In sight

Multimodality imaging in the cardiac
catheterization laboratory: a new era

Multimodality imaging in the cardiac catheterization lab continues to develop with rapid advancements
in the use of intracardiac echocardiography, 3D and multidetector computed tomography with fluoroscopic
overlay to produce 3D images of intracardiac structures. The improvement in these imaging tools have
coincided with innovation and procedural advancement in the field of interventional cardiology, especially
with regard to structural and valvular cardiac interventions. As advances in transcatheter interventions
continue and the availability of these procedures become more commonplace, an understanding of the
various imaging modalities used in the interventional catheterization laboratory is important for practicing
clinicians. In this article, we will discuss applications of the commonly used multimodality imaging resources
in the contemporary cardiac catheterization laboratory, including 3D echocardiography, intracardiac
echocardiography and CT:fluoroscopy overlay.
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Multimodality imaging in the cardiac catheter-
ization laboratory continues to develop with
rapid advancements in the use of intracardiac
echocardiography (ICE), 3D echocardiography
(3DE) and multidetector computed tomogra-
phy (MDCT), with fluoroscopic overlay to pro-
duce 3D images of intracardiac structures. The
improvement in these imaging tools have coin-
cided with innovation and procedural advance-
ment in the field of interventional cardiology,
especially with regard to structural and valvular
cardiac interventions. As advances in transcath-
eter interventions continue and the availability
of these procedures become more common; an
understanding of the various imaging modali-
ties used in the interventional catheterization
laboratory is important for practicing clinicians.

2D fluoroscopic and echocardiographic imag-
ing in the catheterization laboratory have been,
and will likely continue to be, routine methods
for real-time imaging of the heart during trans-
catheter interventions, given their widespread
availability and clinicians’ familiarity with
their use. Inherent to fluoroscopic imaging,
however, are significant inadequacies in defin-
ing accurate dimensions, distances and depth
of intracardiac anatomy, especially the nonra-
diopaque structures found in the heart. These
limitations in 2D planar imaging have led to
the increasing availability and use of 3DE and
MDCT with fluoroscopic overlay to generate
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3D, real-time, detailed and accurate images for
procedural guidance in the cardiac catheteriza-
tion laboratory. Although ICE also produces 2D
planar views, the images it provides are of greater
detail and anatomic accuracy than fluoroscopy
and transesophageal echocardiography (TEE)
alone. As such, these imaging modalities may
reduce procedural time, radiation exposure,
TEE probe dwell time and procedural compli-
cations, while improving procedural success for
many transcatheter interventions.

In this article, the authors will demonstrate
applications of the commonly used multimo-
dality imaging resources in the contemporary
cardiac catheterization laboratory, includ-
ing 3DE, ICE and computed tomography
(CT):fluoroscopy overlay.

3D echocardiography

Fluoroscopy and cineangiography in the cath-
eterization laboratory provide 2D images with-
out any clear structural imaging of intracardiac
anatomy. While standard 2D echocardiography
(2DE) provides the advantage over fluoroscopy
of giving spatial and temporal resolution, 2DE
is limited in visualizing intracardiac catheters
and devices in relation to the surrounding
anatomic environment, given only two spatial
dimensions are depicted. Real-time 3DE has
become a useful modality with which to assess
cardiac anatomy and function, leading the
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European Association of Cardiovascular Imag-
ing (formerly European Association of Echocar-
diography) and the American Society of Echo-
cardiography to provide guidelines for image
acquisition and display using this technology
(1.2]. 3DE provides a better context in which
to assess anatomical features [3]. For instance,
the ‘en face’ view of the left acrium (LA), also
known as the ‘surgeon’s view’, provides images
of the mitral valve (MV) from the perspective
of the LA (FIGURE 1).

These types of images provide a more accu-
rate depiction of the valve than standard 2DE
alone. Investigators have demonstrated that
3D-TEE correlates more closely with operative
surgical findings than standard 2D-TEE, espe-
cially with respect to MV pathology [4-6]. With
continued advances in echocardiography trans-
ducers, 3DE has become an important imaging
tool to use in the catheterization laboratory for
diagnosis, as well as for procedural guidance
in prosthetic paravalvular leak (PVL) repair,
percutaneous mitral balloon valvuloplasty
(PMBYV), transcatheter edge-to-edge repair of
mitral regurgitation (MR), atrial septal defect
(ASD) closure and transcatheter aortic valve

replacement (TAVR).

B Prosthetic paravalvular leak closure

PVL is common, and while many patients
remain asymptomatic, up to 5% of patients who
have undergone valve replacement have signifi-
cant clinical manifestations [7]. Redo surgery
is associated with greater risk than first-time
surgery, and results of reoperation for PVL are

Figure 1. 3D echocardiography
demonstrating the ‘surgeon’s view’ of the
mitral valve.

AV: Aortic valve; LAA: Left atrial appendage;
P1/P2/P3: Posterior mitral valve leaflet scallops.
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unpredictable. Therefore, transcatheter closure
is a promising treatment modality and requires
accurate assessment of valvular anatomy and
identification of regurgitant flows.

Using 3DE in conjunction with standard
2D-TEE allows for accurate identification of
paravalvularregurgitant flow (Ficure24). 2D-TEE
alone in this circumstance is sometimes limited
by prosthetic valve shadowing that may obscure
regurgitant flow areas that otherwise could have
been visualized. In addition, identifying the pro-
portion of the sewing ring circumference with
regurgitant flow is important for classifying the
severity of the paravalvular leak. For example,
paravalvular jet width for the MV from 1 to
2, 3 to 6 and >6 mm determines whether the
leak is mild, moderate or large (8. 3DE with
color Doppler is an important adjuvant imaging
modality to appropriately classify the severity
of the paravalvular leak, and also to aid in the
identification of leak origin. This allows for bet-
ter preprocedural planning and assessment of
leak-closure feasibility or necessity.

Once the regurgitant flow and defect have
been identified and the decision has been made
to close the leak, 3DE allows for real-time guid-
ance for safely advancing wires and catheters
across the regurgitant paravalvular space in
the catheterization laboratory (Ficures 2B & 2C)
(9]. Subsequently, after crossing the defect and
directing equipment to the valve, device deploy-
ment can be undertaken using real-time 3DE
for accurate and precise placement of the device.
Similarly to 2DE, 3DE has the ability to imme-
diately evaluate for procedural complications,
including pericardial effusion, ASD formation,
catheter thrombus formation and/or prosthetic
valve leaflet entrapment [7].

Despite the more detailed images that 3DE
provides, it does have the disadvantage of cre-
ating ‘stitch artifacts’ created by motion of the
heart that 2DE is unlikely to reproduce [1.7]. It
is also important to note that shadow artifacts
created by valve prostheses can result in ‘drop-
out’, which may be mistaken in some locations
for a paravalvular defect. The use of color Dop-
pler to demonstrate flow (or lack thereof) may
provide confirmation in these situations. In some
cases, the anterior cardiac structures including
the aortic and tricuspid valves are not visual-
ized well using 3DE, and traditional echocar-
diographic assessment of those valves may be
required. Regardless, 3DE has proven to be
advantageous in visualizing paravalvular leaks
and guiding the proceduralist for percutaneous
repair in the catheterization laboratory.
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Figure 2. 3D echocardiography ‘surgeon’s view’ to guide mitral paravalvular leak closure.
(A) 3D with color Doppler demonstrates wide anteromedial leak (arrow). (B) Guidance of the wire
and device delivery catheter (arrow) to the prosthetic paravalvular leak using 3D transesophageal
echocardiography; (C) two Amplatzer vascular plug Il devices in place (arrow).

AV: Aortic valve; MV: Mitral valve.
For color images please see online www.futuremedicine.com/doi/suppl/10.2217/ica.13.26.

B Percutaneous mitral balloon
valvuloplasty
PMBYV is performed for symptomatic mitral
stenosis as an alternative to open heart surgery.
The well known ‘splitability score” uses the trans-
thoracic 2DE findings of severity and the extent
of leaflet calcifications, leaflet thickening, leaf-
let mobility and involvement of the subvalvular
apparatus to provide a numerical score that has
an inverse relationship with PMBYV success [10].
While TTE and 2DE are mainstays in the
evaluation of mitral stenosis and associated MR
that may affect the performance of PMBV, 3DE
may also provide incremental benefit in both
procedural planning and execution. 3DE allows
operators a unique view of the MV leaflets and
commissures. This may provide a better under-
standing of asymmetric commissural fusion than
2DE alone, with implications regarding the feasi-
bility of performing PMBV. In addition, manipu-
lation of the Inoue (Toray Industries, NY, USA)
balloon in the LA and direction of the catheter
through the MV into the left ventricle (LV) can
be facilitated by the surgeon’s view of the LA on
3DE (Ficure 3). Post-PMBYV, 3DE provides more
accurate measurement of the MV area, commis-
sure opening, and transvalvular gradients than
standard 2D-TEE [11,12) and has been shown to be
better at revealing leaflet tear severity than TTE,
2D-TEE or ICE 13].

B Transcatheter edge-to-edge repair
of MR

Transcatheter intervention to repair severe MR
has become a well-known option for patients suf-
fering from MR [14]. The MitraClip (Abbott Lab-
oratories, IL, USA) replicates the double MV ori-
fice created by Alfieri’s surgical intervention [15].
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Appropriate anatomic considerations for use of
the clip include a coapration length of >2 mm
and a coaptation depth of <11 mm, as well as a
flail gap of <10 mm and a flail width of <15 mm
(7). Furthermore, use of the clip is often most suc-
cessful in patients whose MR jet originates at the
A2/P2 segment of the valve. While 2DE (TTE
and TEE) can provide this information, 3DE
may more clearly identify the areas of regurgi-
tation and allow the operator to understand the
pathology of MR.

Intraprocedurally, 3DE, 2D-TEE and ICE all
allow visualization of septal crossing with cath-
eter guidance to the middle of the MV orifice.
Real-time 3DE via the surgeon’s view allows the
operator to direct the clip to the valve leaflets in
the appropriate perpendicular orientation (Fie-
ure 4) [16]. The same guidance may be achieved
using transgastric 2D-TEE in the short-axis view
of the MV, but adequate views are difficult to
achieve in neatly one-third of patients [7]. 3DE
can also be used to visualize real-time grasping
of both MV leaflets, although may be inferior to
2DE in this situation [17]. In cases of persistent
regurgitation after one clip is placed, 3DE with
color can help identify whether an additional clip
should be placed more medially or laterally.

As with many of the other imaging modali-
ties discussed in this review, very limited studies
exist that compare clinical end points, compara-
tive procedural duration and other procedural
factors between 3DE and 2D-TEE for trans-
catheter edge-to-edge. The data that do exist
are largely comprised of small studies that have
evaluated subjective ratings of procedural dif-
ficulty based on the perception of the inter-
ventionalist involved in using 3DE. Altiok and
colleagues demonstrated an advantage in using
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Figure 3. 3D echocardiography to direct
mitral valvuloplasty. Surgeon’s view
demonstrates the relationship of the Inoue
(Toray Industries, NY, USA) balloon (arrowhead)
to the mitral valve orifice (arrow) and aids
manipulation in the left atrium.

AV: Aortic valve; LAA: Left atrial appendage;
RA: Right atrium.

3DE for MitraClip in 28 patients with respect
to the interventionalists” subjective perception of
improved procedural guidance by reducing time

Figure 4. 3D transesophageal echocardiography to guide MitraClip (Abbott
Laboratories, IL, USA) implantation. (A-D) Serial images demonstrate how the
open MitraClip is progressively reoriented so that the clip is at the midportion of
the mitral valve (above the A2/P2 segment) and perpendicular to the line of mitral

valve coaptation.

Reproduced with permission from [13].
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between steps during the procedure, as well as
providing a more detailed and accurate definition
of the trans-septal puncture site and catheter/
balloon direction to the MV orifice [17].

B Transcatheter aortic valve
replacement

TAVR is a quickly growing and readily available
interventional therapy for severe, symptomatic
aortic valve stenosis in patients who are either
deemed inoperable or have a high degree of surgi-
cal risk. 3DE has been successfully used to provide
a detailed assessment of the aortic annular size
in preprocedural planning, visualization of the
valve deployment catheter in the aortic position to
assure appropriate positioning, and for immediate
postprocedural assessment of possible complica-
tions [18-21]. Multiple studies have demonstrated
that 3DE has good reproducibility and accuracy
in determination of aortic annular size, which is
of vital importance for preprocedural planning
for sizing of the aortic valve prosthesis [20,22-24].

The importance of 3D imaging in sizing the
annulus is the result of the elliptical nature of this
structure; by definition, single-plane imaging is,
therefore, inaccurate [25-29]. Contrast-enhanced
MDCT has been demonstrated to provide the
most accurate assessment of the aortic annulus
for TAVR prosthesis sizing [3031]. It also pro-
vides the opportunity to plan the appropriate
C-arm angulation to optimal valve deployment,
obviating the need for multiple intraprocedural
aortic root angiograms [32]. Unfortunately, some
patients with chronic kidney disease are unable
to undergo contrasted MDCT. Therefore, 3DE
still holds an important place in the evaluation
of patients for TAVR.

Given the advantages in anatomical structure
characterization, direct visualization of trans-sep-
tal puncture and device delivery system advance-
ment to the area of interest, as well as the ability
to provide detailed, real-time visualization of
intracardiac structures, 3DE will undoubtedly
continue to grow and evolve. It is likely that the
temporal and spatial resolution of the 3DE trans-
ducers and computer technology that processes
the images will also continue to improve and
allow even better characterization of intracardiac
anatomy. The xMATRIX 3DE transducers and
SONOS 7500 (Koninklijke Philips Electronics,
NV, USA) are commonly used systems for live
3DE, and multiple other systems are in develop-
ment. Multiple reports, institutional anecdotal
experiences, descriptions of echocardiographic
measurement differences and small patient stud-
ies using subjective ratings for assessment of
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Retrieve preprocedural CT images from a picture archiving and communication system to the syngo X Workplace (Siemens Healthcare,
PA, USA) connected to the cathlaboratory system Artis zee (Siemens Healthcare)

Mark the anatomic areas of interest (bypass graft ostia, interatrial septum and aortic annulus, among others)

Perform intraprocedural DynaCT (Siemens Healthcare) without contrast (5 s acquisition)

Register preprocedural CT with intraprocedural DynaCT using automatic registration (software package included in the syngo X
Workplace)

Refine registration based upon unique anatomic features (sternal wires and aortic annulus, among others)

Overlay 3D information onto 2D fluoroscopic images

CT: Computed tomography.
Reproduced with permission from [35].

intraprocedural 3DE exist and have shown an
overall favorable profile for 3DE over standard
2D-TEE for a variety of percutaneous procedures
(1-6,18,20,22-25]. While these findings are thought-
provoking, trials are necessary to adequately assess
the clinical and procedural benefits of using 3DE.

MDCT overlay
Generating 3D CT images can be very helpful
in accurately defining cardiovascular anatomy
for procedures in the catheterization laboratory.
Preprocedural CT images can be used to overlay
images onto real-time fluoroscopic imaging dur-
ing transcatheter interventions using the syngo
DynaCT Cardiac C-arm CT system (Siemens
Healthcare, PA, USA). This imaging modality
has proven helpful to procedural guidance in para-
valvular leak closure and pulmonary vein stenting
in the authors’ own center, although its use has
also been described in patients undergoing sep-
tal ablation of hypertrophic cardiomyopathy [33],
electroanatomic mapping of the LA and pulmo-
nary veins [34], in assessing aortic anatomy prior
to endovascular aneurysm repairs (35, in catheter
navigation through previously placed carotid
stents [36], MV repair [37], TAVR [36,38] and left
atrial appendage occlusion [39], among others.
The process of creating 3D CT images with
fluoroscopic overlay has been previously described
and is summarized in sox 1 [40]. In brief, preproce-
dural CT images are used to mark areas of ana-
tomic interest (Ficure 54) [41]. Subsequently, with the
patient in the catheterization laboratory, the syngo
DynaCT is acquired without contrast administra-
tion. Images are produced by high-speed C-arm
rotation around the patient with subsequent 3D
volume reconstruction. Both scans are necessary
as the preprocedural MDCT provides a greater
degree of anatomic clarity than the noncontrasted
DynaCT alone, and the DynaCT establishes the
position of the patient on the catheterization labo-
ratory table. Once the two data sets are ‘registered’
to one another, the previously marked anatomic
areas are then overlaid on real-time fluoroscopy
images to provide procedural guidance (Ficure 5B).
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The overlay markings are displayed on the typical
fluoroscopic screen, do not require a second screen
and can be turned off as necessary.

In the authors’ experience, CT-overlay can
be particularly useful in patients presenting for
paravalvular leak closure or pulmonary vein
stenting. With accurate identification of intra-
cardiac structures, the need for ‘test’ or repeated
contrast injections for angiography and/or pro-
longed fluoroscopy duration and prolonged TEE
probe dwell time are all potentially improved. As
such, 3D CT with fluoroscopic overlay provides
accurate and safe guidance for catheter manipu-
lation, trans-septal punctures and various device
deployments other than fluoroscopy or 2D TEE
alone. While multiple promising reports exist
in the literature, studies comparing clinical
outcomes, contrast dye exposure, procedure
duration, TEE probe dwell time and radiation
exposure need to be performed.

While the noncontrast-enhanced DynaCT
does not provide the ability to appropriately ana-
lyze cardiac structures (due to significant cardiac
motion), image quality of the great cardiac vessels
is substantially enhanced using contrast injection,
and contrast-enhanced DynaCT in the periph-
eral vessels is similarly useful (42.43]. However, as

Figure 5. Computed tomography:fluoroscopic overlay to guide pulmonary

vein stenting. (A) Anatomic areas of interest are marked on the preprocedural

multidetector computed tomography (arrowhead: occluded LIPV inferior branch);

(B) overlay of the computed tomography markings on the real-time fluoroscopy

aids wiring and device manipulation (arrow: LIPV); (C) widely patent LIPV inferior

branch after stenting (arrow).

LA: Left atrium; LIPV: Left inferior pulmonary vein; RIPV: Right inferior

pulmonary vein.
Reproduced with permission from [36].
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many patients presenting for structural cardiac
intervention have already had MDCT prepro-
cedurally (with or without contrast), and visu-
alization of intracardiac structures even with
contrasted DynaCT is poor, we prefer fusion of
the previously obtained CT with the real-time
fluoroscopy. Furthermore, while it is possible to
fuse the preprocedural CT with the fluoroscopic
image using a ‘phantom’ (i.e., without a C-arm

Figure 6. Use of intracardiac echocardiography to interrogate the atrial
septum. (A) ‘Home’ view. (B) Septal view. (C) Caval view. (D) Aortic short-axis
view. The middle panel demonstrates the fluoroscopic orientation of the imaging

crystal (arrow).

AO: Aorta; LA: Left atrium; LLPV: Left lower pulmonary vein; LUPV: Left upper
pulmonary vein; LV: Left ventricle; PA: Pulmonary artery; RA: Right atrium;

RV: Right ventricle; SVC: Superior vena cava.

Reproduced with permission from [41].
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acquisition), we find this method cumbersome
and less accurate. Given the relative low x-ray
dose of the DynaCT acquisition, we do believe
this is a necessary technique in most cases [44].

Some studies have used cardiac MRI (CMR)
to assess aortic valve morphology and function in
conjunction with TAVR [45-48]. CMR provides
the advantage of not requiring contrast dye and
it does not use ionizing radiation. Some reports
have demonstrated using fluoroscopic overlay of
previously performed CMR studies to help with
procedural guidance in the catheterization labo-
ratory [49,50], and very limited case-series exist for
which real-time CMR has been used in animal
studies for TAVR [s1]. While this imaging modal-
ity may prove beneficial in the future, limited
studies exist that describe and compare the use of
CMR with CT for preprocedural guidance in the
catheterization laboratory. Further investigations
into the feasibility and potential advantages that
CMR provides need to be performed.

W Intracardiac echocardiography

ICE was first utilized in the 1980s as a tool for
visualization of the coronary arteries and for
guidance with radiofrequency ablation. The
ICE catheter, usually introduced via the femo-
ral vein, provides more detailed visualization of
trans-septal puncture with greater patient com-
fort than TEE. As opposed to fluoroscopic guid-
ance alone, the use of ICE (or TEE) provides
operators the ability to more precisely puncture
the septum (in the anterior/posterior and supe-
rior/inferior plane) on the basis of the procedure
being performed [s2).

Pandian used ICE catheters for the first time
in humans in 1990 for the evaluation of iliofemo-
ral arterial disease and later that same year for
coronary angioplasty guidance [53]. Valdes-Cruz
and colleagues used ICE in the successful percu-
taneous closure of ASDs in piglets in 1991 [54].
In 2001, Gonzalez and colleagues first described
the use of ICE for guidance in performing device
closures for ASDs and patent foramen ovales in
humans [55]. For ASD closures in particular, ICE
is an important imaging modality to properly
assess the ‘rims’ of the defect and assure the safety
of percutaneous device closure. In addition to
fluoroscopy, it is also routinely used for sizing the
defect, where it can demonstrate residual shunt
during balloon occlusion sizing of the defect.
Furthermore, ICE demonstrates device efficacy
and stability prior to final release of the occluder
device. Ficure 6 demonstrates the common views
obtained by ICE and the fluoroscopic position of
the imaging crystal in the right atrium.
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ICE has also become a versatile tool for use
in other transcatheter interventions including
PVL closure and left atrial appendage closure
(Ficure 7) [9]. ICE is helpful not only in guid-
ing deployment catheters, balloons and devices
safely but also for assessing for any procedural
complications such as pericardial effusion.

Currently, five different ICE transducers are
available for commercial use (adapted from [s6]):

* The ultral CE™ mechanical single-element
system (Boston Scientific, MA, USA);

* The AcuNavsystem™ from Siemens (Siemens
Healthcare);

® The Clear ICE system (St Jude Medical, MN,
USA);

* The SoundStar™ Catheter system (Stryker
Medical, M1, USA);

= The ViewMate Z Intracardiac Ultrasound
System (St Jude Medical) and ViewFlex Plus
ICE Catheter (St Jude Medical).

These devices vary significantly in their steer-
ability, Doppler ability, image depth and clarity.
The Clear ICE device has the advantage of being
able to be integrated with 3D localization and
3D-ICE transducers are likely to become more
commonplace in the near future.

Complications from ICE are typically quite
rare and are usually related to access site issues
also common for right heart catheterization
(access site bleeding, transient arrhythmias from
probe contact with the right ventricular wall/
septum, and thrombus formation on the probe
with prolonged insertion). Despite the advan-
tages that ICE can offer, the images that ICE
provides can vary in their quality and technical
issues during catheterization procedures can
arise in determining the proper image planes.
Commonly used ICE catheters currently pro-
vide only 2D images that are inherently limited
in their ability to provide the most accurate
and detailed visualization of intracardiac struc-
tures. 3D-ICE is in development and will likely

become more common in the near future.

Limitations to currently available
catheterization laboratory imaging
Undoubtedly, each of the imaging modalities dis-
cussed in this review have their own limitations.
For each of these (3DE, ICE, CT:fluoroscopy
fusion), one of the greatest barriers to use is
the operator’s experience and understanding of
a given modality. When working together in
the catheterization laboratory with a specialist
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Figure 7. Use of intracardiac echocardiography to guide mitral paravalvular

leak closure. (A) 2D view of the prosthetic paravalvular leak (arrow). (B) Color
flow Doppler demonstration of the leak. (C) Wire across the leak (arrow).
(D) Minimal mitral regurgitation after deployment of closure device.

LA: Left atrium; LV: Left ventricle.
Reproduced with permission from [7].

For color images please see online www.futuremedicine.com/doi/suppl/10.2217/

ica.13.26.

in cardiovascular imaging, it is also important
that all those involved in a given procedure use
a standard nomenclature to define the location
of defects and devices, and that there is a ‘real-
time’ updating of the imaging specialist by the
interventional operator.

Typical limitations of echocardiographic imag-
ing (TTE, TEE and ICE) include difficulty in
obtaining necessary views due to distance from
the transducer (i.e., LV apex for TEE and left-
sided structures for ICE, among others), shad-
owing artifacts from valve prostheses [1]. Typi-
cal limitations of MDCT include the need for
contrast enhancement, as well as the radiation
dose provided to patients, though contemporary
imaging algorithms have substantially reduced
both contrast and radiation doses.

Future perspective

The primary goal of developing new imaging
techniques in the catheterization laboratory is to
provide procedural guidance that will help make
various percutaneous interventions more feasible,
safer and more effective for patients. As these
technologies continue to improve and evolve, the
role for interventional cardiologists in structural
heart disease will continue to expand and an
understanding of the various imaging modalities
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used in the interventional catheterization labora-
tory is important for structural interventional-
ists. It should also be noted that the variety of
imaging modalities discussed in this review are
not mutually exclusive of one another. Rather,
these various modalities should be considered
complementary in providing the most accurate,
detailed and descriptive images of intracardiac
structures.

While 3DE, MDCT with fluoroscopic over-
lay and ICE have shown significant advantages
over more traditional imaging modalities (2DE,
TEE, fluoroscopy and cineangiography) in the
catheterization laboratory, future studies that
specifically evaluate and define the clinical and
procedural benefits of using these advanced imag-
ing modalities are necessary and will most likely
continue to be performed. In the coming years,

these imaging modalities, including CMR with
fluoroscopic overlay and real-time CMR, will
become more common and interventionalists
will need to become more familiar with their
use. Future studies are likely to show procedural
and clinical benefit in employing these various
imaging modalities.
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Multimodality imaging in the catheterization laboratory
Percutaneous interventions for a variety of cardiovascular conditions continue to become more commonplace and an understanding of
the various imaging modalities that can be utilized in the catheterization laboratory is vital for any practicing interventional cardiologist.
Imaging modalities continue to rapidly improve and new technologies are in development to provide procedural guidance.

3D echocardiography
Has been successfully used in the catheterization laboratory for prosthetic paravalvular leak closure, percutaneous mitral balloon
valvuloplasty, transcatheter edge-to-edge repair of mitral regurgitation and transcatheter aortic valve replacement.
There are some imaging advantages over 2D echocardiography for the same procedures, but there are limited data to show actual
clinical and procedural benefit for using 3D echocardiography and future studies should be undertaken to evaluate these potential
advantages.

Multidetector computed tomography overlay
Provides both preprocedural and intraprocedural guidance with accurate anatomical definition using computed tomography with
real-time fluoroscopic overlay.
This imaging modality has a number of advantages over other imaging modalities in the catheterization laboratory and can be safely
used for procedural guidance.
Future studies should focus on a comparative assessment of clinical and procedural benefits using this modality.
Periprocedural cardiac MRI with real-time imaging has evolved out of multidetector computed tomography with overlay to provide
another imaging modality for use in the catheterization laboratory. Its use is very early in development for routine use in the
catheterization laboratory.

Intracardiac echocardiography
Like the other imaging modalities that are discussed, intracardiac echocardiography can further and more accurately define cardiac
anatomy than 2D echocardiography or fluoroscopy alone for procedural guidance in the catheterization laboratory.
3D intracardiac echocardiography transducers are in development and in the future may provide an even greater advantage for use in
the catheterization laboratory.
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