligent interfaces could
revolutionize surgery: they could allow for procedures in
the heart with preserved perfusion/organ function while
being operated (30). Such prospects are anticipated to
revive an intellectual excitement comparable to the one
that established anatomy as medical science five hundred
years ago.
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