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Abstract

Recent years have witnessed exponential growth in cardiac imaging technologies, allowing
better visualization of complex cardiac anatomy and improved assessment of physiology. These
advances have become increasingly important as more complex surgical and catheter-based
procedures are evolving to address the needs of a growing congenital heart disease population.
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This state-of-the-art review presents advances in echocardiography, cardiac magnetic resonance,
cardiac computed tomography, invasive angiography, 3-dimensional modeling, and digital twin
technology. The paper also highlights the integration of artificial intelligence with imaging
technology. While some techniques are in their infancy and need further refinement, others have
found their way into clinical workflow at well-resourced centers. Studies to evaluate the clinical
value and cost-effectiveness of these techniques are needed. For techniques that enhance the value
of care for congenital heart disease patients, resources will need to be allocated for education and
training to promote widespread implementation.

Keywords

angiography; artificial intelligence; cardiac computed tomography; cardiac magnetic resonance;
digital twin technology; echocardiography

Cardiac imaging plays a critical role in the diagnosis, treatment, and surveillance of
congenital heart disease (CHD). The introduction and dissemination of cutting-edge
multimodality imaging techniques can be instrumental in understanding structure and
function in complex CHD. Furthermore, advanced imaging enables periprocedural planning
for surgical and catheter-based interventions and improves patient outcomes. Although
improvements in medical imaging have leveraged rules-based algorithms for decades, the
addition of artificial intelligence (Al) algorithms (ie, algorithms that can learn patterns
from training data) can increase the speed and flexibility of handling complex imaging
data. Use of Al has grown across the imaging modalities and all stages of the imaging
pipeline, including patient selection and protocoling, image acquisition, signal denoising,
image registration and rendering, quantification, and interpretation (Central Hlustration).1

This JACC Scientific Statement provides a comprehensive overview of recent advances

in echocardiography, cardiac magnetic resonance imaging (CMR), cardiac computed
tomography (CCT), invasive angiography, 3-dimensional (3D) visualization, and digital twin
technology for CHD. While some of these novel techniques have been integrated with
clinical workflow, others are still in the research phase. A summary of current clinical
validation and outcome benefits is provided in Table 1.

ECHOCARDIOGRAPHY
3-DIMENSIONAL ECHOCARDIOGRAPHY.

Recently published consensus guidelines emphasize the high value of 3D echocardiography
(3DE) in the evaluation of CHD for valvular disease, complex septal defects, outflow

tract obstruction, and abnormalities of intracardiac connections.? As such, 3DE is

being increasingly used for surgical planning, real-time guidance of interventions,

and quantification of ventricular volumes and function. Applying 3DE to infants and
children has required development of high-frequency (6—7 MHZz) pediatric transthoracic
transducers with smaller footprints. 3D-capable pediatric transducers for transesophageal
echocardiography are now available for patients as small as 5 kg. In addition to 3D
visualization, the multiplane imaging feature is valuable for rapid assessment in the
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operating room. Initial experience has shown safety, feasibility, and quality of 3DE and
2-dimensional (2D) echocardiographic acquisitions.3 Multibeat stitched acquisitions with
breath holds are typically needed for adequate resolution, given the high heart rates in
children. Recent advances in 3DE acquisition include the ability to obtain and rapidly crop
high-quality images from single-beat 3D volume data sets, thus circumventing respiratory
and cardiac gating-related artifacts, as well as the ability to manipulate multiplanar images
in real time for quantification, especially for catheter guidance procedures.

The structural configuration in CHD can be widely variable, making it difficult to identify
important anatomic landmarks and follow them through the course of the imaging study.
Novel image rendering technologies can assist in these tasks. Transillumination rendering
is a tool that involves manipulation of a virtual light source in 3 dimensions to highlight
structures of interest and create shadows to enhance depth perception and improve details
compared with traditional rendering (Figures 1 and 2, Videos 1 and 2).# This technique

is particularly useful to better delineate orifices and borders for measurement of septal
defects and valve areas, and for assessment of valve morphology, commissures, and thin
structures such as valve chordae. Tissue-transparent display options can further highlight
the blood-pool tissue interface, and together these rendering options can increase diagnostic
value for identification and location of chordal rupture and leaflet clefts as well as for
transcatheter edge-to-edge valve repairs compared with standard 3DE.>8 The addition of
color Doppler in the tissue transparency mode allows for accurate definition of regurgitant
jets and visualization of flow through orifices and tissues. The ability to place anatomic
markers on key structures and simultaneous displays from various perspectives minimizes
the need for user manipulation and the risk of erroneous identification of structures.

ULTRAFAST ULTRASOUND.

Traditional ultrasound-based image construction is based on line-per-line focused beam
transmissions that have a limited temporal resolution, ranging from 30 to 150 frames per
second in current equipment. Ultrafast ultrasound imaging uses unfocused plane-wave
ultrasound technology that results in a very high temporal resolution compared with
traditional ultrasound. The challenge of lower spatial resolution is addressed by using
multiple plane waves for 1 image transmitted at slightly different angles, a technique called
coherent compounding. Ultrafast ultrasound results in extremely high frame rates (up to
10,000 frames per second) and allows visualization of very short-lived events, resulting in
novel ultrasound applications for studying myocardial and arterial mechanical properties,
as well as more sophisticated blood flow imaging techniques for assessing intracavitary
flows, myocardial perfusion, and neonatal brain perfusion. These techniques are still largely
experimental and under clinical translation, but they have the potential to add significant
physiologic information in patients with CHD in the following domains.®

Ventricular and vascular function.

Ultrafast ultrasound allows the study of myocardial shear-wave propagation velocities.
Myocardial stiffness can then be assessed through the relationship between shear-wave
velocity and tissue viscoelastic properties (Young’s modulus): the stiffer the tissue, the faster
the shear-wave velocity. Different shear-wave imaging techniques have been proposed using
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either natural shear waves associated with cardiac mechanical events such as valve closure
or externally generated shear waves using acoustic radiation force (Figure 3). Natural

shear waves occur at specific time intervals in the cardiac cycle, including at the time of
aortic and mitral valve closure. These occur at the interface between systole and diastole

and are not true end-systolic or end-diastolic events from a physiologic perspective. The
advantage is that they naturally occur and do not depend on externally generated shear
waves by the ultrasound probe. Different studies in adults have explored the use of natural
shear-wave imaging in both healthy control subjects and patients with different diseases.
Most of the work in children has so far been performed using acoustic radiation force, which
allows exact timing of the shear wave at end-systole or end-diastole. Initial data reported
changes in myocardial stiffness with agel® and abnormal changes in myocardial stiffness

in children with hypertrophic cardiomyopathy.1! Theoretically, end-systolic stiffness should
be a load-independent parameter of systolic function and needs to be further explored.
Similar ultrafast technology can be applied to vascular imaging to study regional pulse-wave
velocities and provides information on regional vascular stiffness.1? Research on the use of
shear-wave imaging in children with acquired heart disease and CHD is currently ongoing.
The data files generated by ultrafast ultrasound are very large, requiring large storage
capacity and extensive offline processing.

Myocardial and brain perfusion.

Ultrafast ultrasound Doppler applications have also been developed to study blood flow.
By applying spatiotemporal clutter filters, coronary ultrafast Doppler angiography allows
visualization of the epicardial and intramural coronary microvasculature and quantification
of myocardial blood flow. This technique has been optimized for children with the first
clinical translation in pediatric cardiac surgery patients.13 Similar technology has been
applied to image and quantify both global and regional brain perfusion in children
undergoing cardiopulmonary bypass surgery in hopes of linking perfusion changes to
outcomes in the future.14

Blood speckle tracking for intracardiac hemodynamics flow assessment.

Whereas conventional color Doppler techniques have been extremely valuable for imaging
intracardiac flow direction and velocities, blood speckle tracking combines ultrafast
ultrasound imaging with speckle tracking technology to visualize intracardiac and
intravascular 2D and 3D flow patterns. This commercially available methodology has been
validated for children with CHD and quantifies 2D intracardiac flow velocities, vorticity,
and energy losses.15 The first normal values on vorticity have been published, ¢ and

initial clinical studies demonstrated changes in flow patterns in children with pulmonary
hypertension and after tetralogy of Fallot repair.1” Blood speckle tracking data can be used
for estimating intraventricular pressure differences in children during early diastolic filling,
representing early diastolic suction.18 Further development of quantification techniques
based on speckle tracking technology will provide tools to assess how congenital heart
defects influence flow patterns as well as cardiac and vascular remodeling.

JAm Coll Cardiol. Author manuscript; available in PMC 2024 July 02.
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CARDIAC MAGNETIC RESONANCE IMAGING
HIGHER-DIMENSIONAL FUNCTIONAL IMAGING.

CMR cine imaging and phase-contrast flow velocity mapping are the reference standards for
ventricular volumetry and for blood flow quantification, respectively. Traditionally, images
are acquired in 2D, 1 to 3 slices at a time, typically during repeated breath holds, which
may be challenging for some patients and lead to misalignment of consecutive slices. More
recently, a third spatial dimension has been added to these techniques, referred to as 3D or
sometimes 4-dimensional (4D) cine (Figure 4, Video 3) and 4D phase contrast (with time

as the 4th dimension) so that the images encompass a wide block of anatomy. The principal
advantages of this approach include the option to reconstruct the data set in any imaging
plane offline and the simplified acquisition planning. Volumetrics derived from 3D CMR
are compatible with measures from the traditional 2D approach.1® Furthermore, automated
segmentation of the right ventricle (RV) and left ventricle (LV) from 3D cine data sets, with
minimal active reader involvement, may become reality.29 A 4D flow acquisition provides
velocity information in all 3 orthogonal planes over the entire cardiac cycle. Velocity maps
can be created offline in any user-defined plane, and this obviates the need for precise scan
plane prescriptions during the examination. \Velocity information can be displayed as stream
lines that indicate the orientation of blood flow velocities at a single point in time or path
lines that display the spatial trajectory of blood over time. In addition to blood flow volume
quantification, 4D flow provides information on advanced hemodynamic measures, such as
vorticity, helicity, wall shear stress, kinetic energy loss, pressure gradients, and pulse-wave
velocity. It is increasingly used in aortopathies to better understand the relationship between
aortic valve morphology and ascending aortic enlargement.2! In complex CHD, 4D flow
excels at depicting streaming and multilevel shunt quantification (Figure 5, Video 4). Within
the cardiac chambers, it quantifies intracavitary blood flow kinetic energy, depicts vortices,
and provides insights into atrioventricular valve inflow and regurgitation (Figure 6, Video
5).22:23 3D cine and 4D flow images can be synchronized and displayed in the same 3D
data set.19 Highly accelerated pulse sequences and k-space filling techniques have made 4D
flow applicable to routine clinical scans. Sequences that are capable of capturing 2 or more
different velocities allow measurements in veins with slower flows and stenotic arteries with
faster flows from the same acquisition.24

Most contemporary 3D and 4D functional imaging approaches rely on intravenous contrast
agents, such as gadolinium or ferumoxytol, to increase the contrast-to-noise ratio of

blood vessels and cardiac chambers. In pediatric applications, it is preferable to minimize
intravenous contrast administration to avoid the discomfort of intravenous line placement
and potential cumulative effects of contrast administration over a lifetime. However, the lack
of contrast along with the aggressive undersampling of k-space needed to keep the scan time
within acceptable limits may lead to suboptimal image quality and a low signal-to-noise
ratio. Al techniques may address this concern by applying supervised or unsupervised
denoising algorithms to accelerate image acquisition and enhance image quality.25:26

JAm Coll Cardiol. Author manuscript; available in PMC 2024 July 02.
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MYOCARDIAL TISSUE CHARACTERIZATION.

CMR tissue characterization provides noninvasive assessments of myocardial fibrosis,
edema, and iron deposition and is increasingly applied for risk stratification and to determine
the timing of reintervention in repaired defects. Myocardial native T1 times and extracellular
volume (ECV), derived from pre- and post-contrast T1 times as well as hematocrit, have
been used as markers for diffuse fibrosis. T1 parametric mapping has unveiled a number

of pathomechanisms of fibrosis, including increased ventricular volume2” or pressure
loading,28 cardiopulmonary bypass,2? chronic hypoxia,3® neurohormonal activation, and a
genetic disposition.3! In tetralogy of Fallot, prolonged T1 times or expanded ECV are
associated with decreased myocardial contractility32 and an increased risk for ventricular
arrhythmias, hospital admission, or death.33 In single-ventricle heart disease, they are

linked to a composite endpoint of hospital admission, reintervention, Fontan failure, and
arrhythmias.3* In patients with Ebstein’s anomaly, elevated T1 time is associated with
abnormal strain and exercise intolerance.30 Despite these associations, treatment decisions
cannot be based on T1 times and ECV in isolation, owing to the significant overlap between
myocardial health and disease. Serial measurements have shown promise in understanding a
patient’s trajectory concerning myocardial fibrotic remodeling.3® Longitudinal outcomes are
largely missing but are needed to understand how parametric mapping can inform clinical
care. Other tissue markers, such as T2-signal decay times, can be helpful in determining
whether an inflammatory component, leading to edema and subsequent T2 prolongation, is
present. Together with late gadolinium enhancement, T1 and T2 parametric mapping have
been used as a virtual myocardial biopsy with diagnostic value in suspected myocarditis36:37
and during organ rejection after heart transplantation.38 More recently, information on T1
and T2 times has been combined into a single sequence, an approach dubbed magnetic
resonance fingerprinting.3° In addition to shortening scan time compared with separate T1
and T2 mapping, it provides information on tissue perfusion, diffusion,*0 fat fraction,*! T2*,
and ECV without the administration of exogenous contrast agents.*

MAGNETIC RESONANCE LYMPHANGIOGRAPHY.

Over the past several years, magnetic resonance (MR) has yielded unique insights into the
anatomy and physiology of the lymphatic system*#3 and has largely replaced diagnostic
fluoroscopic lymphangiography in the CHD population. Static MR lymphangiography
approaches rely on high-resolution T2-weighted sequences, often combined with 3D steady-
state free precession acquisitions for visualization of thoracic duct anatomy and landmark
structures.** Unlike static T2-weighted imaging, dynamic contrast-enhanced magnetic
resonance lymphangiography (DCMRL) provides information on the direction of chylous
flow by tracking the passage of gadolinium-based contrast through the circulation with
sequential T1-weighted imaging.#>48 Contrast is injected via a groin lymph node or,

less commonly, the periportal lymph passages or a mesenteric lymph node, and imaged
repeatedly at regular intervals for a total of 7 to 15 minutes. At the end, a high-resolution
3D data set, typically with fat suppression, is acquired for optimal spatial definition.

The interpretation of DCMRL images can be challenging, because the simultaneous
enhancement of veins may confound the visualization of lymphatic channels. This limitation
has been tempered by the dual-agent relaxivity contrast technique in which an intravenous
injection of ferumoxytol is followed by DCMRL with a gadolinium-based contrast

JAm Coll Cardiol. Author manuscript; available in PMC 2024 July 02.
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agent.4” When imaged with an extended-echo mDixon-sequence MR pulse sequence,
the ferumoxytol suppresses gadolinium venous enhancement, allowing for isolation of
lymphatic channels without venous contamination.

Lymphatic imaging with MR has greatly enhanced our understanding of lymphatic disorders
that can complicate CHD, particularly in patients undergoing sequential surgical palliations
for single-ventricle heart disease (Figure 7). The elevated central venous pressure in children
with Fontan physiology increases lymphatic production and interferes with lymphatic return
to the central venous system. The resultant lymphatic engorgement contributes to the
development of protein-losing enteropathy, plastic bronchitis, and chylous effusions. A
greater lymphatic burden, assessed by T2-weighted imaging, is associated with adverse
outcomes after the Fontan operation, including chylous effusions, heart failure, transplant
assessment, recurrent effusions, thrombi, and protein losing enteropathy.48 Moreover, MR
lymphangiography has furthered the opportunities for interventions in the lymphatic system,
interrupting or at least slowing the pathophysiology that leads to the above clinical
complications.

CARDIAC COMPUTED TOMOGRAPHY
CCT RADIATION DOSE OPTIMIZATION.

Studies indicating increased cancer risk related to computed tomographic (CT) scans in
children reinforce that dose optimization is critical for patient safety. In addition, patients
with CHD have an increased intrinsic risk of malignancy, bolstering the “as low as
reasonably achievable” principle for CT scans in CHD.#? In response to this critical

need, there have been multiple recent developments over the past few years to reduce
radiation dose. Standard techniques for electrocardiography-gated scans now include using
prospective gating when possible, limiting radiation dose to a narrow acquisition window,
using the lowest tube voltage and current for each patient and indication, and limiting cine
imaging (Figure 8). Dose reductions of 85%-90% have been shown in CHD patients with
the use of these measures and operator education.0:51 Al algorithms may further assist by
improving image reconstruction from low-dose CT imaging.>?

Functional or cine CCT is increasingly used for assessment of valve anatomy before
percutaneous intervention and to quantify ventricular size and function in CHD patients
with implanted devices affecting CMR safety or image quality. Cine CCT imaging requires
radiation throughout the cardiac cycle. Electrocardiography-gated pulse modulation allows
definition of a narrow “full-dose” window in the cardiac cycle and the delivery of

minimal radiation (eg, 20% of the full dose) for the rest of the cardiac cycle. Automated
tube-current modulation determines the scanner output providing the lowest dose to the
patient while maintaining user-defined reference image quality. Noise level is maintained
constant throughout the scan range by automatically varying tube current along the z-

axis of the patient based on monitoring sequences. Further radiation dose reduction is
possible with the use of increasingly sophisticated image processing tools that decrease
noise in the reconstructed data sets after acquisition. Model-based iterative reconstruction
and deep learning algorithms using neural networks trained on high-quality data sets

may allow significant prospective reduction in radiation dose without negatively affecting

JAm Coll Cardiol. Author manuscript; available in PMC 2024 July 02.
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image quality, based on phantom data and preliminary data in CHD patients.>3 These
advances in radiation dose reduction with maintained excellent image quality will further
minimize diagnostic risk and allow expanded use of CCT in CHD patients with appropriate
indications.

PHOTON-COUNTING CT.

Traditional CT scanners convert x-rays to visible light, which is then converted into

an electronic signal providing analog image data. Limitations of this approach include
averaging of the x-ray signal leading to a monoenergetic image reconstruction, susceptibility
to electronic noise, and a ceiling on the achievable spatial resolution. Photon-counting
detectors are newer technology that overcome these drawbacks by converting the x-

ray signal directly into an electronic signal without the intervening conversion to

light. Individual photon energy is measured directly and weighted independently, which
allows low-energy photons to be differentiated from electronic noise. The data acquired
from different-energy photons increases the contrast-to-noise ratio and provides spectral
information in all scans without the need for dual-energy scanning or rapid kVp switching.
There is potential for multiple energy reconstructions from the same scan data, including a
virtual noncontrast scan, calcium maps, iodine maps, measurement of extracellular volume,
and coronary plaque quantification.>* The decrease in image noise reduces the impact of
calcium and metallic artifact on image quality, and sharper reconstruction kernels can be
used. Because there is no need for separation between detector elements, spatial resolution
is improved, with a baseline resolution of 0.4 mm and ultra-high spatial resolution of

0.2 mm at the scan isocenter. Reports on the clinical use of photon-counting scanners

have primarily come from studies in phantoms, adult cardiac imaging, and noncardiac
pediatric imaging.55°8 Photon-counting CCT data in children with CHD is beginning to
emerge,®’ and it should become clear in the next few years whether the promise of improved
resolution, lower radiation doses, and novel applications come to fruition.

CORONARY ARTERY FRACTIONAL FLOW RESERVE.

Fractional flow reserve (FFR) assesses the physiologic effect of coronary artery obstruction
to determine the utility of intervention in intermediate lesions. Invasive FFR uses a
guidewire in the coronary artery to measure the pressure drop distal to a lesion under
conditions of maximal hyperemia, typically induced with intracoronary adenosine. The
distal coronary pressure is compared with aortic pressure and reported as a ratio.
Noninvasive FFR from CT imaging (CT FFR) is a method of measuring FFR with the

use of computational fluid dynamics to mathematically model coronary flow, pressure,
and resistance based on an individual’s 3D coronary and myocardial anatomy. A patient-
specific physiologic model is created from the CT data, with the resting myocardial

blood flow proportional to the myocardial mass and the microvascular resistance inversely
proportional to the size of the epicardial coronary arteries. Several randomized controlled
trials have demonstrated good correlation between invasive FFR and CT FFR in adult
patients undergoing evaluation of coronary artery disease.>®

CT FFR may have utility in patients with coronary artery stenosis after reimplantation as
part of CHD surgery, those with a history of Kawasaki disease or cardiac transplantation

JAm Coll Cardiol. Author manuscript; available in PMC 2024 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sachdeva et al.

Page 9

and coronary artery pathology, and those with anomalous aortic origin of a coronary artery
(AAOCA) (Figure 9). A study of the retrospective performance of CT FFR in an adult
population with AAOCA did not show a difference in CT FFR for those considered to

be at higher risk based on anatomic features vs those considered to be at lower risk in
5-year follow-up.%® However, the focus on older patients may select for a benign form of
AAOCA, and these findings may not be relevant for pediatric patients. Thus far, prospective
CT FFR in AAOCA patients has been described only in case reports.5% Although it is
appealing to envision CCT providing both anatomic and physiologic assessment, there are
several hurdles that must be overcome before adoption into clinical practice. The low rate
of adverse events in patients with AAOCA or after surgical coronary reimplantation would
hinder investigations of the value of CT FFR to risk-stratify patients and identify those that
warrant surgical intervention. Moreover, it is not known whether the flow modeling based
on atherosclerotic coronary artery disease would apply to the different anatomic substrate of
AAOCA, the smaller coronary arteries of children, aneurysm or serial stenosis in Kawasaki
disease, or proximal coronary stenosis after surgical coronary intervention in the setting of
CHD. The appropriate stress condition for CT FFR is also unclear. In addition to simulating
increased flow, it may be important, for example, to simulate increased aortic pressure

and the resulting deformation of the aortic wall and proximal coronary artery.61 Therefore,
further studies are needed to guide the clinical use of CT FFR in pediatric and CHD patients.

INVASIVE ANGIOGRAPHY
3D ROTATIONAL ANGIOGRAPHY.

Three-dimensional rotational angiography (3DRA) creates a volumetric data set of contrast-
enhanced CT-like images with excellent visualization of soft tissues and airway and a spatial
resolution that is better than with multi-detector CT and CMR.2 This is accomplished by
the single-plane C-arm flat panel detector rotating around the patient over 4 to 5 seconds
during contrast injection. The image information collected provides a 2D angiogram with
200° to 240° of viewing, a 3D reconstruction that can be manipulated to view the structures
from all angles, and a multiplanar reformat. Intraluminal fly-through and clipping-plane
views allow an endovascular assessment of stents, aneurysms, vessel wall irregularities, and
calcification®2 (Videos 6 and 7).

When advanced imaging is not performed before catheterization to avoid additional general
anesthesia, radiation, or contrast load, 3DRA allows a “1-stop shop” for imaging, diagnosis,
treatment, and even 3D printing (3DP).53 By providing a comprehensive view of relationship
of cardiac structures, vessels, and the airway, 3DRA overcomes the limitations of 2D
angiography. It enhances intervention safety and effectiveness by showing the impact of
stents on adjacent structures and elucidating the mechanism of a stenosis. 3DRA takes the
guesswork out of gantry angles for 2D angiography by showing the angle that will optimize
the image, thereby decreasing the number of 2D angiograms and radiation dose.®4 Because
the 3D reconstruction is in geometric correspondence with the C-arm coordinates, it can

be automatically registered and overlayed onto live fluoroscopy to assist with interventions
and decrease the number of 2D angiograms (Video 5). In fact, studies have shown that

its use provides superior diagnostic quality compared with 2D angiography and improves
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procedural efficiency without increasing radiation or contrast load.5%66 High-quality 3DRA
images have been shown to be significantly associated with greater injection volume, more

dilute contrast solution, and lower patient weight, and these data have been used to create a

novel 3DRA nomogram for estimating the probability of a high-quality 3DRA.67

While 3DRA has the capability of bringing personalized medicine to the congenital
catheterization laboratory, there are several areas for future advancement. First, using

3DRA imaging and the hemodynamics from diagnostic catheterization, computational fluid
dynamics (CFD) can be performed with virtual stenting so that the operator can predict

the postintervention hemodynamic outcome before doing the intervention. Feasibility of this
technique has been shown in patients with coarctation.58 Incorporating machine learning
can enhance computational speed for complete hemodynamic assessment and virtual
interventions.5% Second, moving from time-averaged to time-resolved 4DRA would allow
systolic dimensions to be obtained for interventional planning and would provide functional
analysis, ventricular volumetrics, and 4D flow. Third, 3DRA overlay on live fluoroscopy
needs to compensate for cardiac and respiratory motion such that the 3D image moves

with the live fluoroscopy, and early work with fully automated software is promising.”®
Automatic correction should also be developed to update the overlaid model to account for
vascular deformity caused by stiff wires and long sheaths during the procedure.”! Al has
already been used to improve the registration and automatic correction process of overlaying
on live fluoroscopy.’2 Finally, 3DRA needs to move to biplane acquisition with the use of 2
detectors to improve workflow and decrease contrast load.

FUSION IMAGING.

3D reconstructions from echocardiography, CMR, CCT, and 3DRA can be fused with
fluoroscopy for real-time procedural guidance.”3="° For fusion to be useful, it is imperative
that the overlaid images are properly registered with the fluoroscopy. This technique has
been shown to reduce radiation exposure with excellent safety and usability in children.’®

INTERVENTIONAL CMR IMAGING.

X-ray fluoroscopy lacks soft tissue imaging and real-time visualization, whereas CMR
offers superior soft tissue imaging and dynamic views without radiation. Catheterization
with CMR would be ideal, but challenges such as radiofrequency-induced heating,
limited visibility of standard catheters, and metallic artifacts obstructing imaging have
hindered interventional CMR (ICMR). The desire to avoid radiation-related health risks
and musculoskeletal injuries from lead protection has driven efforts to overcome these
limitations.

ICMR was initially used in pediatric patients on a large scale to perform right heart
catheterization.”” As the field has progressed, specific equipment has been developed for
catheterization, including an MR-conditional guidewire with passive MR markers. It has
been successfully used in patients with CHD to perform right or left heart catheterization, to
measure pressure gradients across stenoses with MR guidance’® and to test occluded Fontan
fenestrations.’®
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The field of ICMR has been slow to develop in large part because of the lack of
MR-conditional equipment visible by MR. The lack of research and development for

MR equipment, however, is largely due to the few numbers of users. This circular

problem may be broken by low-field (eg, 0.55-T) scanners, which may allow the use of
commercially available catheterization equipment, because radiofrequency-induced heating
of interventional devices is reduced at low field strength (theoretical 7.5-fold difference

in heating between 0.55-T and 1.5-T).80 Preclinical testing of inferior vena cava stenting
with the use of real-time low-field MR imaging (0.55-T) in a large animal model showed
excellent visualization of commercially available 316L stainless steel stent implantations
on angioplasty balloons with proprietary MR-visible markers (Figure 10).81 Marking of
conventional catheters and interventional equipment with passive markers is 1 technique
that will move the field forward by increasing available devices. If low field is to be

used for ICMR in the future, however, cardiovascular imaging must be optimized under
the conditions of low signal-to-noise ratio and limited gradient performance. Fortunately,
preclinical and clinical testing has demonstrated that a comprehensive CMR protocol is
feasible on an 80-cm ultrawide-bore commercial 0.55-T MR system, including compressed-
sensing 2D phase-contrast cine, dynamic contrast-enhanced imaging for myocardial
perfusion, 3D MR angiography, and tissue characterization with the use of late gadolinium
enhancement.82

3D VISUALIZATION, 3D MEDICAL MODELING, AND DIGITAL TWIN
TECHNOLOGY
3D VISUALIZATIONS AND ANATOMIC DIGITAL TWINS.

Three-dimensional visualization of cardiac anatomy is now an important element in
diagnostic imaging and procedural planning for CHD. Over the past 10 years, 3D
reconstructions have taken on many new derivatives beyond a single 2D display, including:
1) 3DP; 2) extended realities (XR); and 3) holographic imaging.83-86 Significant advances
in 3D cardiac imaging have driven 3D visualization techniques to more interactive solutions,
including virtual procedural planning (VPP), CFD, and fusion imaging (Figure 11). These
novel tools provide imaging guidance, both offline and real-time, to enhance clinical
decision making and improve outcomes.

As health care and digital technology continue to converge, there is a precedent to align
with current terminology to facilitate communication between industry and medicine. In
many industries, digital twins are virtual models of a physical object that are often used to
simulate the object’s behavior, predict outcomes, and optimize performance. For this reason,
we propose using the term “anatomic digital twin” in place of “patient-specific 3D model”
for imaging reconstructions.8’

IMAGE SEGMENTATION AND 3D MEDICAL MODELING.

Creation of anatomic digital twins typically begins with imaging segmentation, a binary
process of sorting voxels (ie, the 3D analogs of pixels) of data from source images to be
either included or excluded from the 3D model. Segmentation methods vary significantly,
from the application of a simple source imaging threshold to semiautomatic and machine
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learning—driven methods, which can predict and create complex shapes found in CHD by
means of multiple layers of segmentation.88 Segmentation requires 3D medical modeling
software that can both: 1) display DICOM images with proper alignment and spatial
information; and 2) create, modify, and codify segmentation masks to form a 3D digital
model.8% There is significant variability in cost, functionality, and usability of segmentation
software with options ranging from: 1) coding to create segmentation; to 2) window-like
programs that extend the complex segmentation task performance for users without coding
experience; and 3) software that allows users to segment in virtual reality (VR) for an
immersive experience.% Finally, segmentation can be performed on any 3D imaging data
set, including 3DE, CCT, CMR, and 3DRA.%!

Segmented masks can be smoothed, subtracted, and combined to create either blood pool
models or intracardiac models that are hollow and mimic myocardial and vessel surface
structure; the latter are often favored for surgical planning. From there, these 3D digital
model files have multiple digital outputs, including a display of a 3D file on a 2D screen,
display of a 3D file in a 3D augmented reality (AR) or VR type format, and display of a 3D
file in a tangible, printed manner using 3DP and additive manufacturing techniques.

Finally, 3D visualization technologies typically rely on segmentation to create a model in 3D
space, but immersive visualization of 3D imaging data including 3DE and CMR or CCT is
also used and discussed separately in this review.

3DP AND 3D BIOPRINTING.

The most universally adopted method for applying 3D anatomic digital twins in pediatric
CHD is to print a segmented surface model by means of 3DP.92 There are 4 methods of
3DP that are used in health care: 1) fused deposition modeling; 2) selective laser sintering;
3) stereo-lithography; and 4) polyjet printing. These methods vary in construction materials
(polymers and metals), model cost ($10 to $1,000s), time to print (minutes to hours),

and spatial resolution (30-250 um). Best practices have evolved in 3DP for CHD, and
attention must be paid to the quality of the surface segmentation and to the planes where
the 3D model will be cut so that inner details will be revealed accurately and effectively.
Cut-planes are of particular importance when crafting 3DP models to plan or practice
complex procedures; access must be offered to the operator (ie, surgeon or interventionist)
that simulates the access they will have during the procedure. Valverde et al published
multicenter findings in 2017 demonstrating the value of 3DP heart models in surgical
procedural planning.?3

Bioprinting is an emerging field wherein biocompatible replacement tissues are
manufactured in specific shapes to allow for resorption and cellular seeding once inside
the body. Although very promising, there are still considerable regulatory and technologic
hurdles before this technology is more widely available for the treatment of CHD.

Many 3D medical laboratories working to create anatomic digital twins are opting to display
them digitally owing to the high inherent cost and time of 3DP. However, 3DP is still the
technology of choice for several centers to: 1) simulate complex CHD procedures®*: and 2)
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create engineered tissue grafts and other bioprinted materials for implantation of a specific
surgical shape and material (eg, surgical guides).

VIRTUAL PROCEDURAL PLANNING.

VPP is defined as the use of an anatomic digital twin for surgical or interventional
procedural planning. The current state in which VPP is often referenced is simply 3D
visualizations using the latest digital technology tools; however, the ultimate goal is for the
proceduralist to be able to fully manipulate an anatomic digital twin in a “sandbox”-like
environment to achieve true planning of a procedure. Historically, this VPP took place
before the procedure and heavily relied on desktop-based planning®®; however, recent
advances in XR have allowed for translation of these digital technologies into both the
preprocedural and intraprocedural settings. XR is an all-encompassing term that includes
AR, VR, and mixed reality. Currently, AR and VR are the predominant technologies in

the pediatric cardiac planning space. AR describes a rendered image being overlaid onto
the real world, and VR is rendered images in a fully immersive virtual environment. Tsali
et al% summarize the XR technologies in terms of their positive and significant impact

on education, patient/family empowerment, and health care team processes. Stephenson et
al¥” also provide a thorough review of XR technologies in the cardiac space, citing many
studies that provide a descriptive use profile of emerging technologies, although few prove
direct patient benefit owing to the rapid pace and nature of technology implementation.
They also raise the issue of measurement validation with these technologies. There are
several XR software solutions currently available or in development, including: 1) pre-
existing 3D medical modeling/segmentation software with added XR solutions; 2) new VR
software focused on 3D medical modeling/segmentation in an immersive space; 3) game
engine—enhanced solutions for creating and operating interactive realtime 3D content; and
4) AR volume-rendered registration systems that overlay virtual and physical landmarks
for intraprocedural guidance. Both surface-rendered and volume-rendered digital anatomic
twins have been used, with surface meshes being favored for VR-based model manipulation
and volume meshes for intraprocedural anatomic overlay.

Catheter-based procedures have started to apply AR/VR techniques mostly for medical
device anatomic overlay, such as planning balloon-expandable trans-catheter pulmonary
valve placement8 and other device or stent-based procedures.?® Surgical procedures have
started to use AR/VR techniques for: 1) advanced 3D visualizations; 2) medical device
anatomic overlay; and 3) interactive manipulation of anatomic digital twins for advanced
VPP. 3D visualizations using AR/VR are relatively common in the imaging market and are
often used to “plan” operations by enhancing the surgeon’s understanding of intracardiac
and extracardiac anatomic relationships, such as for complex biventricular repairs.190 A
step toward more interactive planning includes overlaying medical device digital twins onto
anatomic structures in a virtual environment in an effort to better simulate device position
and “fit,” as is commonly needed when using adult-sized devices in pediatric or small size
patients.86:101-103 Tq achieve universal adoption from more experienced surgeons, there
needs to be advancements in VVR simulation that allow them to generate actual surgical plans
using patient-specific anatomic digital twins vs 3D visualization alone. As such, 3D models
used in surgical planning must be situated in a “sandbox” that has minimal restraints on
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user interaction with the model and its environment and must integrate virtual correlates

of tissue handling that would enhance the realism of the VR planning and its translation

to the clinical setting. Early attempts to apply these modalities to virtual surgical planning
have shown great promise, but additional work is necessary to push these platforms into
routine clinical use.194 Finally, building a multi-user VR environment for CHD surgical
planning that allows for worldwide collaboration between expert surgeons, surgical trainees,
3D imaging specialists, and outcome-centered cardiologists will allow for the type of global
impact that this technology promises.

CFD, FINITE ELEMENTAL ANALYSIS, AND OTHER SIMULATIONS.

In addition to virtual and printed displays, these 3D anatomic digital twins can be used

to predict hemodynamic performance through application of CFD simulations, which are

a step toward 3D physiologic digital twins. By applying generally accepted equations that
govern fluid dynamics and deriving boundary conditions of flow, pressure, and resistance
from available clinical data (eg, CMR or catheterization), 3D modeling has been used to
predict hemodynamic indices based on anatomic shape. This is increasingly used in surgical
planning of complex CHD, and studies have shown a correlation between CFD results and
exercise capacity and energetics in Fontan,19° tetralogy of Fallot,108 and coarctation of the
aorta, 107

Current state-of-the-art CFD can incorporate uncertainty into solutions over a range of
boundary conditions (eg, flow variations and small anatomic variations) to mimic various
physiologic states on the geometry.198 These methods scale to larger mesh and design spaces
but are limited when using unsteady flows. Deep learning together with computational flow
simulation is being used to fill these gaps, for example, when modeling aortic flow in normal
and disease states and in modeling valve disease.109110 Finally, comprehensive surgical
planning software platforms that rely on CFD and anatomic digital twins are in development
at multiple sites in order to reduce human effort and turnaround time, and to optimize
postoperative hemodynamics.

SUMMARY, GAPS, AND FUTURE DIRECTIONS

This review highlights some of the recent advances in echocardiography, CMR, CCT,
invasive angiography, 3D medical modeling, and Al that have had or are expected to have an
important impact on the care of patients with CHD. Other developments and modalities will
also undoubtedly contribute to this goal. For many of the advances described here, further
work is needed to rigorously assess their clinical value and cost-effectiveness. It is crucial
that diagnostic imaging care pathways and appropriate use criteria for common scenarios

be established to avoid both overuse and underuse of these new technologies. Training and
education for both imaging specialists and nonspecialists will be crucial to achieving this
aim.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS AND ACRONYMS

2D
3D
3DE
3DP
3DRA
4D
AAOCA
Al
AR
ccT
CFD
CHD
CMR
CT
DCMRL
ECV
FFR
ICMR
LV
MR
RV
VPP
VR

XR

2-dimensional

3-dimensional

3-dimensional echocardiography
3-dimensional printing
3-dimensional rotational angiography
4-dimensional

anomalous aortic origin of a coronary artery
artificial intelligence

augmented reality

cardiac computed tomography
computational fluid dynamics
congenital heart disease

cardiac magnetic resonance imaging

computed tomography

dynamic contrast-enhanced magnetic resonance lymphangiography

extracellular volume

fractional flow reserve

interventional cardiac magnetic resonance
left ventricle

magnetic resonance

right ventricle

virtual procedural planning

virtual reality

extended realities
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HIGHLIGHTS

. Cardiac imaging plays a crucial role in the evaluation and management of
patients with congenital heart disease.

. Advancements in cardiac imaging techniques will likely find rapid clinical
application in the assessment of patients with congenital heart disease.

. Strategies to assess clinical value and resources for training are needed before
widespread implementation.
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FIGURE 1. 3D Transthoracic Echocardiography of the Mitral Valve With Transillumination
Comparison of 3D echocardiographic rendering of a mass on the mitral valve leaflet

(white arrow) with traditional imaging (left) vs transillumination (right), which offers better
delineation of borders and depth perception.
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FIGURE 2. 3D Transesophageal Echocardiography of the Tricuspid Valve With
Transillumination

3D transesophageal echocardiographic image of the tricuspid valve with transillumination to
highlight the leaflet edges and commissures (top left: view from the right atrium; top right:
view from the right ventricle). Markers have been placed to indicate the leaflets. Dual crop
feature allows for rapid and simultaneous visualization from multiple perspectives.
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External Stimulus and UF imaging
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FIGURE 3. Shear-Wave Imaging
(Left) SWI based on acoustic radiation force, which allows exact timing of the shear wave

at end-systole or end-diastole. (Right) SWI of natural mechanical waves associated with
cardiac mechanical events such as valve closure. CA = cardiac amyloidosis; HV = healthy
volunteers; SWI = shear-wave imaging; UF = ultrafast. Adapted from Tamborini et al” with
permission.
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FIGURE 4. 3D Cine Magnetic Resonance Imaging
Steady-state free precession sequence with a temporal resolution of 20 phases per cardiac

cycle obtained after administration of a gadolinium-based contrast agent in a 2-year-old girl
with mesocardia, congenitally corrected transposition of the great arteries, and ventricular
septal defect who underwent surgical pulmonary artery band placement. AAo = ascending
aorta; LV = left ventricle; MPA = main pulmonary artery; RV = right ventricle.
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FIGURE 5. Vascular 4D Flow
The 4D phase contrast acquisition in a patient after the Fontan procedure demonstrates

preferential blood flow from the inferior vena cava (IVC) to the left pulmonary artery (LPA)
and from the superior vena cava (SVC) to the right pulmonary artery (RPA). Image provided
by F. Rijnberg, Leiden, the Netherlands.
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FIGURE 6. Intracardiac 4D Flow
A 4D flow study with retrospective tracking of the valve plane in a patient after repair of

an atrioventricular septal defect demonstrates left atrioventricular valve (A) inflow and (B)
regurgitation. LA = left atrium; LAVV = left atrioventricular valve; LV = left ventricle.
Images provided by J. Westenberg, Leiden, the Netherlands.
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FIGURE 7. Magnetic Resonance Lymphangiography
(A) 3D T2-weighted turbo spin echo acquisition and (B) still frame from a 3D T1-weighted

sequence 14 minutes after injection during a dynamic contrast-enhanced magnetic resonance
lymphangiography (DCMRL) acquisition in a 4-year-old patient with failing Fontan, plastic
bronchitis, and chronic chylous effusions. The static T2-weighted images show severely
abnormal thoracic lymphatics with right pulmonary lymphangiectasia (asterisk), as well as

a right-side pleural effusion (solid arrow) and ascites (dashed arrow). The DCMRL shows
retrograde lymphatic flow to both lungs, especially to the right (asterisk), as well as a
subhepatic peritoneal lymphatic leak (arrowhead). Images provided by C. Lam, Toronto,
Canada.
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FIGURE 8. CCT Images With the Use of Low Radiation
Electrocardiography-gated CCT images using single heart beat with low radiation. (A)

Intraluminal view of the right ventricle (RV) showing a muscular ventricular septal defect
(arrows) posterior to the septomarginal trabeculation (***). (B) External 3D reconstruction
of venous (*) and arterial (**) ventricular assist device cannula in a patient with single-
ventricle congenital heart disease. Narrowing of the innominate artery (arrow) is noted
proximal to the systemic-to-pulmonary artery shunt (***) insertion. CCT = cardiac
computed tomography.
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FIGURE 9. Computed Tomographic Fractional Flow Reserve (CT FFR)
(A) 2D short-axis CCT image of anomalous aortic origin of the right coronary artery from

the ascending aorta just above the left sinus of Valsalva with an intramural proximal course
(arrow) and normalization of vessel size as it leaves the aortic wall. The scan was performed
using a dual source scanner with diastolic acquisition after administration of sublingual
nitroglycerin. (B) CT FFR shows significant limitation to flow in the right coronary artery
with a measurement of 0.59 at 2 cm distal to the anomalous origin.
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FIGURE 10. Interventional CMR Imaging
CMR still frame showing 20 mm x 3 cm balloon inflated with 1% gadolinium and 1 mm

magnetic resonance-visible markers (white arrow) easily distinguished from the implanted
stent (red arrow) in the inferior vena cava.
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FIGURE 11. Advanced Digital Technology 3D Outputs in Congenital Heart Disease Imaging
Reconstructed from stacks of 2D source data including echocardiographic (Echo), computed

tomographic (CT), and cardiac magnetic resonance (MR) images (teal background),
standard 3D volume outputs have become universally adopted for advanced 3D visualization
in echocardiography, CT and MR (purple background). Exponential growth in higher quality
and more interactive 3D outputs has created a wealth of new display options, including 3D
printing to digital twin and virtual reality (VR)-based game engine simulation, particularly
for hemodynamic predictions and procedural planning (green background). AR = augmented
reality.
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Clinical Applications of Congenital Cardiac Imaging Innovations

3D Echo
« Valve morphology
« Complex septal defects
« Outflow tract obstruction
« Complex intracardiac
anatomy

Ultrafast Ultrasound
« Ventricular function
« Vascular function

« Myocardial and brain
perfusion
« Intracardiac flow dynamics

#‘%/

3D Cine Imaging
and 4D Flow
« Ventricular function
« Vascular anatomy
« Flow assessment in CHD

Tissue Characterization
» Myocardial scarring

« Diffuse myocardial fibrosis
» Myocardial edema

Lymphangiography
« Plastic bronchitis

« Protein losing enteropathy
« Chronic chylothorax
« Chylous ascites

Radiation Dose
Optimization
« Patient specific scan
protocol
« ECG pulse modulation

Photon Counting
« Improved resolution
« Spectral information

+ Decreased noise and metal
artifact

Coronary FFR
« Coronary stenosis after
reimplantation
« Evaluation of anomalous
coronaries

Artificial Intelligence

Cardiac Magnetic Cardiac Computed Advanced Digital

*\:5’(

jﬁ

3D Rotational
Angiography
« Optimization of 2D gantry
angles
« Fusion with fluoroscopy
« 3DRA-based CFD

Interventional Cardiac MR

« Low field scanning to
visualize devices

Extended Reality

and Digital Twins
« Cardiac modeling

» Complex intracardiac
repair

« Cavopulmonary connection

« Vascular rings

« Pulmonary artery
reconstruction

« Complex coronary cases
« Virtual fit for mechanical
circulatory devices

« Transcatheter
valve-in-stent

Patient selection and protocoling, image acquisition, signal dosing, image registration and rendering,
quantification, and interpretation

Sachdeva R, et al. J Am Coll Cardiol. 2024;83(1):63-81.

CENTRAL ILLUSTRATION. Innovations in Cardiac Imaging: A Novel Paradigm in CHD

Evaluation

The novel imaging techniques in echocardiography (echo), cardiac magnetic resonance,
cardiac computed tomography, catheterization, and advanced digital technologies have a
broad range of clinical applications in congenital heart disease (CHD). In addition, artificial
intelligence is being applied to different steps in the imaging process across all the cardiac
imaging modalities. 3DRA = 3-dimensional rotational angiography; CFD = computational
fluid dynamics; ECG = electrocardiogram; FFR = fractional flow reserve; MR = magnetic

resonance.

JAm Coll Cardiol. Author manuscript; available in PMC 2024 July 02.



Page 35

Sachdeva et al.

665321A8D [eUOIUBAIBIUI pakodap Jo uonezifensiA paroidw| @
¢6@HD xa1dwoo ur yoeoudde [ea16.ns panoidw| @

62'2,2INS00Xa UONEIPE) Ul 85884990 @

sofydeiBolbue gz 4ano Aoeinaoe ansoubelp panoidw| @
92INS00Xa UOIIPES Ul 85831030 @

o,8Insodxa uonelpes pue 8wy Adooso.onyy Ul 8sealssq @

19'09 VOOV 10 30ueoyiubis alweuApouwsay 101paid Aeiy
,gU0NONPal J0BJILIE [e)aW ‘UolTeIpR JaMO] ‘UoIinjosall [elfeds panoidw)

1505100 10} 3SOp UOIjeIpel Pasesdsd

gy2IN|1e} ueuo4 Buipnjour ‘syuaired sja1nusA-a]BuIs
U1 S3W02IN0 3SIAAPR UM parerdosse s Buibewi z1 Aq usping onreydwA| Jajealo @

ggU0N23fa1 Juedsuel) 1eay Jo uodaled @
,£SIPIEI0AW POOYP|IYD 10} 158} AIOJELUIIJUOD B SI UONBZIISIIRIEYD aNSSI T @
,zBUI13powWal [eIpseo0AW JO SioedIpul AjJes Se SISoiqY aSniIp JO SiadIel\ @

2zu01ENBINGa) aAeA JeNOLIUSAOLIE JO UOIEIYNUEND) @
12U011985s1p 9110 191paid Aew suof1IeISIUI aNSSI-POO]q PUE SOIISLIB1IBIEYI MO @
¢zA@HD X9[dWI0Y Ul SJUSWISSASSE SIUNYS PUE MO[) SAISUSYRIdWOD @

3|qe[rene 10N
31e|feAe 10N

dlqejrene 10N

¢ABojoyred
aAJBA JO UOIEN[RAS PanoIdwl ‘UONUBAISIUI JalaYIeIsUEI] JO 8duepInb 3dE awin-jeay

g-gSONI[ELLIOUE BAJEA
J0 sisouBelp ui Aoeanooe paaodul ‘S1pIog PUe 81410 JO UOHEIIIUSPI 81RINJDY

9seasIp JelIpJed [ednonas ‘dvA
‘QHD uI salas ased ajdninw ‘gHD xajdwod ul 1 DY

syuaned QHD ul suodas Areulwijaid

89119e.d [eaiulld pa1dadoy

9011004d [21UID pa1daddy

Ajuo suodai asen
syuaned QHD Ul suodas Areulwijaid

2o110e.d |ea1UI]0 pa1dadoy

AydesboibueydwA|
a1doasolonyy Ag asoy 03 Areyuswiajdwod sbuipul4 @

S3W02INO0 SSIBAPE SE |[oM
Se uo1ounysAp o1101seIp pue 91j01SAS LM UONE|S1I0D @

ABoJ01SIY UO SIS0IqI}
[eIpe20AW asnylIp Jo uoireaynuenb yum Juswsalfy @

SJusWaINSeaW 1Seuod
-aseyd @z 01 Buipiodoe Moy Yiim Juswaalbe poos @

asn [eajun)d Apeg
Ajuo yoreasay

Ajuo yoressay

aHD dureIpad ul suodas Areutwijald

saIpnis
191U80-3]BUIS |[BWS Ul GHD Pue S}NPe Ul PaepIfeA

Bunund ae
uonezifensin 4g

HIND [euonuanisul

Aydeiboibue jeuonelos g
Buibewi uoisn4
uoneziRRYRe)

(WVO0VYV) Alaue A1euotod e jo uibiio onoe
SNOJBWOUE 10} 9AISS3I MO|4 [euonIdel) Areuoio)

Bununos uoloyd
uoneziwndo asop uoneipey

(109) Aydesbowoy paandwod seipred

AydesBoibueydwA

uo1ezIIB)oRIRYD BNSSI L

MO} @y pue Buibew sui)
(YIND) BuiBewi aouruosal onsubew aeipseDd
SOIWeUAp MO} JelpJedeIIu|
uoisnyad ulelq pue [eipsedoAN
uoI3oUNY JEINISEA PUE IR[NILIUSA
punoseJy|n iseyes N

agoud
AydeiBoipsesoyds [eabeydosasuely Qg [9AON

sanbiuydal Buliapual |aA0N

(3ag) AydeiBoipreaoyss Qg

Slijauag awodnQ

uonepIfen

anbiuyoa] buibew

SliJauag awoIINO pue uonepIfeA [edlul]d uaund :(aHD) asessiq 1esH [erusbuo) ul sanbiuyda] Buibew| [sA0N

Author Manuscript

Author Manuscript

T3149vL

Author Manuscript

Author Manuscript

available in PMC 2024 July 02.

JAm Coll Cardjol. Author manuscript



Page 36

Sachdeva et al.

"301A3P 1SISSE JeNJLIUBA = QWA ‘[eli) P3J|0U0D paziwopuel = | DY

g6/A0eIN00R asealoul pue awn Buluueld ssesiosq @
zortorS84NPao0ud [eo16uns 1reay usdo Jaylo pue @HD ul ydeoadde [eaifins snoidw| @
,6S01deIBY) Paseqg-1alayied Ul uoNos|as 8d1Asp anoidw| @ 10 Ja1uao-a|Buis [fews pue salias asea ajdnniN

Buruueld feinpasoid fenuiA

S}iyauag swodnQ uonepifen

anbiuyda] buibew

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

JAm Coll Cardiol. Author manuscript; available in PMC 2024 July 02.



	Abstract
	ECHOCARDIOGRAPHY
	3-DIMENSIONAL ECHOCARDIOGRAPHY.
	ULTRAFAST ULTRASOUND.
	Ventricular and vascular function.
	Myocardial and brain perfusion.
	Blood speckle tracking for intracardiac hemodynamics flow assessment.

	CARDIAC MAGNETIC RESONANCE IMAGING
	HIGHER-DIMENSIONAL FUNCTIONAL IMAGING.
	MYOCARDIAL TISSUE CHARACTERIZATION.
	MAGNETIC RESONANCE LYMPHANGIOGRAPHY.

	CARDIAC COMPUTED TOMOGRAPHY
	CCT RADIATION DOSE OPTIMIZATION.
	PHOTON-COUNTING CT.
	CORONARY ARTERY FRACTIONAL FLOW RESERVE.

	INVASIVE ANGIOGRAPHY
	3D ROTATIONAL ANGIOGRAPHY.
	FUSION IMAGING.
	INTERVENTIONAL CMR IMAGING.

	3D VISUALIZATION, 3D MEDICAL MODELING, AND DIGITAL TWIN TECHNOLOGY
	3D VISUALIZATIONS AND ANATOMIC DIGITAL TWINS.
	IMAGE SEGMENTATION AND 3D MEDICAL MODELING.
	3DP AND 3D BIOPRINTING.
	VIRTUAL PROCEDURAL PLANNING.
	CFD, FINITE ELEMENTAL ANALYSIS, AND OTHER SIMULATIONS.

	SUMMARY, GAPS, AND FUTURE DIRECTIONS
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	FIGURE 7
	FIGURE 8
	FIGURE 9
	FIGURE 10
	FIGURE 11
	CENTRAL ILLUSTRATION
	TABLE 1



