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Abstract---Three dimensional (3D) imaging play a prominent role in 

the diagnosis, treatment planning, and post-therapeutic monitoring of 

patients with Rheumatic Heart Disease (RHD) or mitral valve disease. 
More interactive and realistic medical experiences take an advantage 

of advanced visualization techniques like augmented, mixed, and 

virtual reality to analyze the 3D models. Further, 3D printed mitral 
valve model is being used in medical field. All these technologies 

improve the understanding of the complex morphologies of mitral 

valve disease. Real-time 3D Echocardiography has attracted much 

more attention in medical researches because it provides interactive 
feedback to acquire high-quality images as well as timely spatial 

information of the scanned area and hence is necessary for 

intraoperative ultrasound examinations. In this article, three 
dimensional techniques and its impacts in mitral valve disease are 

reviewed. Specifically, the data acquisition techniques, reconstruction 

algorithms with clinical applications are presented. Moreover, the 
advantages and disadvantages of state-of-the-art approaches are 

discussed in detail. 
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Introduction  

 
Recently improved three dimensional (3D) cardiac imaging technologies are 

triggering the medical use of advanced visualization techniques including 

augmented reality, mixed reality, virtual reality, and 3D printing. Over the past 
decades, echocardiography has become the essential diagnostic procedure for 

cardiologists to noninvasively assess cardiac structure, and to make important 

clinical decisions. The majority of echocardiography studies are performed to 

investigate left ventricular (LV) chamber dimensions and LV ejection fraction 
(LVEF) (MR Avendi et.al 2016). Current methods via two-dimensional (2D) 

echocardiography (2DE) are operator-dependent, relying on the visual 

interpretation of moving images and poor test–retest reliability. Moreover, LVEF 
estimation from 2DE is subject to bias and error in the presence of pathology and 

endocardial visualization. This single perspective 2D views resulting in less 

accurate and inconsistent geometric measurements, specifically due to incorrect 
location of the valve (Milgram and Kishino 1994). 

 

Three-dimensional echocardiography (3DE) offers several important advantages. 
The introduction of fully sampled matrix-array transducers (containing 3,000 

piezoelectric elements) allows the measurement of pyramidal volume datasets 

from a single apical window. Since the mid-1990s, studies have validated that the 

real-time 3DE  accurately quantify LV volumes than other imaging modalities. 
 

Meta-analyses have also supported these findings and found that compared with 

2DE, 3DE was more accurate for LV end-systolic volume (ESV), LV end-diastolic 
volume (EDV) and LVEF. Furthermore, the real-time 3DE produces a volume–time 

curve which is a    reflection of continuous LV volume changes throughout the 

cardiac cycle allowing more detailed quantitative analysis of LV performance (e.g. 
LV filling rates). Visualization of cardiac structures and pathology (Seslar et.al 

2015) is shown in fig.1 and fig.2 

 

 
 

Fig 1: High-resolution photo-realistic 3D echocardiographic images – top row: left 

atrial appendage occlusion viewed from opposing angles; middle row: Watchman 

device for left atrial appendage occlusion; bottom row: mitral valve perforation 
viewed from left atrial and left ventricular views. 
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Fig 2: 3D echocardiographic images in closure of atrial septal defects (ASD). A & 
B: improved identification of size, shape, location, orientation and  multiple 

orifices pre-procedurally. C: delivery catheter view across the defect. D: 

positioning of the left atrial disc and retraction against the septum. 
 

This page should begin with the introduction of your article and follow the rest of 

your paper. Wilson (1990), stated that the Introduction explains the scope and 

objective of the study in the light of current knowledge on the subject. State the 
objectives of the work and provide an adequate background, avoiding a detailed 

literature survey or a summary of the results. 

 
Mitral Valve Analysis Using 3DE  

 

3DE offers significant advantages when assessing the mitral valve (MV) and 
planning MV repair. Since it is free from geometric assumptions (whereas 2DE 

depends on correct alignment of imaging planes), it measures the non-planar 

mitral annular geometry and diagnose pathology more accurately, which are 
critical for surgical planning. Using 3DE prolapsing segments/scallops and 

associated chordae rupture, perforations, clefts and flail segments are identified. 

 

The use of 3DE to assist in percutaneous mitral valve repair (PMVR) using the 
MitraClip device has also been shown to overcome significant limitations with 

2DE, which provide a limited assessment of anatomy and morphological changes 

during and after PMVR. Apart from aiding intra-operative guidance and 
positioning, 3DE is able to accurately visualize the MV and assess morphological 

and functional changes (Kiraly et.al 2019). 

 
Other studies quantifying the improvement in mitral regurgitation after PMVR 

have shown 3DE (with colour flow Doppler) is able to characterize the 

improvements in LV and RV strain (with speckle-tracking), as well as RVEF(Right 
Ventricular Ejection Fraction). 3DE has also improved the understanding of acute 

changes in MV morphology after PMVR, namely an increase in annular ellipticity 

and coaptation area (Farooqi et.al 2016). Full-volume colour Doppler 
transthoracic 3DE (3D-FVCD) has also recently been shown to quantify mitral 

regurgitation more accurately. 
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2.1 Data Acquisition 

 
Ideal 3D probes have an isotropic high spatial resolution by assembling a linear 

array transducer with handheld instrument. In case of mechanical three 

dimensional probes, the linear transducer is motored to make rotation, move or 
translate under the computer control. Multiple two dimensional images are 

obtained when the motor is activated.  

 

These images have an isotropic high spatial resolution, sharp contrast between 
blood and myocardium, homogeneous signal distribution across all 

cardiovascular structures, low image noise, and minimal artifacts. Therefore, 

obtaining all these features is the gold standard for 3D data acquisition. These 
features make all post-processing steps and advanced visualization techniques 

described in the following sections more accurate and less time- consuming. 

 
2.2 Processing 

 

A variety of useful volumetric segmentation tools, such as threshold-based 
segmentation and 3D region-growing algorithms, are available for processing the 

3D cardiac images of RHD. Data in 3D are often presented as a single set of 

volume-rendered images. Multiple sets of different volumes may be color-coded 

and spatial relationships with adjacent structures, including the airways and the 
thoracic cage. Furthermore, 3D threshold- based segmentation is increasingly 

used for volume measurements of cardiac chambers for evaluating cardiac 

function in patients with RHD. A new cinematic rendering technique was recently 
introduced for 3D photorealistic visualization of complex cardiovascular 

structures by enhancing depth perception. Cinematic rendering may also be used 

to illustrate intra-cardiac structures by adjusting the opacity to make enhanced 
blood in cardiac chambers completely transparent (Speggiorin et.al 2016). 

 

2.3 Visualization 
 

3D cardiac models can be viewed using different visualization methods such as 

augmented reality, virtual reality and printed as a 3D physical replica. In 

augmented reality, virtual objects are overlaid on the real-world with spatial 
registration. In virtual reality, a user is immersed in an entirely artificial digital 

environment. Thus, augmented reality is clearly distinguished from virtual reality 

in terms of the presence of the ability to visualize the real-world.  
 

On the other hand, the concept of mixed reality, defined as anywhere in the so-

called “reality-virtual continuum,” ranging from the completely real to a 
completely virtual environment, which was proposed in 1994 (Milgram and 

Kishino 1994). Compared to augmented reality, a mixed reality not only overlays 

but anchors virtual objects to real-world objects and allows the user to interact 
with combined virtual and real objects. Fig. 3 depicts the 3D model visualization 

in different techniques 
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Fig. 3. Workflow of advanced visualization technology. 

 

Segmented and refined 3D model can be visualized using augmented reality, 

virtual reality, interactive web or mobile 3D displays and also in 3D printing. STL 
= Standard Tessellation Language. 

 

a) Augmented and Mixed Reality Techniques 
 

Fundamental elements of augmented reality include real objects (such as 

patients), virtual objects processed from medical images, spatial registration, 
instrument tracking, and visualization. The combined visualization of spatially 

registered virtual and real objects in augmented reality allows clinicians to 

maintain focus and analyze without taking their eyes off their patients. Spatial 
registration has been applied to rigid organs.  

 

A tracking device is necessary for surgical or interventional navigation. Currently, 

optical or electromagnetic tracking systems are used, and each of these has its 
benefits and limitations (Peters TM and Linte CA 2016). In order to overlay virtual 

objects on real objects, a variety of display methods, such as conventional display 

monitors, head mounted displays, projection displays, and transparent screens, 
may be used.  

 

The main barriers to the extensive use of augmented reality in medicine include 
the initial setup costs, additional time required to prepare virtual data, and 

unreliable accuracy in spatial registration (Ender et.al 2008; Belhaj Soulami et.al 

2016). 
 

Applications: Augmented reality and mixed reality can be used for education, 

pre-procedural planning, simulation, and procedural guidance. Augmented reality 

is particularly helpful for minimally invasive cardiac intervention or surgery. It 
was demonstrated that augmented reality-enhanced trans esophageal 

echocardiography could help to determine the optimal annuloplasty ring size 

(particularly for surgeons with limited experience), and for percutaneous mitral 
valve repair (Opolski et.al 2018).  

 

Another study demonstrated that mixed reality using Echo-gated data facilitated 
trans catheter heart valve implantation during valve-in-valve procedure 

(Zimmerman et.al 1987). In a patient with congenitally corrected transposition of 

the great arteries, augmented reality was used to guide trans catheter 
pacemaker implantation (Pensieri C and Pennacchini M 2014). 
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b) Virtual Reality Techniques 

 
Virtual reality (VR) is broadly defined as a three-dimensional (3D) simulation of 

the real-world, with the ability to interact directly with the simulation (Bao X et.al 

2013; Yiannakopoulou et.al 2015). In its earliest applications to biomedicine, VR 
was largely applied to the behavioral sciences, though the advent of “controllers” 

or sensors that track hand position and movements in real time and expanded 

the ability to interact with the virtual space. Presently, VR is widely used in 

medicine, from stroke rehabilitation to tools for trainees to learn how to perform 
laparoscopic surgery (Sorensen et.al 2001; Ong CS et.al 2018). 

 

In VR, 3D cardiac models should be generated initially from 2D DICOM (Digital 
Imaging and Communications in Medicine) images. The patient's imaging data 

were loaded directly and the volumetric renderings of the data are generated 

instantaneously by any software (UNITY, Game Engine, Unreal Engine etc.,) 
without any human intervention.  

 

Inspired by the work of Gavin wheeler (Gavin Wheeler et.al 2019), Table 1 
presents the summary of ultrasound datasets for accurate view of cardiac phases 

in virtual reality. 

 

Table 1. Summary of accurate view of cardiac phases in Virtual Reality. 

Cardiac Anatomy Perspective Views Cardiac Phases 

Posterior and Anterior Leaflet Parasternal Long Axis Diastole 

Aortic Veins Short Axis Systole 

Pulmonary Veins Esophageal Systole 

Mitral Valve Connections Short Axis Systole 

Aortic Valve Connections Short Axis Systole 

Aorta Apical 4 Chamber View Diastole 

Pulmonary  Artery Apical 3 Chamber View Diastole 

Chordea Tendineae Apical 2 Chamber View Diastole 

 

Applications: Until now, the medical use of virtual reality in the field of RHD has 

been quite limited. In 2001, virtual reality was first applied in interactive, real-

time visualization of cardiac morphology (Wierzbicki et.al 2004). Its role was 
recently demonstrated in two infants with RHD (El Beheiry et.al 2019). Virtual 

reality with hand controller based interactivity allows better interactive viewing of 

echo models. This serves as a preplanning method in terms of collaborative 
planning and user defined perspective views. 

 

Three Dimensional Printing Techniques 
 

The workflow of 3D printing comprises several sequential stages: 1) 3D data 

acquisition, 2) segmentation, 3) conversion of a Digital Imaging and 
Communication in Medicine (DICOM) file to a 3D mesh file format, 4) computer-

aided design (CAD), and 5) 3D printing. Acquisition of high-resolution isotropic 

3D image data with excellent image quality is mandatory for creating a quality 3D 
printed model (Yoo S.J et.al 2015; Hibino 2016; Vukicevic M et.al 2017). Table 2 

presents the study of 3D-printing applications in various clinical scenarios. 
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Table 2. Study of 3D Printing applications in various clinical scenarios. 

First author 
with year  

Clinical 
scenarios 

No. of 
Patients 

Study design Clinical 
application 

Imaging 
Modality 

Hachulla et al.  

(2019) 

 Percutaneous  

LAA 

      occlusion 

15 Cross - sectional 

study 

Pre-

surgical 

simulati
on 

CT 

  Hosny et al.    

(2019) 

            TAVR 30 Retrospective  

study 

Pre-

surgical 

simulati

on 

CT 

 Zhang et al.  
(2019) 

Recurrent 
coronary 

artery 

1 Case report Preoperat
ive 

plannin

g 

CT 

   Misra et al.        

(2019) 

Coronary-    

pulmonary 
artery 

1 Case report Preoperat

ive 
plannin

g 

CT 

Fan et al.  

(2019) 

Percutaneous  

LAA 

Occlusion 

104 Retrospective [72], 

prospective 

[32] 

Preoperat

ive 

plannin
g 

       TEE 

 Shijo et al.  
(2018) 

Multiple 
aneurysms 

with 

coarctation 

1 case report Pre-
surgical 

simulati

on 

CT 

Faletti et al. 
(2018) 

TAVR 20   Retrospective  
study 

Preoperat
ive 

plannin

g 

CT 

 Lee et al.  

(2019) 
Coronary  

artery 

Abnormality 

7 Retrospective  

study 

Medic

al 
educat

ion 

CT 

Sun et al.  

(2018) 

HOCM 1 Case report Preoperativ

e 

planning 

CT 

 Gomes et al.  

  (2018) 

Aortic 

aneurysm/ 
dissection 

6 Case report Preoperativ

e 
planning 

CT 

  Guo et al.  

       (2018) 

HOCM 7 Case report Preoperativ

e 

planning 

CT 

Ginty et al. 

  (2018) 

Mitral valve 

repair for 
MR 

10 Cross- sectional   

study 

Pre-

surgical 
simulatio

TEE 
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n 

Bagur et al.  

(2017) 

TMV-in-R 

replacement 

1 Case report Pre-

surgical 

simulatio

n 

CT 

El Sabbagh et 
al. (2018) 

TMVR 8 Case report Pre-
surgical 

simulatio

n 

CT 

Aroney et al.  

(2019) 

Cardiac 

fistulae 

4 Case report Preoperativ

e 
planning 

CT 

Sunet al.  
      (2017) 

  
Kommerell’s 

diverticulum 

5 Case report Preoperativ
e 

planning 

CT 

Song et al.  

(2017) 

LAA 

    occlusion 

18 Cross- sectional   

study 

Preoperativ

e 

simulatio
n 

TEE 

 

LAA-left atrial appendage; HOCM-hypertrophic obstructive cardiomyopathy; 

TAVR- transcatheter aortic valve replacement; TMVR- transcatheter mitral valve 

replacement; AS- aortic stenosis; CT- Computed   Tomography; MRI - magnetic 
resonance imaging; 3D TEE, Three dimensional transesophageal  

echocardiography. 

 
3D Reconstruction Algorithms 

 

Aside from quality and rate of data acquisition, the speed and accuracy of volume 
reconstruction are significant for real-time 3D Echo imaging. Various 

reconstruction algorithms are proposed for visualizing region of interest. The real-

time reconstruction algorithms of 3D voxel representation can be classified into 
three types based on implementation: Voxel Based Methods (VBMs), Pixel-Based 

Methods (PBMs), and Function-Based Methods (FBMs). 

 

Voxel-Based Methods (VBMs) 
 

In VBMs (C. D. Barry et.al 1997), every voxel in the structured volume is 

traversed and assigned a value depending on one pixel or more pixels from the 
acquired B-scans. With this method, three dimensional features are represented 

and aligned with 3D space. 

 
Pixel-Based Methods (PBMs) 

 

PBM traverses each pixel in the 2D images and assigns a pixel value to the 
neighboring voxel. If more than one pixel contributes to the same voxel value, 

then average or the highest value is taken into consideration (R. N. Rankin et.al 

1993).   



 

 

1791 

 

Function-Based Methods (FBMs) 

 

The FBMs estimates the functional interpolation for 3D reconstruction. It chooses 
a particular function, for example, a polynomial, and utilizes the pixel values and 

its relative positions to determine the function coefficients (Rohling et.al 1999). 

Here the functions are evaluated at regular intervals to produce the voxel array. 
 

Unresolved Issues 

 
Several studies have tackled problems of 3D visualization in terms of cost, time, 

and changeability by comparing it with virtual 3D modeling. For example, the 

display of virtual 3D cardiac models using a tablet device was effective than 
expensive 3D printed models in a cardiac intensive care unit (Olivieri et.al 2018). 

Other limitations of 3D cardiac models are a lack of dynamic representations 

throughout the entire cardiac cycle and making use of hemodynamic data 

(Gosnell et.al 2016). Both are crucial for understanding the pathophysiology of 
RHD. Table 3 depicts the comparison of 3D visualization in terms of various 

parameters. 

 
Table 3. Comparison of Advanced 3D Visualization Techniques 

 

3D 

Visualizatio

n 
Techniques 

      Voxel 

Informati

on  

Depth 

Percepti

on 

CA 

D 

Tangibili

t y 

Additio

n al 

Cost for 
Hardwa

r e  

Addition 

al Cost 

for 
Printing  

 

Standard 3D  

Model  (DICOM 

format) 

+ ± - - - - 

Augmented/mixe
d reality 

± ± + ± + - 

Virtual reality - + + ± + - 

3D printed 
model 

- + + + + + 

 
CAD - Computer-Aided Design, DICOM - Digital Imaging and Communication in 

Medicine, STL - Standard Tessellation Language, 3D - three dimensional. 

 
Conclusion  

 

Virtual and augmented reality visualization technologies have a significant impact 

in various fields of medicine. It has been used to create virtual anatomical models 
to train surgeons in complicated surgeries. Merging the virtual reality world with 

3D printing together could be a new spin in the field of design and 

manufacturing. It is probable that in the future, young surgeons and practitioners 
will be able to practice most complex surgeries on 3D printed models made of 

actual tissues. 
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