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Abstract
Purpose of review The use of cardiac CT is well established in the TAVR sphere and gaining traction as an integral part of pre-
procedural planning for left 13 atrial appendage closure (LAAC) and transcatheter mitral valve replacement (TMVR. We aim to
review the recent evidence regarding the accuracy of cardiac CT for left atrial sizing and device selection and discuss the
contribution of cardiac CT to decreasing complication rates in real-world experience as compared with clinical trials.
Recent findings Pre-procedural CT imaging has evolved to become an integral part of LAA closure and TMVR. For LAA
closure, CT imaging provides detailed anatomic assessment of the LAA and surrounding structures and accurate measurements
for device sizing. These can facilitate device and equipment selection and enhance safety and outcomes with intraprocedural
guidance with transesophageal echocardiography or intracardiac echocardiography. For TMVR, pre-procedural CT is necessary
to assess the potential risk of LVOT obstruction and determine device sizing. Such assessments can help pre-plan the potential
need for adjunctive strategies to lower the risk of LVOT obstruction.
Summary CT imaging has gained important roles in the field of structural interventions, and understanding how to utilize this
tool is an important skill to acquire as a contemporary comprehensive interventionist. Pre-procedural CT imaging has evolved to
become an integral part of LAA closure and TMVR.

Keywords Left atrial appendage closure . Structural heart disease interventions . Cardiac computed tomography . Transcatheter
mitral valve replacement . Atrial fibrillation

CT Angiography for Left Atrial Appendage
Closure

Introduction

Atrial fibrillation (AF) is a growing global health burden, af-
fecting 1.5 to 2% of the general population and increasing in
prevalence [1]. It is a major cause of stroke, with > 90% of

non-valvular AF-related left atrial thrombi isolated to the left
atrial appendage (LAA) [2]. Thus, efforts for developing and
implanting devices to isolate the LAA have been in fervent
development over the past 20 years. Of these, the
WATCHMAN device (Boston Scientific, Marlborough,
Massachusetts) was approved by the FDA in 2015 for LAA
closure to reduce the risk of stroke in patients with non-
valvular AF, following data from the randomized-controlled
studies, PROTECT-AF (Watchman Left Atrial Appendage
System for Embolic Protection in Patients with Atrial
Fibrillation) and PREVAIL (Prospective Randomized
Evaluation of the Watchman LAA Closure Device in
Patients with Atrial Fibrillation Versus Long-Term Warfarin
Therapy) [3].

Wang and DiBiase et al. [4] first described the commonly
recognized LAA morphologies in use today (Table 1). The
LAA is a highly variable structure and can havemultiple lobes,
angulations, and extensive trabeculations. Understanding the
anatomy can facilitate selecting and implanting LAA closure
devices, which can help improve the safety and efficiency of
performing these procedures. The original clinical trials [3, 5]
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were performed with transesophageal echocardiography
(TEE) for pre-procedural planning as well as intraprocedural
guidance. While 2-dimensional (2D) TEE is the most com-
monly used imaging modality, the use of 3-dimensional (3D)
imaging has distinct advantages compared with 2D-TEE
alone. CT angiography (CTA) is non-invasive and provides
superior 3D depiction of the LAA and surrounding structures
and accurate sizing of the LAA for device selection. Thus,
CTA is increasingly used for baseline imaging for LAA clo-
sure pre-planning.

CTA Protocol

The type of CTA protocol utilized plays an important role in
improving LAA sizing accuracy. Since the left atrium is a
highly compliant chamber, the volume status of the patient
will impact LAA sizing. Thus, adequate hydration with oral
intake or saline infusion should be administered before scan-
ning to maximize chamber dimensions. There is also variation
in dimensions throughout the cardiac cycle, and imaging and

measurements should be taken at the cardiac phase with the
largest LAA dimension, which is usually at late atrial diastole
(late ventricular systole) corresponding to 30–40% of the RR
interval [6].

Different CT machines and protocols were reported for
LAA assessment in the literature. At least 64-detector scan-
ners should be used, and settings can include rotation time
400 ms, collimation 64 × 0.5 mm, tube voltage 100–135 kV,
and tube current 250–400 mA. It is preferable to utilize 320-
detectors for more detailed LAA assessment, and the settings
can include rotation time 350 ms, collimation 320 × 0.5 mm,
tube voltage 100–135 kV, and tube current 400–580 mA.
Another advantage of 320 detectors is avoidance of step arti-
facts with irregular AF rhythm. Either prospective ECG-
triggered dosemodulation or retrospective-gating can be used.
Examples of CTA protocols are listed in Table 2. Beta-
blockade is usually not required for LAA assessment. The
volume of non-ionic contrast should be dependent on body
weight, total scan time, and renal function, but typically range
from 50 to 90 cm3.

Table 1 LAA morphologies

LAA morphology Characterization

Chicken wing Obvious bend present in the proximal or middle dominant lobe

Windsock Dominant lobe without any obvious bend or branches

Cauliflower Limited overall LAA length with a number of significant lobes and potentially lack of 1 dominant lobe

Cactus Dominant central lobe with secondary lobes in superior and inferior directions

Table 2 Sample CCTA protocol for LAA pre-procedure and post-surveillance imaging

Prospective cardiac-gated protocol Retrospective cardiac-gated protocol

Tube potential 100 kV for BMI < 30

120 kV if BMI > 30

Tube current 300–500 mA

Scan direction Cranial to caudal

Scan volume Heart to diaphragm (14–16 cm)

Size 512 mm

Detector collimation 320 × 0.5

Cardiac phase-reconstruction 30–40% RR interval or 250 ms after R wave 5–95% valve cine series, mid
to late ventricular systole

Bolus tracking Sure start

Contrast injection 50–80 cm3 contrast + 50 cm3 30% contrast and saline mixture (5 cm3/s) 80 cm3 contrast (4 cm3/s)

Saline injection IV saline injection (5 cm3/s) 30 cm3 saline

Heart rate No restriction

B-blocker and nitrates Not required

Adapted from Saw et al. CCTA for Left Atrial Appendage Closure. CJC (2016) 8 [7] and Wang et al. 3DRCT for Watchman. JACC Cardiovascular
Intervention 2016: 9, 22 [8]

BMI body mass index, CCTA cardiac computed tomography angiography, IV intravenous, LAA left atrial appendage
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Digital Post-processing

Several image processing commercial software are available
for manual and automated reconstruction of the CTA images
of the LAA and surrounding structures. These include
VitreaWorkstation™ (Vital, Toshiba Medical Systems Group
Company, the Netherlands), Aquarius Workstation
(TeraRecon Inc., Foster City, CA), Brilliance Workspace
(Philips Healthcare, Andover, MA), and 3mensio software
(3mensio Medical Imaging, the Netherlands).

To assess for suitability and sizing for LAA closure, base-
line assessment of the shape and dimensions of the LAA is
important. Multiplanar reformat (MPR) oblique planes are
typically used for measurements. To measure the LAA osti-
um, an oblique MPR plane is selected where the circumflex
artery, the pulmonary vein ridge, and the LAA ostium can be
clearly seen. For the WATCHMAN device, the ostium of the
LAA is measured from the circumflex artery to a superior
point 1–2 cm within the pulmonary vein ridge. The crosshair
is positioned at the ostium, in co-axial fashion with the wall of
the appendage. The crosshair is then adjusted at an orthogonal
plane, again to be co-axial with the LAAwall. The remaining
orthogonal double-oblique plane then projects the enface view
of the LAA, where the minimum and maximum diameters of
the LAA orifice can be measured (Fig. 1). The depth of the
LAA can also be obtained on MPR or with maximal intensity
projection (MIP), choosing an oblique plane where the ostium
and the distal tip of the LAA can be visualized. 3D volume–
rendered images can also be produced, which provides more

detailed assessment of the LAA shape and branches, and can
also aid selection of fluoroscopic angles to guide device im-
plantation (Fig. 2).

Comparing CTA to TEE Measurements

3D imaging with CTA or 3D-TEE provides more accurate
measurements of the LAA ostium and depth, given that the
LAA orifice and body can be highly variable in shape [8]. An
observational study of 28 patients by Zhou et al. [9] demon-
strated that measurement by 3D-TEE yielded larger landing
zone dimensions compared with 2D-TEE (22.6 ± 5.7 mm vs.
20.9 ± 5.1 mm, p < 0.001). 3D-TEE correlated better with
CTA but was still undersized (p = 0.022). Depth dimensions
by 2D-TEE were similarly smaller than 3D-TEE (27.7 ±
4.5 mm vs 28.9 ± 4.5 mm, p = 0.009) and CT (27.7 ± 4.5 mm
vs. 32.0 ± 4.3 mm, p < 0.001), while the difference in CTA
sizing vs 3D-TEE sizing continued to be statistically signifi-
cant (p < 0.001). Similar findings were reported by Saw et al.
[10], where maximal LAA diameter was significantly larger
for CTA (24.1 ± 4.7 mm) versus TEE (22.3 ± 4.9 mm) (p <
0.001), and by Chow et al. [11], where CTA findings predicted
the correct device in 83% of cases, compared with 57% for
2D-TEE. Rajwani et al. [12] also found CTA sizing to be more
predictive of final device size compared with 2D-TEE.

Reliability of CTA imaging compared with 3D-TEE was
supported in a small study of 30 patients [13] who found no
significant difference in area of LAA orifice (3.0 ± 0.8 cm2

and 3.2 ± 1.1 cm2, p = 0.4) or maximal LAA diameter (24.0

Fig. 1 Multiplanar reformat
images of a retroflex chicken
wing anatomy: a oblique coronal
plane with crosshair aligned with
the wall of the LAA at the orifice;
b 2nd oblique plane with
crosshair adjusted and aligned
with the wall of LAA orifice; c
3rd oblique plane (double-
oblique) where the enface view of
the LAA is visualized, and
measurements are taken for the
widest and narrowest dimensions;
and d measurement of the depth
of the LAA for WATCHMAN
implantation
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± 4.7 mm and 24.6 ± 5.0 mm, p = 0.9) or LAA depth (19.5 ±
2.3 mm and 19.7 ± 2.3 mm, p = 0.9), though LAA volume
could not be measured directly by 3D-TEE as opposed to
CTA. Nucifora et al. [14] evaluated 46 patients who
underwent CTA, 3D-TEE, and 2D-TEE and demonstrated
excellent correlation between CTA and 3D-TEE (r = 0.92,
95% CI 0.85–0.95) compared with CTA and 2D-TEE (r =
0.72, 95% CI 0.54–0.83), though overall 2D-TEE and 3D-
TEE underestimated LAA orifice area compared with CTA
based on Bland Altman analysis.

Budge et al. found that planar CT reconstructions yielded
smaller mean orifice diameter compared with 3D segmented
CT reconstruction [15]. Wang and colleagues [8] found that
pre-procedural imaging utilizing high-resolution gated CTA
was associated with fewer device implantations per procedure
and a 100% successful device implantation rate, at 1.2
devices/procedure in the study compared with 1.8 devices/
procedure in the PROTECT-AF study [5]. In their initial ret-
rospective study, subsequently followed by prospective study
(PRO3DLAAO),Wang et al. found that CTsizing of the LAA
was consistently larger than 2D and 3D-TEE and that 2D- and
3D-TEE consistently undersized the LAA on the order of 2–
3 mm in maximal width size as compared to CTA measure-
ments [8]. Application of CT procedural planning was directly
correlated to elimination of the “Early Operator Learning
Curve”witnessed in the first half of the PROTECT-AF studies

and resulted in 100% successful implant rate of the
WATCHMAN device without complications [8]. Most impor-
tantly, these two studies demonstrated the application of pre-
procedural CT resulted in a reduction in number of catheters
used intraprocedurally, decrease in overall fluoroscopy time,
and more efficient procedure time and turnover time.

3D Printing

Due to the ability to produce hands-on live prints, 3D printing
has become increasingly applied to procedural planning in
structural heart interventions. After a high-resolution ECG-
gated CTA is obtained, the data can be processed on a
multimodality workstation into segments and imported into
a 3D software platform to be converted into 3D printable
standard tessellation language to print a 3D relief. A cast is
then made creating the final 3D print, which can be used in
ex vivo studies for simulation of LAA device implantation, as
first reported by Otton et al. in 2015 [16]. Hell et al. [17]
performed CT analysis and printing on 22 patients and simu-
lated LAA device implantation with the WATCHMAN de-
vice. The 3D predicted and actual implanted size was in agree-
ment in 21/22 (95%) cases with one case being undersized
requiring recapture and successful placement of a larger de-
vice. In contrast, CT-based device size prediction was in
agreement with implanted device size in 17/22 cases (77%)

Fig. 2 3D volume rendered
images of the same LAA in
different projections with the
Vitrea workstation: a RAO60, b
LAO75 and cranial2, c RAO50
and caudal 20, and d dedicated
3D image of the LAA at RAO50
and caudal20 projection
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while TEE sizes were generally undersized, with implanted
device agreement in only 12 cases (55%). Obasare et al. [18]
reported similar results. A study of 29 patients [19] found that
3D printing provided reliable device sizing for the Amplatzer
Amulet device but was less accurate at predicting sizing for
the WATCHMAN device, though the number of devices
attempted per procedure was not reported.

Safety/Efficacy

The safety profile of LAA closure has improved dramatically
since the early clinical trials. In the early experience with
PROTECT-AF study, procedure-related adverse events in-
cluded pericardial tamponade requiring intervention (4%)
and stroke (1.1%) [5]. In the PREVAIL [3] trial, 1.9% of study
patients had a pericardial effusion requiring intervention.
Safely outcomes continued to improve in the early commer-
cial experience in the USA [20], with a major periprocedural
complication rate of < 1.5%, including 1.0% pericardial
tamponade and device embolization 0.25%. These improve-
ments may be partially attributed to increasing operator expe-
rience and industry sponsored training of new operators [21].
As the safety profile of LAA closure continues to improve,
one continued concern is device-related thrombosis (DRT)
which had been estimated to occur at a rate of ~ 4% [22] and
is associated with higher rates of stroke and/or transient ische-
mic attack [23]. Interestingly, a deep implant was found to be
associated with DRT in two small studies [24, 25]. While this
may be considered hypothesis generating rather than defini-
tive given the small number of cases, it is reasonable to as-
sume that the larger LAA size measured on CTA may be
helpful in avoiding deep implant and thus providing a modi-
fiable risk factor for avoiding DRT.

Proper device sizing onCTAmay also reduce the incidence
of peri-device leak. In a single-center analysis of 6 patients
with peri-device leak following LAA closure with Amplatzer
Cardiac Plug (St. Jude Medical, Minneapolis, MN) and
Coherex WaveCrest (Salt Lake City, UT), Conti et al. [26]
analyzed the pre-procedural CTA and created 3D prints after
device implant. Undersizing of the LAAwas found to be pres-
ent in 100% (6/6) of patients with LAA peri-device leak and
34% of control patients (5/14). One patient suffered device
migration in addition to leak [26].

Conclusions

The safety profile of LAA closure has improved dramatically
and efficacy of stroke prevention with this procedure had been
established. The next frontier in LAA closure should be ded-
icated to optimizing procedural safety by minimizing device
exchanges, shortening procedure duration and appropriate de-
vice sizing to minimize DRTand peri-device leak. All of these

may be accomplished by optimal pre-procedural planning, in
which CTA has a crucial role to play.

CT Imaging for Mitral Interventions

As catheter-based therapies continue to evolve for high-risk
patients with failing mitral bioprostheses, severe mitral annu-
lar calcification (MAC), and prior mitral ring annuloplasties,
CT imaging provides crucial planning advantages, namely by
assisting sizing of the mitral annulus, and predicting left ven-
tricular outflow tract (LVOT) obstruction (Fig. 3) [27].

CT Mitral Protocol

Mitral CT protocols involve contrast enhanced cardiac CTA
using at least 64 detector row CT with retrospective ECG-
gating, and similar tube current and voltage settings as de-
scribed in LAA CT imaging. Image postprocessing at 10%
intervals from 5 to 95% of the cardiac phase is obtained at
1.25 mm slice thickness. The CT DICOM images are trans-
ferred to a post-processing imaging workstation such as
VitreaWorkstation™ (Vital, Toshiba Medical Systems Group
Company, the Netherlands), Aquarius Workstation
(TeraRecon Inc., Foster City, CA), Brilliance Workspace
(Philips Healthcare, Andover, MA), 3mensio software
(3mensio Medical Imaging, the Netherlands), and Mimics
Materialize (Mimics, Materialize, Leuven, Belgium) [28, 29].

Mitral Annular Sizing

Themitral annular plane is identified by finding the basal most
insertion of the mitral leaflets during mid to late diastole.
Using the double-oblique method, crosshairs are placed in
the coronal and sagittal planes at the level of the mitral leaflet
insertion and the mitral annulus area can then be calculated in
the double-oblique axial plane. For existing degenerative mi-
tral ring/bioprosthesis, the prosthesis-artifact edge is used.
Based on the calculated mitral annular area, the appropriate
transcatheter heart valve may be identified.

Risk of LVOT Obstruction

In transcatheter mitral valve replacement (TMVR), implanta-
tion of the mitral prosthesis causes permanent displacement of
the anterior mitral leaflet towards the LVOT, which may result
in critical LVOTobstruction [29]. LVOTobstruction has been
described to occur in 9–22% of patients undergoing TMVR in
native rings and accounts for > 50% exclusion from clinical
trial participation in the setting of TMVR for valve in MAC
[28–32]. The pre-procedural CT is used to calculate baseline
and predicted “neo-LVOTareas” in order to predict the risk of
LVOT obstruction [29]. In native annular calcification and
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mitral rings, the transcatheter heart valve (THV) landing zone
is defined in the axial plane as the point of maximal constric-
tion between the anterior and posterior portions of the mitral
annulus or ring. The THV is then modeled to deploy at 80%
ventricular to the landing zone and again at 60% ventricular to
the landing zone and neo-LVOTmeasurements are obtained at
both deployment depths. In surgical bioprosthetic valves, a
0% deployment is defined as lining the virtual THV to the
ventricular edge of the surgical valve. Neo-LVOTcalculations

are determined at 0% deployment and again with the THV
20% ventricular to the ventricular edge of the surgical
bioprosthesis [29].

A retrospective analysis of 38 patients [28] undergoing
TMVR has determined predicted “neo-LVOT” area of <
189.4 mm2 to have a 100% sensitivity and 96.8% specificity
for LVOT obstruction (defined as gradient post-TMVR in-
crease by 10 mmHg from baseline) (AUC 0.986, 95% CI
0.88–1.0, p < 0.0001). Post-TMVR CT found that the actual

Fig. 3 CT imaging provides crucial planning advantages, namely by assisting sizing of the mitral annulus, and predicting LVOT obstruction
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neo-LVOT correlated well with predicted neo-LVOT area
(Pearson correlation coefficient (R2) 0.82, p < 0.0001). In
some instances, a more acute aorto-mitral angle may also pre-
dispose to LVOT obstruction by causing the THV to protrude
more significantly into the LVOT; however, this is not a uni-
versal scenario [29]. Other described risk factors include lon-
ger anterior mitral leaflet (AML) length (i.e., > 30 mm) [33],
which may result in systolic anterior motion of the native
leaflet tips and/or obstruction of flow into the THV itself,
causing functional mitral stenosis. These patients may be re-
ferred for adjunctive preparatory therapies, such as pre-
emptive alcohol septal ablation or the LAMPOON procedure.
Alcohol septal ablation in patients with appropriate left ven-
tricular septal anatomy and coronary anatomy is helpful in
improving LVOT size and blood flow, but often involves a
waiting period of 4–6 weeks prior to THV implant to allow
for ventricular remodeling [32].

The LAMPOON technique [34] involves puncture of the
AML by a coronary guidewire, followed by laceration and
splitting of the AML under electrocautery parallel to the ver-
tical length of the AML. The area between the two newly
created AML partial leaflets allows blood flow out the
LVOT, effectively enlarging the “new-LVOT” post-THV de-
ployment. An early feasibility study in 5 patients demonstrat-
ed that the LAMPOON technique may be safely accom-
plished in a range of patient anatomies [34]. However, despite
LAMPOON, not all patients may qualify for TMVR, as the
existing skirt of the implanted THV inherently cannot be lac-
erated during this procedure and will result in LVOT obstruc-
tion if the “skirt neo-LVOT” is < 150 mm2 [35].

Conclusions

As in the TAVR sphere, CT for preparation of transcatheter
mitral procedures is crucial in identifying appropriate candi-
dates for TMVR, including determination of THV size and
appropriate patient anatomy. Patients identified by CT to have
challenging anatomy may benefit from adjunctive therapies
such as LAMPOON and alcohol septal ablation.
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