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1 | INTRODUCTION

The clinical implementation of three-dimensional (3D) imaging rep-
resented a significant advancement in the diagnosis and treatment
of congenital heart lesions by providing visualization of anatomical
spatial relationships, enhancing understanding of complex struc-
tural relationships seen in congenital heart lesions. As such, it has
proven effective within the continuum from pre-surgical planning
to procedural integration.'™ In this context, 3D rotational angiog-
raphy (RA) is an emerging imaging technology acquired during car-
diac catheterization that permits rapid acquisition of high resolution
volumetric datasets through rotation of a C-arm mounted flat panel
detector, in a manner similar to computed tomography (CT).>° The
terms angiographic CT and flat detector or cone beam CT are used
interchangeably in the literature. This article provides an overview
of the role and utility of 3D-RA in the assessment and management
of congenital heart disease (CHD), highlighting its strengths and

Three-dimensional rotational angiography (3D-RA) enables volumetric imaging
through rotation of the C-arm of an angiographic system and real-time 3D recon-
struction during cardiac catheterization procedures. In the field of congenital heart
disease (CHD), 3D-RA has gained considerable traction, owing to its capability for en-
hanced visualization of spatial relationships in complex cardiac morphologies and real
time image guidance in an intricate interventional environment. This review provides
an overview of the current applications, strengths, and limitations of 3D-RA acquisi-
tion in the management of CHD and potential future directions. In addition, issues of
dosimetry, radiation exposure, and optimization strategies will be reviewed. Further
implementation of 3D-RA will be driven by patient benefits relative to existing 3D

imaging capabilities and fusion techniques balanced against radiation exposure.

angiography, cardiac catheterization, congenital heart defects, rotational, three-dimensional

limitations, and discusses future perspectives, including comments
on radiation exposure, the difficulties with dosimetry and specific
dose-reduction strategies.

2 | THE EMERGENCE OF 3D-RA

In 1964, Lucien Campeau and Jacques Saltiel (Montreal, Canada)
were the first to publish angiograms of congenital heart lesions
with the patient fixed in a cradle and rotated 90° within a C-arm.*!
Between 1965 and 1973, Schad and Brunner (Stuttgart, Germany)
used a 180 degree rotation of the cradle with an ECG-triggered
self-developed power injector to perform rotational angiograms in
patients with CHD.*? In 1972, Cornelis and colleagues described the
technique of rotating the X-ray tube around the patient during cere-
bral angiography, with clinical adoption for neurosurgical procedures
reported a decade later.*®* Further refinements in the rotational
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technique and concurrent development of 3D volume rendering
software culminated in the first 3D reconstruction of RA sequences
in 1997, opening the way for expansion in clinical applications from
neurosurgical applications to real time evaluation of spinal interven-
tions, abdominal aortic aneurysm repair, and hepatic vascular chem-
oembolization.'>2° As an emerging technology, it was first exploited
in the cardiovascular system for coronary evaluation in 19982122
with gradual integration into electrophysiology procedures and
management of CHD reported in the mid-2000's.2%:24 Primary ena-
bling technologies for widespread clinical implementation were the
introduction of digital flat panel detectors capable of ultra-high spa-
tial resolution with large volume coverage and the rapid increase in
computational speed for timely 3D image reconstruction.?> Today,
3D-RA is widely used for assessment, monitoring, and guidance in

various interventional, surgical, and therapeutic applications.

3 | OVERVIEW OF TECHNIQUE

3.1 | Image acquisition

Image acquisition, which is done in only single plane at this time,
begins with isocenter positioning of the region of interest (ROI) to
ensure that it is fully incorporated in the field of view during the
rotation. The ROl is centered on the frontal flat panel, after which
the gantry is rotated 90° and the table height adjusted. Acquisition
time, and rotation arc (>180°) determine the speed (up to 55°), which
varies depending on the hardware installation. Adjustment of frame
rate can be made by the vendor when setting the dose programs.
During detector rotation, contrast is administered with a power
injector(s) (or in combination with hand injections, for multiple injec-
tions sites) at a contrast dose ranging from 0.5 to 2 cc/kg, usually
diluted with normal saline (50%-66% contrast).>%2%27

For optimal image quality, the ROl must remain opacified
throughout acquisition. To achieve this, several techniques can be
employed, including rapid ventricular pacing, injection into the car-
diac chamber proximal to the ROI, and temporary balloon occlusion
of the run-off vessel or the pulmonary artery (PA) in high-flow le-
sions. Programming a time delay for image acquisition after contrast
injection begins also allows better ROl opacification (eg, 0.5-2s for
PA and aorta, 1-3s for cavopulmonary connections and 5-és for pul-
monary veins). In complex hemodynamic situations, such as valvar
regurgitation, high shunt flows or arrhythmias, a test bolus of con-
trast with fluoroscopic monitoring has been reported to help deter-
mine the optimal scan delay time.”??” Rapid ventricular pacing (to
decrease the systolic blood pressure by ~50%) or bolus injection
of adenosine (0.1 to 0.4 mg/kg) have also been used to decrease
cardiac output transiently, delaying washout of contrast media. The
decrease in cardiac output also reduces metallic artifact and im-
proves assessment of distal pulmonary arteries by limiting the opaci-
fication of the pulmonary veins and of coronary artery fistulae and
aneurysms by reducing cardiac motion.” While modification of the
cardiac output is not needed in imaging a cavopulmonary connec-
tion due to the lack of pulsatility, simultaneous injections into two
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identical (same length and French size) catheters positioned in dif-
ferent portions of the cavopulmonary connection (eg, superior and
inferior vena cava in a total cavopulmonary connection), connected
back to a single injector, enables the entire PA connection to be im-
aged with a single acquisition.?’” This technique is also useful in the
case of bilateral bidirectional cavopulmonary connections, avoiding
negative contrast wash out in one of the branch PAs, from unopac-
ified contralateral superior caval flow. Suspension of breathing or
ventilation is essential to avoid respiratory motion artifact. Finally,
having the interventional wire in place during the injection allows
for optimal overlay of the 3D image on live fluoroscopy during the
subsequent intervention, as the wire often distorts the anatomy.

3.2 | Image analysis and 3D reconstruction

The acquired 2D rotational angiogram is available for immediate
review, and the automatic 3D reconstruction on the workstation
requires <1 minute to display. The most widely used reconstruc-
tion algorithm is the Feldkamp, Davis and Kress weighted filtered
back projection algorithm because of simplicity of implementation
and computational efficiency.28 However, due to the iteration re-
quired for calculating this algorithm, artifacts may be observed in
the reconstruction for 3D-RA with a short scan angular range. In
addition, artifacts inherent to the measurement or reconstruction
process, such as noise, scatter, beam hardening, and ring and shading
artifacts, may interfere with diagnostic interpretation. Knowledge of
the presence of such artifacts and their appearance is necessary.29

The ROI can be isolated with a wide range of manual and au-
tomated segmentation techniques. The most popular segmentation
methods fall into two categories: (a) image-driven approaches, in-
cluding threshold-based, edge-based, and region-growing segmen-
tation and (b) model-driven approaches based on prior models.
Model-based segmentation relies on mathematical representation
of the expected geometry of the structure of interest registered
into large training datasets.>® A combination of segmentation ap-
proaches can be used, and the criterion for the choice of technique
is the segmentation accuracy. The 3D volume is presented using
several visualization techniques. Multiplanar reformation (MPR)
displays 2D image slices simultaneously from several orientations,
allowing the user to scroll through the reconstructed volume one
slice at a time (down to <0.5 mm), to delineate morphological details
or to make measurements, which do not require manual calibration.
Measurements should not be obtained from the 3D reconstruction,
as it is much more susceptible to window-leveling than is the MPR.
Maximum intensity projection (MIP) displays the voxel with the
highest attenuation value in the visualization planes or slabs with
increased thickness, best suited for depicting small vascular struc-
tures.®! Three-dimensional endoscopic fly-through techniques pro-
vide unique intraluminal view of blood vessels, valuable for assessing
endovascular stents, aortic aneurysms, vessel wall irregularities, and
calcification.®? The 3D reconstruction can be rotated in any angle
to view the ROl in detail and allows the interventionist to find the
optimal gantry angles for subsequent 2D angiography.
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3.3 | Multimodal image fusion
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The 3D reconstructions from RA, CT, and magnetic resonance imag-
ing (MRI) can be superimposed over live fluoroscopy to produce 3D
roadmaps. % Images are automatically registered to or in geomet-
ric correspondence with the C-arm coordinates, allowing the system
to track the spatial relationships of all points within the X-ray field,
including table position. CT or MRI road mapping, however, requires
appropriate registration of a segmented pre-procedure volume with
the X-ray system and can be limited by lack of visible bones for reg-
istration and by differences in arm position, respiration, and even
growth of the patient between the CT or MRI and the catheteriza-
tion. A variety of registration modalities are currently in use, includ-

ing fiducial registration to 2D visual matching.*%-32-%

4 | THE ROLE AND UTILITY OF 3D-RA IN
CHD

Children with complex congenital heart lesions present an imaging chal-
lenge due to the complexity and variability of structural relationships.
Conventional 2D angiography is limited by vessel overlap and fore-
shortening in addition to lack of depth information. These limitations do
not exist in the 3D representation of cardiac structures, and, therefore,
multimodality 3D imaging and 3D image fusion are emerging as critical
imaging adjuncts in the congenital cardiac catheterization laboratory.
The introduction of 3D-RA has allowed the development of a
management paradigm offering a “one-stop” 3D imaging solution for
pre-therapeutic assessment, treatment guidance, and posttreatment
evaluation. Three-dimensional RA provides rapid image acquisition
at high spatial resolution (z-axis resolution of 0.2 mm compared to
0.5 mm for multidetector-CT (MDCT) and 1.5-2 mm for MRI angiog-
raphy), with less contrast and radiation dose than MDCT reported for
certain applications.38'4° Since the first articles describing the use of
3D-RA for CHD in 2010, numerous publications have emerged sup-
porting its feasibility and clinical utility.>”?74148 Several studies have
reported a high frequency (71% to 98%) of diagnostic quality images
in a variety of CHD lesions and, importantly, an additive yield com-
pared to standard 2D biplane angiography.>*?>*>*’ Variability of image
quality may in part relate to learning curves associated with image ac-
quisition in the early studies. With regard to quantitative assessment,
excellent correlation (r = 0.94 to 0.99) of measurements between aor-
tic and PA dimensions on 3D-RA and 2D angiography have also been
demonstrated in multiple studies.*>**°C Potential benefits of overlay
on live fluoroscopy include improved procedural efficacy and safety,
shorter fluoroscopy times, and reduced overall radiation dose and
contrast administration.21944-4¢51 From a safety perspective, adverse

events from 3D-RA have not been reported in the literature.

4.1 | Limitations

A significant limitation of current RA technology is the inability to

gate during the cardiac cycle, as the reconstructed images are signal

averaged. As in MRl angiography, the temporal information obtained
by 2D angiography is lost in RA, and motion artifacts result in deg-
radation of the quality of the reconstruction. There is thus the po-
tential for inaccuracy in the measurements from the reconstructed
image. Rapid ventricular pacing also leads to a decrease in the size
of vessels masking the true dimensions of these dynamic structures.
This typically leads to undersized aortic dimensions when stenting
vessel lesions such as CoA or the aortic arch. In main and branch
PA interventions, 3D-RA associated under-sizing often is non-rel-

evant.*?

The issue of respiratory motion is avoided with suspension
of ventilation. Recently, there has been progress in motion compen-
sation algorithms to optimize the reconstruction process and model
accuracy from RA data.”?® However, in case of an anatomic shift
(patient movement, anatomy shift by sheath/wires, etc.), manual
correction of the 3D overlay in relation with the live fluoroscopy is

simple by giving a short contrast injection to re-register.

5 | CLINICAL APPLICATIONS IN CHD

5.1 | Evaluation of right-sided obstructive lesions

Obstructive lesions in the right heart may occur at any level from
the mid-right ventricle (RV) to the peripheral PA with highly com-
plex morphology and often with serial stenoses at multiple levels.
Further, vessel overlap and foreshortening are common in 2D imag-
ing of complex PA lesions. A single RA provides detailed anatomy
from the trabeculations of the RV to the tertiary branch PAs and a
volume-rendered 3D reconstruction that can be viewed in an almost
infinite number of virtual angles.”>” %2748 The length and geometry
of the surgically reconstructed RV outflow tract or RV-to-PA conduit
and its relationship to the sternum can be delineated, particularly in
the presence of aneurysmal formation, dilation, or angular distor-
tion.>”>8 Similarly, the superior spatial resolution afforded by 3D-RA
allows definition of branch/peripheral PA anatomy and the relation-

ship of the PAs to the airways and other vessels (Figures 1 and 2).

5.2 | Percutaneous pulmonary valve implantation
planning and guidance

Percutaneous pulmonary valve implantation (PPVI) is an established
alternative to surgery for RV-to-PA conduit and bioprosthetic valve
dysfunction. More recently, its application has extended to use in the
native RV outflow tract, which constitutes the majority of patients
with a dysfunctional RVOT.??"? Careful patient selection and detailed
multimodality imaging of the relevant anatomy are essential to avoid
catastrophic complications such as coronary compression, pulmonary
arterial injury or rupture, and device embolization.®® Here, 3D-RA of-
fers significant advantages over conventional angiography in three
main areas: 3D evaluation of RV outflow tract morphology, procedural
guidance with 3D image overlay, and assessment of potential coronary
and LVOT/aortic compression with RVOT balloon inflation (Figure 3).
Both the 2D rotation and the 3D reconstruction can profile the coro-

nary course and distance from the conduit during balloon assessment.
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FIGURE 1 (A) Posterior view of 3D-RA with simultaneous contrast injection in right and left ventricle, showing the LCA ostium close

to the RPA stenosis and large LPA in a 3-year-old patient with hypoplastic left heart complex post neonatal Ross Konno. (B) Simultaneous
airway visualization showing mild compression of left bronchus and its close relation with the stenotic RPA. (C) RPA stent implantation with
3D-RA roadmap and (D) with simultaneous LCA angiography. The LCA is shown in green. (E,F) 3D-RA after RPA stent implantation. 3D-RA,
three-dimensional rotational angiography; LCA, left coronary artery; LPA, left pulmonary artery; RPA, right pulmonary artery

FIGURE 2 A 2-year-old child with double outlet right ventricle
after repair with an RV-to-PA conduit and proximal RPA stenosis.
(A, B) Elongation of the right PA with severe stenosis related

to compression by the aorta (arrow) and (C) Corresponding 2D
angiogram (D) Final angiogram after balloon dilation. PA, pulmonary
artery; RV, right ventricle

Furthermore, the 3D reconstruction allows assessment of the calcifi-
cation patterns throughout the RVOT, a risk factor for PPVI associated

conduit injury, which cannot be assessed by MRI.6*

5.3 | Single ventricle circulation assessment

In patients with partial or total cavopulmonary connections, 3D-
RA is particularly applicable due to the slow blood transit time and
limited vessel pulsatility. Several reports of 3D-RA profiling of the
cavopulmonary anastomosis and pulmonary arteries have shown
improved identification of stenotic lesions at the anastomotic sites
(compared to 2D angiography), in addition to elucidation of the

941,42 (Figure 4). Furthermore, knowledge

underlying mechanisms.
of the 3D relationship of the trachea and bronchi to the surround-
ing cardiovascular structures can help prevent compression of the
airway with an intravascular stent.*® Finally, adjunctive visualiza-
tion techniques such as MPR and MIP can add diagnostic value.3?
Effective use of 3D image overlay has also been described for clo-

sure of Fontan baffle fenestrations.®’

5.4 | Delineation of aortopulmonary collaterals and
pulmonary blood supply

Tetralogy of Fallot with pulmonary atresia is often associated with

major aortopulmonary collateral arteries (MAPCAs) with highly variable
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FIGURE 3 Images of a 10-year-old child with an interrupted aortic arch, VSD, and lusoric artery after initial neonatal Ross-Konno
operation and 6 years after subsequent homograft replacement. (A, B) 3D-RA fusion with a CT angiogram obtained pre-cardiac
catheterization with a non-contrast 3D-RA outlining circumferential calcification of the homograft in relation with aorta and coronary
arteries. (C) Balloon interrogation in the RPA with a simultaneous LCA angiogram. (D) 3D-RA reconstruction demonstrating uncompressed
LCA. (E) LCA angiography after implantation of two stents from the MPA into RPA. (F) Post PPVI. (G, H) Overlay of pre-catheterization CTA
(silver with green calcification) and 3D-RA after PPVI (gold) in a cranial angulated frontal view (G) and LAO projection (H). LCA, left coronary
artery; PPVI, percutaneous pulmonary valve implant; RPA, right pulmonary artery

morphology. In many centers, invasive angiography remains the pri-
mary assessment tool due to surgical preference or inadequate spatial
resolution with MRI.%® With biplane projections, the often-tortuous
course of the MAPCA:s is difficult to profile in its entirety. In contrast,
3D-RA provides superior depiction of the MAPCAs from their origin to
each pulmonary segment with a single injection in the aorta.>?”** The
high-fidelity 3D reconstructed roadmap of the MAPCAs, including its

relationship to the trachea and esophagus, facilitates surgical planning.

5.5 | Airway assessment

Airway anomalies are not uncommon in the presence of complex car-
diovascular malformations. Accurate definition of airway compromise
and its etiology has significant implications for surgical and interven-
tional planning and post-procedural recovery.43*47 In children requiring
cardiac catheterization, 3D-RA allows assessment of the topological
relationships of the vascular structures and the airway and their po-
tential interaction (Figure 1).47 Recently, a novel oval stent technique
was described to treat left PA stenosis, while preventing compression
of the left bronchus, using 3D-RA to delineate the vessel-airway rela-
tionship.” Even though MDCT has been used traditionally to assess
the airway, the median radiation exposure during 3D-RA has been re-
ported to be well below the effective dose of pediatric chest MDCT,
using a conventional or low dose protocol, while achieving similar spa-

tial resolution.®?

5.6 | Aortic intervention planning and guidance

In patients with coarctation of aorta, many anatomic characteristics,
such as tortuosity, arch hypoplasia, aneurysm, or multiple levels of
obstruction, can be difficult to appreciate with conventional angi-
ography (Figures 5 and 6). While CT or MRI is often used for pre-
procedural planning, 3D-RA performed during the catheterization
has been shown to impact positively on the performance and out-
comes of the procedures.g"“"%""8 Starmans et al reported a higher
success rate for both arch angioplasty and stenting of coarctation
with 3D-RA, attributed to superior imaging and hence improved or
more aggressive treatment.*> Another study reported significantly
reduced fluoroscopy time and radiation dose when 3D-RA was used

compared to conventional angiography.g’44

5.7 | Patent arterial duct interventions

Indications for intervention on the patent arterial duct are to maintain pa-
tency in those with duct-dependent congenital cardiac lesions and to oc-
clude it in children with symptomatic or hemodynamically significant left
to right shunts. Three-dimensional RA has been described in both situa-
tions to improve anatomical assessment and guide intervention.>?74%¢7-71
In the setting of hybrid hypoplastic left heart syndrome palliation, it has
been used to aid visualization of ductal morphology and adjacent ves-

t69

sels for stent selection and placement.”” Almost half of newborns with a
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FIGURE 4

Images of a 6-months-old child with a bidirectional cavopulmonary anastomosis and complete LPA occlusion. (A) Initial 3D-RA

with simultaneous contrast injection in both jugular veins and systemic ventricle with rapid pacing shows an occluded LPA perfused by small
a collateral artery. (B-D) Re-canalization of LPA with co-axial coronary wires, micro catheter, multipurpose guide catheter, and finally a long
sheath. (E) Successful LPA stenting, and (F) final angiogram. LPA, left pulmonary artery

ductal-dependent pulmonary circulation referred for ductal stenting have
a tortuous duct. Three-dimensional RA has the ability to image the duct
from a wide range of viewing angles with one acquisition. Further, the
depiction of ductal origin and point of insertion onto the proximal pulmo-
nary arteries can identify subtle stenosis, which can influence treatment
decisions and guide the procedure.?’ In the context of PDA closure, sev-
eral authors have reported the usefulness of 3D-RA in delineating ductal

orientation and morphology for selection of implantable devices.”®”*

5.8 | Coronary artery assessment

Rotational angiography for evaluation of the coronary system was
the earliest application of this technology in the cardiovascular sys-
tem. Through innovative adaptations, the technique has progressed

from manual C-arm rotation to dual axis rotational angiography

(DARCA).2Y72 Rather than a simple arc, dual axis rotational acquisitions
are programmed to move the C-arm gantry simultaneously in both the
RAO-LAO and cranial-caudal axes, specifically designed to reduce the
effect of vessel foreshortening. In addition to improved coronary visu-
alization and assessment, coronary RA has been demonstrated to de-
crease contrast dose, radiation exposure and overall procedure time,
with a safety profile comparable to standard coronary angiography in
adult studies.”>”% Given the advantages of coronary artery visualiza-
tion in 3D, application of RA has been extended to complex pediatric
coronary lesions such as pulmonary atresia with intact ventricular sep-
tum, Kawasaki disease, aorto-ventricular and coronary artery fistulae,
and other congenital coronary anomalies.”?*3® More recently, the fea-
sibility and safety of DARCA have been reported for the evaluation
of graft coronary vasculopathy in pediatric heart transplant recipients

with no increase in radiation exposure or contrast use.””7’8
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FIGURE 5

(A, B) 3D rotational angiogram from a 15-year-old boy with re-coarctation after a subclavian flap repair, demonstrating the

tortuosity of the stenosed arch, aiding selection of the optimal working view. (C) The corresponding 2D angiogram, and (D) implantation of a

covered stent. (E, F) Post stent 3D-RA

6 | RADIATION EXPOSURE

Quantification of radiation burden is not straightforward with
3D-RA. One approach is using computed tomography dose index
(CTDI), but this is problematic when applied to the wide cone
beam in RA, as the extended irradiation field in the cranio-caudal
direction exceeds the standard 100mm dose integration length,
resulting in underestimation by 2%-5%.”%8° Additionally, the ani-
sotropic dose distribution, due to the course of the C-arm rotation
with an angular range below 360°, is incongruent with the weight-
ings of central and peripheral dose defined in CTDL.”?8* Similarly,
effective dose (ED) estimation based on dose area product (DAP)
and conversion coefficients for single static projections are not
applicable for RA.882 To overcome these limitations, various do-
simetry methodologies have been proposed, such as the use of
large anthropomorphic phantoms equipped with thermolumines-
cent dosimeters, Monte Carlo-based computer simulation codes
such as PCXMC, or adaptation of the CTDI integration length and
a 600mm long phantom, as recommended by the International
Commission on Radiation Units and Measurements (ICRU) in its
Report 87.25:83°8

Afewobservationsarenotablefrompublishedstudiesutilizing3D-
RAin congenital cardiac catheterizations,>?41:42:44-47:49.50,58,69,81,84-87
Phantom ED calculations result in significantly lower ED than real
time calculations in children and should be interpreted with care.848°
ED approximations using Monte Carlo-based computer simulation
codes correlate with DAP 848> put are significantly higher for smaller
children when subgroup analysis was performed at the following cut
offs: <30, <45, and <50 kg.,**?8%>87 supporting lower dose proto-
cols for smaller children. When low dose protocols tailored to size
are implemented, dose reduction is achievable without significant
compromise to image quality.>>88887 The operator needs to work
with the X-ray equipment vendor to establish low dose protocols for
various subject weight categories. Increased BMI (230 kg/m?) was
highly predictive of poor image quality, °° and in such patients 3D
digital subtraction RA can be employed to improve image resolu-
tion.?” The technique of soft tissue subtraction allows better visual-
ization of vascular structures without superimposed bone and soft
tissues, and the total procedure radiation is comparable to that of
standard 3D-RA.®’

While variability in both radiation dosimetry and exposure is
evident, comparable or lower exposure rates to standard biplane
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FIGURE 6 3D-RA of a 2-year-old boy referred for balloon
angioplasty of an arch coarctation showing significant transverse
arch hypoplasia and a long-segment isthmal coarctation with
significant collateralization, and its relationship to the airways. This
child was referred for surgical arch augmentation and coarctation
repair

angiographic acquisitions were reported in all>¢4445:50:58,69.81.85 p ¢

one study.*’ This study, however, reported significant radiation dose
reduction after implementation of a dose-optimized protocol in col-
laboration with the manufacturer,” a finding echoed by other stud-
jes.>42 Additionally, a few studies have reported procedure-specific
radiation doses that compare favorably to previously established
pediatric benchmarks from large multicenter studies, namely PPVI
and coarctation interventions.*>*®?192 The published median ED for
the aforementioned procedures range from 0.16 to 1.8mSy,*7,848587
which are significantly lower than the median exposure of 5.5 to

12mSv used in pediatric congenital cardiac MDCT angiography.40

6.1 | Dose optimization strategies

With increasing recognition of the lifetime risks associated with cu-
mulative exposure to medical radiation, dose-reduction strategies
are of importance, especially in this young and highly radiosensitive

population.%'94

6.1.1 | Frame rate reduction

The total number of projections per rotation or frame rate provides
a trade-off between image quality and the delivered dose. Several
studies have reported significant dose reduction by applying frame
rate reduction (to 30 frames/s or lower), while preserving image

quality. 455884
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6.1.2 | Acquisition technique (protocol) selection

Acquisition parameters are configurable in 3D-RA, including X-ray
tube voltage (kV), tube current (mA), pulse width (ms), added filtra-
tion (material and thickness), and detector dose. Many of these pa-
rameters can be modified by the vendor to ensure sufficient image
quality at the lowest achievable radiation dose. To balance optimal
image quality and radiation dose, collaboration between the labo-
ratory radiation physicist and vendor is vital to adjust the factory
default protocol with testing on phantoms.2>*%%5 To this end, sepa-
ration of dose protocols according to patient size and weight has im-
portant benefit, as alluded to earlier.

There are substantial differences in organ dose as a function of
the projection angle, as the dose is modulated throughout the rota-
tion. Three-dimensional RA typically uses automatic exposure control
(AEC) systems, which modulate tube current based on active feedback
from the detector. The AEC performance in various devices may be
different in terms of modulation algorithms (eg, attenuation-based,
sinusoidal-based, timing with automatic feedback), pre-programmed
algorithms or a combination of these methods. Utilization of the AEC
system with appropriate selection of the parameters can reduce radia-

tion dose by 20%-40%, depending on the imaging task.2>#>7>7¢

6.1.3 | Inclusion of only the ROl in the image

Unnecessary body parts in the image have dose consequences and
may also increase image artifacts significantly. Positioning the arms
outside the irradiated area can reduce the level of artifacts, thus in-
creasing the image quality without increasing unnecessary radiation

dose.

6.1.4 | Anti-scatter grid removal

Anti-scatter grids improve the image contrast at the cost of in-
creased patient radiation dose. In patients with small body habitus,
a significant reduction in radiation dose is possible, without compro-

mising image quality, by removal of the anti-scatter grid.””

6.1.5 | Radiation surveillance

With increasing use of 3D-RA in congenital cardiac catheterization,
establishment of procedure-specific radiation exposure benchmarks
and standardized dosimetry will help direct efforts in minimizing
radiation doses.?>>8 Ultimately, the development and implementa-
tion of diagnostic reference levels to identify examinations above
75th percentile dose is an important dose optimization tool and has

shown good results in many countries.?®

7 | FUTURE PERSPECTIVES

A number of groups have applied MRI-based four-dimensional (4D)

flow in congenital cardiac lesions, including quantification of ventricular
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kinetic energy in patients with repaired tetralogy of Fallot as a novel im-
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aging biomarker of ventricular dysfunction and evaluation of wall shear
stress and pressure gradients across coarctation of the aorta to guide
surgical and percutaneous interventions.”®%! Efforts are now being
made to bring dynamic multiphase 4D-RA to the cardiac catheteriza-
tion laboratory. Beyond time resolved morphological data, 4D-RA holds
promise for functional analysis such as ventricular volumetrics and 4D
flows.292193 |t utilizes retrospective ECG-gating, so that 3D reconstruc-
tions of multiple heart phases can be achieved. A key requirement for
useful application is ensuring that a sufficient number of heart cycles
are acquired during the scan. This can be achieved through a suffi-
ciently high heart rate by cardiac pacing, but a non-physiologic contrac-
tion pattern limits this as a clinical tool. Alternatively, the acquisition
time can be increased with an undesirable expense of higher radiation
and contrast dose. Clinically feasible acquisition protocols currently
pose a challenging reconstruction problem due to sparse angular sam-
pling of the trajectory, with accompanying increase in noise and other
artifacts.'%? Possible solutions include the use of a compressed sensing
algorithm, based on algebraic reconstruction techniques with spatial
and temporal total variation regularization. Recent work evaluating this
algorithm showed that dynamic cardiac images can be effectively re-
covered from sparsely sampled data (as few as seven projections per
heart phase). In addition, there was a high correlation of subsequent
segmentation-based volumetry compared to less sparsely sampled
data.?>192 Other post-reconstruction filtering techniques such as inter-
phase registration have also been used for noise and artifact reduction
to improve the accuracy of the 4D image overlay‘104 Further work will
be directed toward development of acquisition protocols with clinically
acceptable radiation and contrast dose at physiological heart rate in
sinus rhythm, and hardware and software reconstruction processes will
be optimized to produce high fidelity dynamic images to enable clini-
cally meaningful functional assessment.

Another area of research interest is the application of computa-
tional fluid dynamics (CFD) on 3D- or 4D-RA data. The benefits of CFD
flow assessment in patients with single ventricular physiology and aor-
tic coarctation for surgical- or catheter-based treatment planning and
outcome prediction have been demonstrated, using MRI and CT105110
Different to the measurement-based 4D flow, image-based CFD uses
computer-based hemodynamic simulation to analyze fluid flow based on
the laws of physics. Although MRI-based CFD in aortic coarctation has
shown encouraging results in the prediction of pressure gradients com-
pared to cardiac catheterization, the differing physiological status during
MRI (awake) and catheterization (sedated or anesthetized) pose a lim-
itation for direct comparison.110 In contrast, 3D- or 4D-RA-based CFD
represents a one-stop solution for real-time hemodynamic and anatomic
assessment before and after intervention. Additionally, CFD allows vir-
tual interventions and predictive modeling to optimize treatment, such
as determining the optimal length, diameter, and location of stents.

Finally, several technical developments in 3D-RA and reconstruc-
tion software are expected to enable new features that will affect
image quality and imparted radiation. An advanced AEC system to in-
clude variation in tube voltage, in addition to current modulation, is
likely to improve radiation exposure control.?> However, this makes

dose estimation very complex, mandating further research in this area.
A shift to the iterative algorithms, as opposed to the analytical FDK
approach, will enable high-resolution reconstruction from fewer pro-
jections with more robust noise and artifact suppression. These recon-
struction methods also have the ability to incorporate prior knowledge
of the anatomy, as well as radiation and scatter distribution, an ad-
vantageous feature when repetitive scanning of the same anatomical
region is necessary, such as pre- and post-angiographic device deploy-
ment. Because changes in these successive 3D volumes are relatively
minor, the number of input projections required for 3D reconstruction
can be further reduced, hence decreasing overall radiation dose.?
Another innovation in the pipeline is biplane rotational angiography,
involving 90-degree rotation of each plane. The angiographic system
incorporates two detectors, and a new imaging chain with an inte-
grated 3D workstation to streamline data processing and 3D image

reconstruction. (Siemens Medical personal communication).

8 | CONCLUSIONS

Three-dimensional RA has proven to be an excellent method for 3D
evaluation of congenital cardiac lesions and image guided therapy in
the catheterization laboratory, by improving visualization of complex
structures and interactions, guiding interventions, and often decreasing
radiation exposure. Considering the availability of other non-invasive
3D imaging modalities, the justification for using 3D-RA is linked intri-
cately to its combined diagnostic and therapeutic efficacies in a one-
stop shop environment. Further work is warranted in standardization of
dosimetry and procedure specific radiation exposure, while preserving
the expectation of high image quality and excellent clinical outcomes.
Continual technological innovations and refinement of image process-
ing techniques are paving the way for further evolution of 3D-RA to
provide greater relevance in anatomical and functional assessment of

congenital heart lesions as well as in predicting treatment outcomes.
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