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While many forms of non-invasive cardiac imaging have been used in association with cardiac
procedures for many years, their use gained prominence in the mid-1980s when transthoracic
echocardiography became an important component of the percutaneous mitral valvotomy
procedure, especially to identify appropriate patients for this procedure. Soon thereafter, the
use of transesophageal echocardiography to exclude left atrial thrombus was shown to be a
valuable procedure enabling safe DC cardioversion without the need to wait for weeks of pre-
cardioversion therapeutic anticoagulation. Most recently, many new and complex transcatheter
cardiovascular procedures have been introduced and are radically changing the face of clinical
cardiology. A critical part of the success of these new treatments is their optimal intraprocedural
guidance by non-invasive imaging. This guidance helps reduce complications and improves
outcomes. In fact, a new specialty of “Interventional Non-Invasive Imaging” has evolved and
these imagers are a vital member of the treatment team. Three-dimensional echocardiographic
imaging is an important skill for these imagers.

In this book, we present a practical approach for the use of imaging in a variety of
cardiovascular procedures. We are fortunate to have contributions from the leaders in this field.

We present a wide array of procedures. In addition to the newest techniques such as
transcatheter aortic valve replacement and transcatheter mitral valve edge-to-edge repair, we
have included guidance of more established procedures such as pericardiocentesis. Also in
light of the accelerating use of mechanical circulatory devices in the treatment of advanced
heart failure, we discuss the evolving role of imaging in association with these devices. We
have also included the technique of optical coherence tomography which is gaining applications
in diagnosis of coronary artery disease and as an adjunct to coronary artery interventions.

While we expect that this book will be of value to imagers, we hope that other clinicians and
interventionalists can use this as a resource to understand imaging needs during various
cardiovascular procedures.

Michael H. Picard, MD
Jonathan J. Passeri, MD
Jacob P. Dal-Bianco, MD
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David B. Min and Allan L. Klein

Abstract

The incidence and prevalence of atrial fibrillation (AF) continues to grow especially as the
population ages. The uncoordinated atrial activation and subsequent ineffective atrial con-
traction is a strong stimulus for left atrial (LA) thrombus formation especially in the LA
appendage. AF is associated with increased risk of stroke, heart failure, and all-cause mor-
tality. The presence of LA thrombus in AF portends a poor prognosis. Direct current cardio-
version (DCCV) is the most effective method of restoring sinus rhythm and, with it there is
relief of symptoms, improved LV filling, reversed atrial remodeling, and possibly reduced
cardio-embolic risk. However, there are significant risks of systemic embolization follow-
ing DCCYV if LA thrombus is present. Transesophageal echocardiography (TEE) is an ideal
non-invasive imaging modality to detect thrombus in the LA and especially in the LA
appendage. Its proper use can lead to earlier DCCV for AF and improve safety of DCCV in
AF. A key part of this strategy is proper use of anticoagulation therapy. This chapter illus-
trates the important role of TEE in patient evaluation and risk stratification prior to
cardioversion.

Keywords

Optical coherence tomography ¢ Intra-coronary imaging ¢ Acute coronary syndrome
Coronary artery disease * Intravascular ultrasound * Percutaneous coronary intervention ¢
Plaque rupture * Calcific nodule * Plaque erosion ¢ Instent restneosis ® Neointimal prolifera-
tion ¢ Neoatherosclerosis

Introduction

Since Willem Einthoven’s first electrocardiograph descrip-
tion of “pulsus inagequalis et irregularis” in 1906 [1], atrial
fibrillation (AF) is now recognized as the most common
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arrhythmia worldwide [2]. With the prevalence expected to
rise to 5.6—12.0 million in the United States by 2050 [3],
AF is a growing epidemic, with the greatest impact felt on
the aging population [4]. Furthermore, the national finan-
cial liability of AF has been estimated to be $26.0 billion
annually, with greater than $5 billion attributed to direct
AF treatment costs [5, 6]. The magnitude of this public
health problem is likely substantially underestimated, as
AF often manifests little to no symptoms and can go
unrecognized.

AF represents a common final phenotypic pathway result-
ing from a multitude of pathophysiologic processes [7]
which alter atrial tissue thus promoting uncoordinated atrial
activation and subsequently ineffective atrial contraction [8].
The resultant blood stasis within the left atrium (LA) and left
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atrial appendage (LAA) in conjunction with AF-associated
endothelial and extracellular atrial abnormalities and inflam-
matory-mediated coagulation changes fulfill Virchow’s triad
for thrombogenesis [9]. It is in this hypercoagulable milieu
that intra-atrial thrombi form. The Framingham Heart Study
found that AF is associated with a four to fivefold increased
risk of thromboembolic events [10]. Multiple studies have
linked AF to increased long-term risks of stroke, heart fail-
ure, and all-cause mortality [11, 12]. More specifically, the
identification of thrombus in AF portends a poor prognosis
with studies showing an embolic risk of up to 10.4 % per
year and an annual mortality rate of 15.8 % [13].

A variety of diagnostic and therapeutic paradigms have
been deployed to understand and alter, if not prevent, the
downstream consequences of AF, including systemic throm-
boembolism and impaired diastolic left ventricular function.
First described by Dr. Bernard Lown in 1962 [14], direct cur-
rent cardioversion (DCCV) has been utilized to restore nor-
mal sinus thythm to relieve symptoms, improve LV filling,
reverse atrial remodeling, and possibly reduce cardio-
embolic risk [15]. DCCV is the most effective method of
restoring sinus rhythm with a reported short-term success
rate of 75-93 % [16, 17]. However, DCCV is not completely
benign; aside from the risks associated with sedation, there is
significant a risk of systemic embolization after DCCV [18—
21]. Since the 1930s [22], the LAA has known to be a loca-
tion of thrombus formation. Since then, consideration effort
has been made to detect the presence of thrombi within the
LA and LAA and alter the risk of systemic embolization.

While transthoracic echocardiography (TTE) has excel-
lent overall image quality, transesophageal echocardiogra-
phy (TEE) offers superior spatial resolution to TTE [23] and
is the reference standard for assessing the LAA for thrombus
formation with high sensitivity (92—100 %), specificity (98—
100 %), and negative predictive value (98-100 %) [8, 24—
27]. Through case studies, this chapter aims to illustrate the
important role of TEE in patient evaluation and risk stratifi-
cation prior to cardioversion.

Left Atrial Appendage Structure
and Function

Located lateral to the LA and extending over the
atrioventricular groove towards the left circumflex artery in
close proximity to the left ventricular free wall [28], the
LAA is a blind, trabeculated cul-de-sac. The trabeculations
(or pectinate muscles) reflect its embryological origins.
Whereas the smooth-walled LA, with whom the LAA is
contiguous, is formed from the primordial pulmonary veins,
the LAA is a remnant of the embryonic LA [29, 30]. There is
a fold of serous pericardium that forms a ridge between the
LAA orifice and the left superior pulmonary vein; this struc-
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ture is also known as the warfarin ridge, Q-tip sign, postero-
lateral ridge, and ligament (or fold) of Marshall [31]. This
prominence can be mistaken for a tumor or thrombus due its
undulating motion and/or side lobe artifacts arising from
echoes reflecting off the ridge [32, 33].

The LAA has a highly variable morphology; an autopsy
study noted that 90 % of the LAA examined had multiple
lobes, with the presence of two (80 %) distinct lobes being
the most common and some specimens having as many as
five lobes [34]. Based on its lobular/angular morphology, the
LAA shape has been classified as: “chicken wing” (48 %),
“cactus” (30 %), “windsock” (19 %), and “cauliflower”
(3 %). In a multimodality imaging study of AF-patients,
LAA shape correlated with risk of stroke; patients with atrial
fibrillation who had “chicken wing” morphology were 79 %
less likely to have a stroke/TIA history compared to the other
shapes [35]. Consistent with such lobular heterogeneity, the
LAA has great variation in length (ranging from 16 to
51 mm) and volume (0.7-19.2 mL) [36]. Likewise, the ori-
fice connecting the LA and LAA, which typically lies supe-
riorly and laterally, is an eccentric, elliptical structure with a
minimal diameter ranging from 4 to 27 mm and a maximum
diameter from 10 to 40 mm [36, 37]. The complexity and
variability of LAA shape, size, and number of lobes under-
scores the importance of fully interrogating the LAA from
multiple different angles/planes to detect possible thrombus
prior to cardioversion.

Whereas the key function of the LA in modulating left
ventricular filling as a reservoir, conduit, and pump is well
recognized [38], the role of the LAA is less clear. It has been
postulated given its increased distensibility, the LAA may
serve as a decompression chamber during ventricular systole
and in states of increased LA pressure and volume overload
[39]. The LAA may further regulate volume homeostasis by
secreting atrial natriuretic peptide and b-type natriuretic
peptide in response to activation of stretch receptors within
the LAA that ultimately results in diuresis [30, 40—43].

The trabeculated pectinate musculature of the LAA actively
contracts in young, healthy individuals with normal intracar-
diac conduction with a distinctive pattern [34, 39]. LAA flow
velocities can be assessed using pulsed wave Doppler by plac-
ing the sample volume 1-2 cm from the orifice within the LAA
chamber, ideally in the midesophageal 0° or 90° planes [31]. In
patients with a normal sinus rhythm, the characteristic pattern
is quadriphasic (Fig. 1.1), as described below [44—46]:

— Early diastolic LAA emptying: In early diastole, a low-
velocity positive wave occurs following the mitral-inflow
E wave that represents the drop in LA pressure following
opening of the MV and external compression of the LAA
due to LA distension. The average early diastolic
emptying velocity is 20-40 cm/s and is related to mitral E
and PV diastolic velocities.
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Fig.1.1 LAA flow pattern in sinus thythm (a, b) and AF (c)

— Late diastolic LAA emptying: Starts in late diastole
immediately after the p-wave and represents LAA
contraction and emptying. The late diastolic emptying
velocity, which is typically 50-60 cm/s, is the largest
wave in sinus rthythm and is a marker of LAA contractile
function. This velocity correlates with LAA ejection
fraction, LA size, and LA pressure.

— LAA filling: The retrograde velocity wave following late
diastolic emptying in early systolic reflects LAA elastic
recoil and relaxation. The average LAA filling velocity is
40-50 cm/s; the magnitude of the LAA filling velocity is
inversely related to velocity of LAA contraction.

— Systolic reflection waves: After LAA filling in early
systole, multiple low-velocity alternating inflow-outflow
waves are seen; the functional significance of these waves
has yet to be definitively determined.

In AF, the LAA develops endocardial thickening with
fibrosis and loses pectinate muscle; this negative remod-
eling results in stretching, dilation, and decreased LAA
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contractility predisposing it to stagnant blood flood and
thrombosis [47]. Some of most devastating consequences
of AF including thromboembolic sequelae; over 90 % of
thrombi in non-valvular AF have been localized to the
LAA [48]. Thrombi have been found in patients who
have had AF for <3 days [49] as well as patients who had
been receiving oral anticoagulant therapy for 4 weeks
[50]. Point scoring systems such as CHADS, and
CHA,DS,-VASc have been developed and validated
assessing the risk of ischemic stroke in non-valvular AF
patients [51, 52]. A subgroup analysis of a transesopha-
geal study found that patients who had a CHADS, score
>3 had significantly higher mortality than those with
lower scores; however, the CHADS, scoring system was
not reliable in predicting risk for left atrial appendage
thrombus formation, especially in patients with low
CHADS, scores [53]. Given the significant stakes
involved, careful scrutiny of the LAA using TEE and/or
other non-invasive modalities is often necessary to
exclude thrombi prior to cardioversion.
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Transesophageal Echocardiography
Evaluation of LA/LAA

Indications for TEE in AF

Given the risk of clinical significant thromboembolism in
AF, risk reduction strategies have been employed to reduce
the chance of an embolic event before and after DCCV
through the use of anticoagulation and/or imaging modalities
[54, 55]. Up until the early 1990s, the conventional strategy
to reduce the risk of thromboembolic events after DCCV for
AF or atrial flutter >48 h was to anticoagulate with warfarin
for at least 3 weeks before DCCV [56, 57]; this strategy is
still a Class I recommendation from the AHA/ACC/HRS [8].
Anticoagulation post-cardioversion is necessary for AF of
>48 h duration (and AF <48 h with risk factors for
thromboembolism) due to the variability of return of
coordinated atrial function (“atrial stunning”); retrospective
analysis of pooled data from 32 studies found that 98 % of
embolic events occurred within 10 days of DCCV [54].

With the advent of TEE and through the landmark study
entitled Assessment of Cardioversion Using Transesophageal
Echocardiography (ACUTE), TEE was shown to be effective
in guiding and expediting DCCV with short-term
anticoagulation [58]. This large, multicenter, randomized,
prospective trial of 1,222 patients undergoing DCCV for AF
of >48 h duration compared a TEE-guided short-term
anticoagulation strategy prior to DCCV to a conventional
(3 week) anticoagulation strategy and found no significant
difference in embolic events. The TEE-guided group had
less hemorrhagic events and shorter time to DCCV, thus
reducing the time for possible adverse atrial remodeling due
to delays in the return of atrial function. Similarly, the
follow-up ACUTE 1I trial investigated the safety of TEE-
guided DCCV using low-molecular weight heparin
(enoxaparin) versus unfractionated heparin [59]. The study
found that there were no differences in safety (embolic
events, bleeding, or deaths) between the two groups but that
the enoxaparin TEE-guided approach had a shorter median
length of hospitalization. The Anticoagulation in
Cardioversion using Enoxaparin (ACE) trial also similarly
showed non-inferiority of enoxaparin to unfractionated
heparin plus a vitamin K antagonist in reducing significant
events post TEE-guided DCCV [60].

Since the ACUTE I trial, TEE-guided cardioversion has
become increasingly popular; in the setting of increasing
costs of general diagnostic imaging, appropriateness criteria
were developed. In 2011, a multi-society writing committee,
including the ACC, AHA and American Society of
Echocardiography (ASE), published updated appropriate use
guidelines regarding the use of TEE-guided cardioversion:
TEE is appropriate to “facilitate clinical decision making
with regards to anticoagulation, cardioversion, and/or
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radiofrequency ablation”; TEE is inappropriate when “the
decision has been made to anticoagulate and not to perform
cardioversion” [61]. An analysis by Grewal et al. in 2012
found that the vast majority of TEEs performed before
DCCV were appropriate (only 2.7 % were found to be
inappropriate); the most common indications were
symptomatic AF and CHF/hemodynamic compromise [62].
The 2014 AHA/ACC/Heart Rhythm Society (HRS)
Guideline for the Management of Patients with Atrial
Fibrillation provides further recommendations on the
evaluation and treatment of AF, including guidance on
direct-current cardioversion. Per this set of guidelines, TEE
prior to cardioversion is appropriate (Class Ila
recommendation) for patients with AF or atrial flutter of 48 h
or longer who have not been anticoagulated for the
proceeding 3 weeks, provided that anticoagulation is
achieved before TEE and can be maintained after potential
cardioversion for at least 4 weeks [8].

Performing TEE in AF

Despite being considered a semi-invasive procedure that is
generally performed with conscious sedation, the safety pro-
file of TEE has been well documented with a <0.02 % major
complication rate when performed by an experienced clini-
cian [63-65]. The American College of Cardiology (ACC)
and American Heart Association (AHA) have published
guidelines establishing TEE competence [66]. To help guide
the sonographer, the American Society of Echocardiography
and the Society of Cardiovascular Anesthesiologists have
published joint guidelines on performing a comprehensive
TEE examination that provides recommendations on TEE
indications, patient selection, monitoring during sedation,
and general imaging views [31]. One caveat to consider when
monitoring sedated patients with atrial fibrillation is that
blood pressure (BP) measurements may fluctuate due to high
beat-to-beat variability in ventricular filling time, stroke vol-
ume, and contractility [67].

Once the TEE probe is safely intubated into the mid-
esophagus in a neutral position, the LA is the near-field
structure, which will make it difficult to image the entire
structure from a single plane [31]. Thus, multi-planar
assessment and sweeping from the inter-atrial septum to
lateral wall (rotating clockwise to counterclockwise) looking
for potential thrombi or masses is needed. The LA is a
muscular structure with small pits and troughs; abnormal
increases in wall thickness may be sequelae of mural
thrombus or endocarditis [31, 68].

The LAA is frequently best visualized in the mid-
esophageal window starting at 0°. As a lateral structure, it
may require slight counterclockwise rotation and flexion or
withdrawal of the probe to a more cranial position to center
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the LAA within the plane [69]. Given the complexity of its
shape and the importance of excluding a potential thrombus,
it is imperative that the LAA be systematically imaged from
multiple imaging planes (i.e. mid-esophageal 0°, 45°, 90°,
120°, 160°); often the additional lobe(s) of the LAA will
only be appreciated at angles >100° [69] (Fig. 1.2).
Simultaneous, multiple-plane assessment modalities (such
as biplane or multiplane) can be very helpful in assessing the
LAA for abnormalities from orthogonal views.

In evaluating possible thromboembolic sources in AF, the
TEE should notbe limited solely tothe LA and LAA. Complex
aortic plaque (4 mm and the presence of mobile components)
has been linked to increased stroke risk; furthermore, aortic
atheroma or plaque is prevalent in patients with AF [70-72]
(Fig. 1.3a). While assessment of the LV via TEE is limited
due to foreshortening of the apical segments, abnormal find-
ings on TEE may prompt assessment via alternative modali-
ties. Thorough evaluation of the MV and AV is also indicated,
for rheumatic valvular heart disease is a well-recognized
stroke risk factor, as is the presence of a mechanical pros-
thetic valve, even in the absence of atrial fibrillation [73]. For
patients with atrial fibrillation who may undergo pulmonary
vein isolation in the future, one can also assess the pulmo-
nary vein anatomy at time of TEE prior to DCCV to guide
potential electrophysiology procedures; the Role of
Transeosphageal Echocardiography Compared to Computed

45°

Fig. 1.2 Multiplanar imaging of LAA at different angles

5

Tomography in Evaluation of Pulmonary Vein Ablation for
Atrial Fibrillation (ROTEA) study showed that TEE pro-
vided both anatomical and function information that comple-
mented CT [74]. Other major sources of cardioembolic
strokes are infective and non-infective endocarditis, atrial
myxomas, atrial and ventricular septal defects, and mitral
annular calcification; thus a detailed TEE prior to DCCV can
further identify potentially relevant sources of embolism
beyond the LAA that can significant impact clinical manage-
ment [75] (Fig. 1.3b—e).

The LAA is often surgically excised or excluded at time of
concomitant open-heart surgery procedures in an attempt to
prevent future thromboembolic events. However, TEE studies
have reported patent flow between the LA and the residual
LAA following surgical LAA intervention, up to 60 % [76—
78]. Patients who had high persistent flow into the LAA after
exclusion were also found to have a high prevalence of LAA
thrombus [77]. Furthermore, differences in LAA patency
rates have been found depending on technique and that the
differences can been seen in the early (<30 day) post-opera-
tive period [77]. Given reports of early thrombus formation
<48 h of onset of atrial fibrillation in patients following open-
heart surgery [79], it is important not to assume that a history
of “LAA ligation” is protective. Careful scrutiny of the struc-
ture, function, and flow characteristics of the remnant LAA is
needed to exclude the presence of thromboembolic risks.
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TEE Abnormalities in AF
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Blood stasis secondary to ineffective LAA contraction in
AF can be visualized on two-dimensional (2D) TEE as a
spectrum ranging from spontaneous echocontrast (SEC) to
sludge to thrombus formation [80, 81] (Fig. 1.4). SEC,
also known as “smoke”, has a slow, swirling motion of
variable echodensity that represents non-laminar, low
blood flow velocities [82, 83]. Reflecting increased eryth-
rocyte aggregation, and presence of fibrinogen, SEC has
been seen in up to 60 % of patients with AF [84-86]. A
precursor of thrombus formation, SEC has been strongly
associated with subsequent thrombotic events [58, 87].
However, the use of aspirin or warfarin does not influence
the presence of SEC as the underlying hemodynamic
abnormalities are persistent despite anticoagulation ther-
apy [88]. Despite attempts to quantitative the degree of
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Fig.1.3 (continued)
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Fig. 1.4 Spectrum of LAA Thrombogenic Milieu (a) shows severe spontaneous echocontrast (SEC) in the LAA. (b) Shows severe SEC and lay-
ered sludge within the LAA. (¢) Shows thrombus that has formed in the LAA

<
<

Fig. 1.3 Potential sources of emboli. (a) Shows severe atheroma
(1.2 cm) in the mid-aortic arch. (bl) Shows a patent foramen ovale
(PFO). (b2) Shows agitated saline flowing through the PFO. (b3)
Shows color flow through the PFO. (¢) Shows mobile mitral annular

calcification. (d) Shows a large mass in the LA that on pathology was
revealed to be sarcoma. (e) Shows a vegetation on a prosthetic mitral
valve consistent with prosthetic endocarditis
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spontaneous echo contrast [§9-91], it is general graded as
absent, mild, or severe [69].

Sludge represents a progression of SEC in the continuum
towards thrombus formation. As a thrombus in situ, sludge
has a gelatinous, layered quality, and is seen throughout the
cardiac cycle but is not well circumscribed [92]. It differs
from thrombus, which is defined as a well circumscribed, uni-
formly echodense, highly reflective mass that is distinct from
the LA or LAA endocardium and is present throughout the
cardiac cycle [31, 93]. It can be difficult to differentiate sludge
from thrombus; prolonged single or simultaneous multi-pla-
nar observation may be necessary. While the clinical implica-
tions of sludge remains debated, there has been recent
evidence that suggests that sludge has prognostic implica-
tions [94]. Lowe et al. followed 340 patients at the Cleveland
Clinic for 6.7+3.7 years who underwent TEE prior to DCCV
or radiofrequency pulmonary vein isolation (PVI); those who
were found to have sludge were found to have high rates of
thromboembolism and death comparable with patients with
LAA thrombus. Sludge was also found to be independently
associated with subsequent thromboembolic events and all-
cause mortality [92]. While the presence of thrombus is an
absolute contraindication to DCCV or PV], it remains debated
whether identification of sludge precludes safe DCCV [95].

Pectinate muscles, reverberation artifact from the warfa-
rin ridge, septa between multiple LAA lobes, and severe
SEC can mimic LAA thrombi [96, 97] and cause false posi-
tive TEE results. The use of simultaneous multi-planar and/
or three-dimensional imaging, echocontrast agents, and
other adjunctive TEE techniques can assist in distinguishing
between true LAA thrombi, artifacts, and intrinsic
structures.

Adjunctive TEE Techniques

Given that in spite of multiplanar 2D interrogation of the
LAA, small thrombi (<2 mm) can be missed [31], clinicians
may elect to further assess the LAA utilizing adjunctive TEE
techniques.

Three-Dimensional TEE

While 3D TEE does not have the temporal or spatial resolu-
tion of 2D TEE, the lobular morphology of the LAA is well
suited to 3D TEE imaging and its ability to visualize and
reconstruct cardiac structures from multiple vantage points
[98, 99]. Since it provides a more comprehensive assessment
of the multiple LAA lobes, 3D TEE has shown to be more
accurate in estimating LAA geometry and size. 3D TEE may
be less influenced by artifacts, such as reverberations off of
the warfarin ridge, and more easily differentiate adjacent
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structures, such as pectinate muscles versus thrombi [100].
Real-time 3D TEE has been valuable in assessment of the
LAA for closure devices and placement of the device within
the LAA orifice [101]. Since 3D TEE is in its relative infancy,
data regarding the sensitivity and specificity for detecting
LAA thrombi is still needed.

Echocontrast Agents

Dense SEC and reverberation artifacts can limit the assess-
ment of the LAA cavity and/or mimic thrombi. Ultrasound
contrast agents can enhance imaging of the LAA by suppress-
ing SEC and uncovering true filling defects due to underlying
thrombi within the LAA [102, 103]. By completely opacifying
the LAA cavity, an echocontrast-enhanced TEE can improve
the structural assessment of a multilobular LAA. Thus, in the
setting of inconclusive TEE images, contrast enhancement can
improve the ability to identify or exclude LA and LAA thrombi
with minimal risk, although it does add incremental cost and
time to the TEE examination [104].

Doppler

In addition to evaluating the anatomy of the LAA, evaluating
the contractile activity of the LAA by pulsed Doppler can
assist in assessing the risk of thrombus formation. Replacing
the characteristic quadriphasic Doppler pattern in sinus
rhythm, the LAA emptying velocities can be either an irregu-
lar sawtoothed pattern or absent [105—-107]. In the sawtooth
pattern, two types of emptying waves can be seen: a high
frequency, highly variable, low amplitude wave during sys-
tole and a higher velocity wave in early diastole before the
QRS. The low amplitude fibrillatory wave is a marker of the
AF cycle length, while the diastolic LAA emptying wave
reflects mitral valve opening and suction secondary to LV
relaxation [44] and should be measured at time of TEE
assessment. Low diastolic LAA emptying velocities reflect
poor LAA mechanical function and have been associated
with presence of SEC and risk of thromboembolism;
velocities <20 cm/s has been associated with LAA thrombus
and strongly correlated with higher incidence of stroke [11,
108, 109]. LAA diastolic flow velocities >40 cm/s has been
shown to predict greater likelihood of sustained normal sinus
rhythm for 1 year after cardioversion [110].

Additional Echo Assessment Techniques
Given the prevalence of atrial fibrillation, there are a number

of different studies exploring novel methods of further
assessing the LA, LAA, and the risk of thrombus formation.
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Strain-based techniques, including tissue Doppler imaging
and speckle tracking, have been shown to correlate to
presence of LAA thrombus, reflecting poor LAA contractile
function and low emptying velocities [90, 111-116]. Motoki
et al. and others have also assessed the relationship between
left atrial strain, LA contractile function, and the maintenance
of sinus rhythm for atrial fibrillation [117-119]. Further
validation of these techniques is needed before widespread
adoption, but significant interest remains in further
development of non-invasive echo parameters.

Summary

TEE has become widely adopted in assessment of patients
with atrial fibrillation prior to cardioversion. From assessment
of the multilobular structure of the LAA to evaluating its
contractile function, TEE provides a valuable tool in
detecting the presence of LAA thrombus and assessing the
risk of stroke. Given the growing epidemic of atrial fibrillation
and the clinical significance of thromboembolism, TEE will
continue to develop as a tool for clinicians as a screening and
diagnostic modality.

Acknowledgement The authors acknowledge the invaluable secretarial
assistance of Marie Campbell.

TEE-Guided Direct Current
Cardioversion Cases

Case 1: Thrombus (Fig. 1.5a-g)

A 70 year-old woman presents to the emergency department
with shortness of breath. She has a past medical history
significant for hypertension, heart failure with preserved
ejection fraction, and apical variant hypertrophic
cardiomyopathy. She states that she was in her usual state of
health when she drifted off to sleep while watching TV. She
woke up short of breath but denies any chest pain, fevers, or
cough. She intermittently takes her heart failure medications,
including her diuretic. She was taken by a family member to
the emergency room, where on arrival, she was in respiratory
distress, hypertensive, and tachycardic, with a blood pressure
of 182/90 mmHg, heart rate of 126 beats per minute, and
respiratory rate of 44 breaths per minute, with a oxygen
saturation of 100 % on room air. Her initial exam as noted for
irregular, tachycardic heart rate, bilateral crackles over her
lung fields, and mild lower extremity edema. Her chest x-ray
was consistent with pulmonary edema and her laboratory
work-up was unremarkable, including negative cardiac
enzymes, except for an elevated beta-naturetic pepitide level.
Her ECG showed atrial fibrillation, which was a new
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diagnosis. She was started on a nitroglycerin infusion, placed
on a non-invasive positive pressure ventilator (NIPPV), and
given IV furosemide. With diuresis, she was quickly weaned
off NIPPV and the nitroglycerin drip less than 24 h after
presentation. Given her new diagnosis of atrial fibrillation,
she was also started on IV heparin with plan for TEE-guided
DCCV.

Her TEE revealed severe SEC in her LA and LAA, which
had a large primary lobe and smaller adjacent lobe. There
was a large, mobile echodensity in the LAA, which prolapsed
into the left atrium, which was consistent with thrombus. Her
LAA peak emptying velocity was 38 cm/s. Of note, a TTE
performed prior to her TEE showed spontaneous echocon-
trast but did not detect any thrombus in the LA.

Her elective DCCV was canceled and she was bridged on
IV heparin and started on warfarin therapy until her INR was
>2. She was discharged with outpatient follow-up; at her
clinic visit, she was noted to have self-converted into normal
sinus rthythm. There were no obvious clinical manifestations
of thromboembolism on history or physical exam.

Clinical Pearl

Regarding utilizing TTE to detect thrombus, the
Comprehensive Left Atrial Appendage Optimization of
Thrombus (CLOTS) multicenter pilot study demonstrated
that TTE may be useful in detecting thrombus when utilizing
harmonic imaging combined with IV echocontrast. In that
study, LAA wall tissue Doppler velocities also correlated to
the presence of sludge or thrombus (apical E velocity
<9.7 cm/s, anterior S velocity <5.2 cm/s) [120]. TEE, how-
ever, remains the gold standard for LAA thrombus detection.
While a majority of patients have a multilobular appendage,
which has been shown to be independently associated with
thrombus formation, 20 % of subjects in an autopsy study
had a single lobe [34, 121]. Simultaneous multiplanar imag-
ing can be essential in determine the lobular structure of the
LAA and detecting possible thrombus.

Case 2: SEC/Sludge/Thrombus (Fig. 1.6)

A 69 year-old man presents to outpatient clinic with increas-
ing fatigue. He has a past medical history significant for
atrial fibrillation, hypertension, hyperlipidemia, sleep apnea,
congestive heart failure, and diabetes. He has a known non-
ischemic cardiomyopathy with left ventricular systolic ejec-
tion fraction of 20 %. He has an ICD that was placed for
primary prevention of sudden cardiac death. He has been
compliant with his medications, including his warfarin for
CVA prevention (CHADS, risk score = 3, 5.9 %/year risk of
thromboembolic event, CHA,DS,-VASc risk score = 4,
9.3 %lyear risk of stroke) as well as his heart failure regimen.
He was diagnosed with atrial fibrillation 6 months prior to
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presentation and underwent an uneventful TEE-guided car-
dioversion and was placed on dofetilide. However, his antiar-
rhythmic regimen was changed to amiodarone due to patient
preference several months later. On exam, his vital signs
were acceptable and he clinically appeared euvolemic with
flat neck veins and no peripheral edema. His heart sounds
were notable for an irregular rhythm; atrial fibrillation was
confirmed on ECG. His INR was therapeutic at 2.3. On inter-
rogation of his ICD, it was found that his atrial fibrillation
burden was 2 %. There was concern that the loss of atrial
kick or heart rate changes secondary to atrial fibrillation was
worsening his heart failure symptoms, thus it was decided
that the patient should have a TEE-guided DCCV.

His TEE revealed no left atrial appendage thrombus but
the presence of severe spontaneous echo contrast
(Fig. 1.6a—d).

He underwent successful DCCV and his heart failure was
well controlled for 2 years; however, he again returned to
clinic with increasing fatigue and was found to be back in
atrial fibrillation. His INR again was therapeutic and he
underwent a TEE for possible DCCV.

His TEE this time showed again showed severe SEC in
the LAA with a peak emptying velocity of 16 cm/s. There is
no thrombus, but a layer of sludge in the LAA (Fig. 1.6e—h).

Given the presence of sludge, the elective DCCV was
canceled and patient was maintained on anticoagulation but
subsequently was admitted to the hospital 3 weeks later in
decompensated heart failure. Following stabilization of his
volume status, he underwent interval TEE to evaluate
whether he could again be converted to sinus rhythm.

His interval TEE now showed the presence of a LAA
thrombus despite documented adequate anticoagulation
between the echocardiographic studies. His elective DCCV
was canceled and he remained on anticoagulation
(Fig. 1.6i-)).

Clinical Pearl

SEC is seen in 50 % of patients with AF and in 2 % of
patients with NSR. Furthermore, SEC was present in 90 %
of patients with LAA thrombus. In a subgroup analysis of
the Stroke Prevention in Atrial Fibrillation (SPAF-III) trial,
dense SEC was an independent predictor of thromboem-
bolic events [122]. Furthermore, despite anticoagulant ther-
apy, patients with AF and dense SEC have a high likelihood
of cerebral embolism and/or death [123]. In a separate study,
the presence of sludge has also been independently associ-
ated with thromboembolic events and all-cause mortality
[92]. The decision to DCCV in the setting of dense SEC or

<
<

n

sludge, however, is controversial and remains highly
debated.

Case 3: NOAC Case (Fig. 1.7)

A 50-year old man with palpitations presented to clinic for
evaluation. He has a past medical history for hypertension
and diabetes. He denies any chest pain but describes an irreg-
ular heart rhythm most notable with activity but can occur at
rest. He had a negative exercise stress test earlier in the year
as part of an insurance physical exam. On physical exam, he
has an irregular heart rhythm and no cardiac murmurs. An
ECG confirms atrial fibrillation with a controlled rate. A
TTE was performed that showed a mildly enlarged left
atrium but no significant valvular abnormalities. He also had
no metabolic dearrangement on laboratory testing, including
normal renal function. He dislikes frequent blood tests; thus,
after discussion of the risks and benefits with his physician,
he is started on dabigatran for stroke prophylaxis. Following
3-weeks of anticoagulation, he presented for TEE-guided
cardioversion for trial of sinus rhythm restoration.

His TEE revealed a bilobed LAA with no SEC, no sludge,
and no thrombus. Doppler of the LAA orifice revealed a
fibrillatory patter with high emptying velocities (61 cm/s).
He underwent successful DCCV without any immediate
complications.

Clinical Pearl

A number of new non-vitamin K oral anticoagulants (NOAC)
have been developed and approved for thromboembolic pro-
phylaxis. Direct thrombin inhibitor, dabigatran through the
RE-LY trial [124], and factor Xa inhibitors: rivaroxaban
through the ROCKET AF trial [125], apixaban through the
ARISTOTLE trial [126], and edoxaban through the
ENGAGE AF-TIMI 48 trial [127], have been shown to be
non-inferior to conventional warfarin therapy for the preven-
tion of embolic events in the setting of atrial fibrillation.
Post-hoc, subgroup analyses of RE-LY, ROCKET AF, and
ARISTOTLE, have similar shown at least non-inferiority of
dabigatran [128], rivaroxaban [129], and apixaban [130] for
embolic events compared to warfarin for subjects who under-
went cardioversion. There is a prospective, randomized,
open-label, blinded endpoint evaluation (PROBE) trial cur-
rently enrolling that compares edoxaban to warfarin in sub-
jects undergoing DCCV for AF [131]. Given the lack of
direct head-to-head comparisons of the NOACsS, it is not
clear that a particular NOAC is superior. There have been

Fig. 1.5 (a—g) Case of LAA thrombus (Case 1) (a—d) demonstrate a
large mobile echodensity within the primary lobe of the LAA that pro-
lapses in the LA. (b) Depicts the simultaneous, multiplanar view of the
thrombus. (e) Shows a 3D reconstruction of the thrombus. (f) Shows

color flow around the thrombus, offering additional evidence that the
echodensity was indeed thrombus and not an echo artifact. (g) Shows
the erratic emptying velocities of the LAA in atrial fibrillation, with an
emptying velocity of 38 cm/s
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several meta-analyses pooling the data from the NOAC-trials
that have shown similar or lower rate of embolic events,
major bleeding, and/or all-cause mortality with NOACs
compared to warfarin [132-137]. The results of these analy-
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Fig. 1.6 (a-d) Spontaneous echocontrast (Case 2) (a—c) demonstrate
severe echocontrast within the LAA but no LAA thrombus.
Simultaneous multiplanar imaging was used to evaluate for possible
thrombus. (d) Shows the SEC that appears within the lumen of the LAA
in (d). (e-h) Sludge (Case 2) (e—f) demonstrate severe echocontrast
within the LAA as well as layered sludge. (g) Shows that color flow

D.B. Min and A.L. Klein

ses and the convenience of no required monitoring (i.e.
unlike blood draws for INR with warfarin) must be weighed
against the lack of reversal agents and safety data to come
with long-term use of these newer agents.
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Doppler to the apex of the LAA. (h) Shows reduced LAA emptying
velocities. (i—j) Thrombus (Case 2) (i—j) demonstrate formation of a
thrombus in the apex of the LAA. (j) Shows marking of the thrombus
by the sonographer. Overall, the Figures in Case 2 highlight the pro-
gression of SEC to sludge to thrombus formation in a patient with LAA
and low emptying velocities
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Fig.1.6 (continued)

The current AHA/ACC/HRS guidelines recommend at
least 3 weeks of anticoagulation before DCCV for AF >48 h
in duration (or when duration is unknown); may proceed with
DCCYV sooner than 3 weeks of therapeutic anticoagulation if
TEE is performed prior to DCCV to rule out LA thrombus [8].
In the cardioversion subgroup analyses of RE-LY (dabiga-
tran), ROCKET-AF (rivaroxaban), and ARISTOTLE (apixa-
ban), the patients had received long-term anti-coagulation
(>3 weeks) at time of DCCV. In the Rivaroxaban vs. Vitamin
K antagonists (VKAs) for Cardioversion in Atrial Fibrillation
(X-VeRT) trial, the investigators prospectively evaluated the
efficacy and safety of rivaroxaban versus VKAs undergoing
early (1-5 days of anticoagulation) versus delayed (3—8 weeks
of anticoagulation) DCCV, with or without TEE-guidance
[138]. While underpowered for statistical significance, the
study showed similar incidence of adverse events in those
receiving rivaroxaban versus VKAs in both the early and
delayed cardioversion arms, suggesting that early DCCV with
rivaroxaban may be comparable to the standard VKA para-
digm. The current AHA/ACC/HRS guidelines do not specify
the type of anticoagulation needed if proceeding with TEE-
guided DCCYV prior to achieving 3 weeks of anticoagulation.

Case 4: Artifact (Fig. 1.8)

A 72 year old woman was referred for another opinion
regarding a left atrial appendage thrombus. She has a past
medical history significant for severe aortic stenosis, atrial
fibrillation s/p DCCV in the past and on chronic anticoagula-
tion, hypertension, hyperlipidemia, CAD, and a TIA. She is
symptomatic from her severe AS with significant shortness
of breath performing activities of daily living; however, due
to her comorbidities, she was felt to be too high risk to
undergo open heart surgery. She subsequently underwent a
TEE for preoperative planning prior to possible transcatheter
aortic valve replacement (TAVR) when she was reported to
have a LAA thrombus. Her TAVR planning was halted, her
anticoagulation was continued, and she was referred to
another medical center for further evaluation.

She underwent a repeat TEE for further assessment of her
left atrial appendage. An echodensity was visualized within
the LAA between the membranous band of the left upper
pulmonary vein and the LAA wall without any clear connec-
tion to the wall. It had a fully dependent motion with respect
to the LAA and heart motion. Simultaneous multiplanar
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Fig.1.7 (a—c) NOACs (Case 3) (a—c) demonstrate a bi-lobed LAA with no SEC, no sludge, and no thrombus after 3 weeks of anticoagulation with
dabigatran, a NOAC. (c¢) Shows high LAA emptying velocities in AF, 61 cm/s

imaging, in addition to echocontrast, was utilized to confirm
suspicions that the visualized density was an artifact from
the warfarin ridge.

She underwent successful TAVR; of note, TEE at time of
TAVR again confirmed the presence of a reverberation arti-
fact within the LAA.

Clinical Pearl

Reverberation artifacts and pectinate muscles are often mis-
taken for LAA thrombi during TEE. In a series of patients
undergoing TEE-guided DCCYV, 23 % of patients had LAA
artifacts. Reverberation artifacts from the warfarin ridge are
located twice the distance from the transducer to the ridge,
have a fully dependent motion with respect to the heart, and
are morphologically consistent with the ridge. Thrombi have
an independent motion, often-rounded morphology, attached
to the LAA, often associated with SEC, and are distinct in
echogenicity from the surrounding walls. Pectinate muscles
are confined to the body of the LAA, have a fully dependent

motion, and have the same echogenicity as the LAA walls.
The use of echocontrast, simultaneous multiplanar imaging,
and 3D techniques can help distinguish between true LAA
thrombus, artifact, and intrinsic structures.

Case 5:LAA Exclusion (Fig. 1.9)

A 74 year old woman presented for TEE prior to anti-arrhyth-
mic drug load (sotalol) for atrial fibrillation. She had a past
medical history significant for hypertension, hyperlipidemia,
interstitial lung disease, and atrial fibrillation. At the time of
thoracic surgery for recurrent pleural effusions, her left atrial
appendage was surgically oversewn with suture. She continued
on anticoagulation therapy for stroke prophylaxis. She was
admitted for anti-arrhythmic therapy due to symptomatic palpi-
tations that was felt to be due to atrial fibrillation.

Her TEE showed a large mobile thrombus within the
LAA with residual communication from the appendage to
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different angles does not reveal the same echodensity. (f) Shows a typi-
cal quadriphasic LAA emptying pattern in sinus rhythm, although the
late diastolic emptying velocity is low at 21 cm/s. (g—h) Show the use
of echocontrast to confirm that the echodensity is reverberation artifact
from the warfarin ridge due to the lack of a filling defect
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Fig. 1.9 (a-d) LAA surgical oversewing (Case 5) (a-b) demonstrate
formation of a thrombus (marked with an arrow) within a LAA that has
been surgical oversewn. (c—d) Demonstrate residual communication

between the LAA and the LA. There is suggestion of thrombus forma-

tion in the LA where the LAA was surgical oversewn (marked with a +
ina,c, d)
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the LA. She was not started on anti-rhythmic therapy and a
rate control strategy was adopted with continued
anticoagulation.

Clinical Pearl

While the LAA is often surgically excised or excluded at time
of concomitant thoracic surgery, multiple TEE studies have
demonstrated flow between the LA and residual LAA [76—
78]. A study performed at the Cleveland Clinic reviewing 137
patients who had LAA closure and subsequent TEE evalua-
tion, showed that only 55 of 137 (40 %) of closures were suc-
cessful and that LAA thrombus was found in 41 % of patients
with patent communication between the LA and LAA. From
the study, it appeared that of the various LAA interventional
techniques, surgical excision was more successful than exclu-
sion (suture or stapler) [77]. With the advent to newer percu-
taneous LAA closure techniques, TEE evaluation of residual
flow and/or thrombus formation should not be overlooked.
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Abstract

In this chapter we discuss the indications, as well as the echocardiographic/Doppler
diagnosis of pericardial tamponade. We provide an in depth description of how to perform
an echocardiographic guided pericardiocentesis. A detailed description is given on how to
prepare for performing pericardiocentesis, equipment needed, use of local analgesia,
exclusion criteria, and the optimal site for pericardial puncture as dictated by
echocardiographic guidance. We explain different approaches for pericardial access, how to
identify the angle for needle insertion and to determine the depth of needle penetration that
is both safe and required. We describe the use of pericardial catheter drainage, laboratory
studies that should be performed on the pericardial fluid and management of pericardial
drain, as well as when the drain should be removed. We outline our use of medications
before (local analgesia), and after the procedure (anti-staphlococcal coverage while the
pericardial catheter is in place and the use of colchicine and non-steroidal anti-inflammatory
agents). Detailed imaging is provided for the echocardiographic findings as well as step-by-
step photo demonstration of the pericardiocentesis procedure.

Keywords
Pericardial effusion ¢ Pericardial tamponade ¢ Ultrasound guidance * Echocardiography ¢
Doppler ¢ Pericardial drainage

diac trauma. The first open drainage of a traumatic pericardial
effusion was performed by the surgeon Dominque Larrey in

Hippocrates first identified the pericardium as a sac around
the heart containing a small amount of yellow fluid. Some
600 years later Galen, the Greek physician to Roman gladia-
tors, was the first to describe pericardial effusion due to car-

R.J. Siegel, MD, FACC, FASE (54)

Division of Cardiology,

Cedars-Sinai Medical Center, Heart Institute,
127 S. San Vicente, AHSP Building,

Los Angeles, CA 90048, USA

e-mail: Robert.Siegel @cshs.org

R. Arsanjani, MD

Medicine, Division of Cardiology,

Cedars-Sinai Medical Center, Heart Institute,

127 S. San Vicente Blvd, A3100, Los Angeles, CA 90025, USA
e-mail: arsanjanir@gmail.com

© Springer International Publishing Switzerland 2016

1810. A soldier in the French army had stabbed himself in the
chest and was progressively deteriorating. Forty-days after
the self — inflicted wound, Larrey surgically drained more
than a liter of fluid and clot. Initially the patient made a
remarkable recovery, only to succumb to infection about
3 weeks later. The first percutaneous drainage of the pericar-
dium was done in Vienna by Frank Schuh in 1840, to treat a
24 year old woman suffering from severe dyspnea. Schuh
inserted a trocar between her ribs and removed over a liter of
blood tinged effusion. His patient had prompt improvement
in her breathing, but succumbed to an intra-thoracic neo-
plasm. In 1896, the German physician Ludvig Rehn per-
formed the first successful treatment of pericardial tamponade
by draining the effusion and suturing an RV laceration due to
a stab wound. In 1911 Antoine Marfan in France described
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the subcostal approach for pericardiocentesis. This became
the standard approach for decades, and is still used as the pri-
mary site for access when the pericardiocentesis procedure is
done without echocardiographic guidance.

Indications for Pericardiocentesis

The indications for pericardiocentesis can be categorized as
elective, urgent, or emergent. Elective pericardiocenteses are
often indicated for diagnostic purposes in the setting of an
effusion to assess for metastatic disease or to diagnose
purulent pericarditis. Emergent pericardiocentesis is usually
performed when there is acute hemodynamic compromise
with hypotension. This may occur in the cardiac
catheterization and electrophysiology (EP) laboratories
when there is a cardiac perforation resulting in the rapid
accumulation of 50-100 cc of blood in the pericardial space.
Even with echo equipment readily available for guidance,
deterioration in some cases may so be rapid that an immedi-
ate subcostal needle puncture is required to relieve possible
tamponade to prevent complete cardiovascular collapse.
The most frequent clinical setting in which a significant
pericardial effusion is detected in our hospital are: an increase
in the cardiac silhouette on chest X-ray, post cardiac proce-
dures such as open heart surgery or percutaneous cardiac
intervention, hypotension and/or tachycardia. In these set-
tings an echocardiogram is done to confirm the clinical suspi-
cion of a pericardial effusion. In addition, some effusions are
found “incidentally”. These patients often have shortness of
breath, tachycardia, chest pain or other non-specific symp-
toms. Post-cardiac surgical patients may develop asymptom-
atic and large pericardial effusions — especially if they are
receiving anticoagulation. Effusions that develop rapidly gen-
erally manifest clinically with symptoms and/or hemody-
namic compromise. With effusions that develop slowly, the
echo findings of tamponade or “pre- tamponade” moderate to
large effusions often precede symptoms or clinical signs of
hypotension or hypoperfusion. As shown in Fig. 2.1, a large
pericardial effusion is circumferential and greater than 1 cm
[1]. Multiple echocardiographic signs of cardiac tamponade
are shown in the following Figs. 2.2, 2.3, and 2.4. Right atrial
systolic collapse (LV systole) as shown in Fig. 2.2 — is an
early sign of tamponade. However when there are signs of an
elevated right atrial pressure as demonstrated in Fig. 2.3 — (a
dilated and non-collapsing IVC) or diastolic collapse of the
RV seen in Fig. 2.4 — signs and symptoms of tamponade are
generally present. Additionally, Doppler inspiratory variation
of the tricuspid and mitral inflow as well as LVOT pulsed
wave (PW) Doppler could indicate tamponade physiology. It
should be kept in mind however that certain clinical findings
will prevent the development of tamponade physiology and
may thus delay the diagnosis. These findings include intra-
cardiac shunts such as an ASD, elevated LV filling pressures
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Fig.2.1 Parasternal long axis echocardiographic window demonstrat-
ing a large, circumferential pericardial effusion

Fig. 2.2 Echocardiographic images demonstrating right atrial col-
lapse, which is an early sign of tamponade

Fig. 2.3 Subcostal images demonstrating inferior vena cava plethora,
which is a very sensitive (97 %) but non-specific (40 %) sign of tamponade
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Fig.2.4 (a) M-mode (arrows) and (b) subcostal images demonstrating right ventricular diastolic collapse

that preclude the RVEDP equalizing with the LVEDP (i.e.
>20 mmHg), and aortic regurgitation that allows LV filling,
independent of respiratory hemodynamic changes. Very large
effusions in excess of 2000 ml can accumulate if the fluid
build-up is slow. Thus the hemodynamic changes as a conse-
quence of the effusion — emergent vs. urgent and even elective
pericardiocentesis is generally more related to the rate of fluid
accumulation than to effusion size.

Pericardiocentesis Without
Echocardiographic Guidance

Pericardiocentesis without echocardiographic guidance is
usually done in the emergent setting, and almost always
employs a subcostal approach to try to enter the pericardial
space. It may be preferable to angulate the needle toward the
left shoulder as this is away from the lung and closer to the
heart, however the needle can also be pointed towards the
right shoulder to avoid puncturing the left anterior descending
coronary artery. Some interventional cardiologists utilize flu-
oroscopy which allows visualization of the enlarged cardiac
silhouette but does not permit precise delineation of the peri-
cardial effusion or differentiate the epicardial surface from
the limits of the pericardium. Consequently, using fluoros-
copy is limited for finding the safest and easiest site to enter
the pericardial effusion. Without echo guidance, complica-
tion rates range between 20 % and 50 % and the mortality is
6 % [2]. Complications include cardiac penetration, coronary
artery laceration, pneumothorax, and penetration or lacera-
tion of viscera in the path of the pericardiocentesis needle [3].

Echocardiographic Guided Pericardiocentesis

The Mayo Clinic group, especially Callahan, Seward, Tsang
and Nishimura [4] were early proponents for echo guided
pericardiocentesis.

Their publications demonstrated that echo guidance
improves the safety and feasibility of percutaneous peri-
cardiocentesis. Over a 21 year period of performing peri-
cardiocentesis on nearly 1,000 patients (n=977), their
success rate of obtaining fluid and draining the effusion
was 97 %; major complications were only 1.2 % and minor
complications occurred in 3.5 %. Their results reflect a
substantial improvement over pericardiocentesis without
echo guidance [2]. In our experience at Cedars Sinai
Medical Center over the past 15 years with more than 500
patients, the major complication rate was 0.2 % with 1
patient having a pneumothorax and no mortality or need
for urgent surgery [5, 6].

We prefer to perform pericardiocentesis in the ICU at the
patient’s bedside which allows for continuous monitoring of
heart rate, blood pressure, and oxygen saturation. This avoids
moving a potentially hemodynamically unstable patient to
and from the catheterization laboratory or procedure room.
In addition, keeping the patient in the same room reduces
infection risk and the potential for catheter dislodgement
during patient transfers (Tables 2.1a and 2.1b)

Preparations Prior to Pericardiocentesis

1. Obtain patient consent for the pericardiocentesis
procedure.

2. Check platelet count and coagulation status.

3. Perform a 2D echo to find the largest effusion site, which
is easiest to access.

4. Exclude patients with aortic dissection and/or a dilated
aorta which suggests the possibility of an aortic dissec-
tion. While pericardiocentesis in the setting of a dissec-
tion may alleviate hypotension, it may also extend the
dissection and/or promote aortic rupture.

5. Determine the optimal site for the pericardial puncture,
avoiding lung, liver or other viscera. In addition the dis-
tance from the skin to the effusion should be measured
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Table 2.1a Equipment for the pericardiocentesis

—

(98}

0N N

9.

10

. Echo machine
. Mask, gowns, sterile gloves, surgical tape
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. Pericardiocentesis kit containing a large bore 19 gauge Cook needle, a 0.35 cm J-tipped guide wire, an 8 or 9 Fr dilator, a pig-tailed

Pericardiocentesis catheter with side holes, sterile gauze
. Sterile drapes
. A sterile blade to incise the skin at the catheter insertion site
. A hemostat, sterile scissors
. Suture (0 or 00 silk or chromic) with a curved needle
. A sterile sheath and gel for the ultrasound probe
A micro-puncture needle?
. An angio-catheter®

*Optional- the pericardial puncture may be done with a 19 gauge needle that allows advancement of an 0.35 guide wire or with a micro puncture
needle set — which is less traumatic than the standard needle or an angiocatheter of sufficient length can be used which is large enough to allow

pas

sage of a guide wire through it

Table 2.1b Medications for the pericardiocentesis

1.

1 % xylocaine without epinephrine

2. Atropine — opened or at the bedside in case the patient has a vasovagal reaction during or immediately after the Pericardiocentesis

3. Post- procedure treat with anti-staphlococcal medication until the pericardial catheter has been removed

4. Post-procedure anti-inflamatory drugs colchicine, and NSAIDs and or aspirin (never give corticosteroids as this increase recurrence rate
of pericarditis)

Fig. 2.5 (a) Apical 4-chamber and (b) Subcostal images are demonstrated. In each case the arrows indicate the distance between the skin and

per

icardial effusion

and it should be confirmed that the needle length is suffi-
cient to access the effusion (Figs. 2.5a, b).

. Measure the distance from the chest wall (Fig. 2.5a) or

subcostal space to the effusion (Fig. 2.5b). A transapi-
cal access may be preferable, but this decision is dic-
tated by effusion size and location. We use the
ultrasound transducer to determine the optimal entry
site into the thorax, and also to set the angle of inci-
dence for the needle and the chest wall that will be

used when entering the chest and advancing the needle.
Thus the operator performing the pericardiocentesis
should image the pericardial effusion from the planned
site of needle entry to set the best angle of needle inser-
tion. The ultrasound transducer should be tilted medial
and laterally as well as in the anterior and posterior
directions to see where there is sufficient amount of
pericardium for safe needle access to the pericardial
effusion.



2 Echo Guided Pericardiocentesis

The Pericardiocentesis Procedure

1. Explain each aspect of the procedure to the patient.

This helps to reassure the patient and keeps patient
movement to a minimum which is important to avoid
complications.
. Position the patient in the supine position close to the
edge of the bed with the head at 0-30° and even as high
as 45° to avoid respiratory distress. Positioning is impor-
tant to facilitate ease of the procedure.
. Mark the puncture site. This may be done with “perma-
nent ink” however this sometimes disappears with the
sterile preparation solution. It can be preferable to gen-
tly scratch the skin to create a mark which is easily seen
as in Fig. 2.6a. This mark is not affected by the skin prep
solution.
. Prepare the puncture site with a very thorough and
meticulous skin preparation to avoid the introduction of
any bacteria into the pericardial space. Drape the area as
seen in the Fig. 2.6b.
. Infiltrate the site with 1 % xylocaine without epineph-
rine (1st with a 25 gauge and then with a 22 gauge nee-
dle) as shown in Fig. 2.6c. It has become our habit to use
20-30 ml of xylocaine so that the procedure is painless,
the patient is comfortable, and does not move during the
procedure. With adequate local xylocaine analgesia
additional pain medication is not necessary. A patient
with a hemodynamically significant effusion should
never receive sedation as this may reduce adrenergic
drive and result in profound hypotension
. Make a skin incision (Fig. 2.6d) at the planned site of
needle entry and dilate that site with a hemostat
(Fig. 2.6e). Figure 2.7 shows the various sites used at our
institution for needle insertion which include sub-
xiphoid, trans-apical, parasternal, apical lateral and high
lateral sites. The trans apical and subxiphoid approaches
are most common. We avoid the subxiphoid approach if
the liver or other viscera are in the way. However, a
report by Lindenberger describes pericardial access
through the liver. They reported no complications even
in anti-coagulated patients [7]. As we almost uniformly
leave a pericardial drain in place, this could be
problematic with a trans-hepatic stick potentially lead-
ing to a hepatic fistula, bleeding or other problems.

. Monitoring:

(a) During advancement of the 18 gauge 15 cm in
length pericardiocentesis needle as shown in
Fig. 2.8a, ECG is monitored, along with blood pres-
sure every 1-2 min

(b) A surface 2D echo using a regular probe from a
location outside of the surgical field to prevent
contamination (e.g. parasternal view, apical view for
a subcostal approach and a subcostal view for an
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apical approach). Alternatively, a sterile sheath or
ultrasound probe cover may be placed over a 2D
transthoracic transducer, using standard ultrasonic
gel with in the sheath and sterile gel on the surface
of the probe cover. In addition, there are specially
manufactured acoustically reflective procedure
needles that may be used to visualize the needle
with ultrasound imaging during insertion.

(c) The sub-xiphoid approach is monitored by echo
from a parasternal or apical window. Measuring the
distance from the skin to the effusion is important in
this approach because the distance to the effusion is
generally greater than with the transthoracic
puncture.

(d) With a trans-thoracic puncture care should be taken
to ensure that there is no intervening lung between
the chest wall and puncture site. As shown in
Fig. 2.5a, this is readily confirmed by echo showing
the effusion extending to the chest wall.

(e) For transapical approaches in women, one should
not go through the breast tissue. If the left breast is
in the surgical field, we securely tape it upwards as
demonstrated in Fig. 2.6a so that the breast remains
out of the sterile field during the procedure.

(f) In cases in which there is a relatively small or locu-
lated effusion in which the pericardiocentesis is
being done for diagnostic evaluation (cancer or
infection) ECG monitoring via the pericardiocente-
sis needle itself can be helpful to avoid myocardial
puncture. To do this, an alligator clamp is attached
to the pericardial needle and to an ECG electrode.
The electrode is then attached to an ECG machine
or the bedside ECG monitor. If during the procedure
the needle comes into contact with the ventricular
epicardium ST segment elevation will appear on the
ECG tracing. If this occurs, the needle should be
pulled back slowly until ST segment elevation
disappears.

. During needle insertion (Fig. 2.8b) we advance in

2-3 mm movements at the angle determined by the pre-
procedure bedside echo.

. When non-sanguinous fluid is aspirated we generally

remove 10 cc of fluid to decompress the pericardial sac,
and then carefully detach the syringe from the needle
without changing the needle location and/or angle. A
guide wire is then advanced thru the needle into the
pericardial space as shown in Fig. 2.8c. The guide wire
should advance easily; if it does not, the wire should be
removed and the needle redirected. When the pericardial
aspirate is free flowing the guide wire should be
re-advanced. If the effusion is bloody, discharge some of
the aspirate on to a gauze pad and check for the presence
of small blood clots. If the aspirate clots, the needle is
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Fig.2.6 (a) The puncture site could be marked by permanent ink or by
scratching the skin as shown below. In this female patient the breast
tissue is taped to hold the breast out of the plane of access for
pericardiocentesis. (b) The pericardiocentesis site is prepared and

draped in usual sterile fashion. (¢) The access site is anesthesized using
1 % xylocaine without epinephrine. (d) A skin incision is made using a
scalpel at the planned site of needle entry. (e) The entry site is dilated
using a hemostat
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Fig. 2.7 Various sites used for needle insertion during
pericardiocentesis. These sites include parasternal (red), apical (yellow),
and subcostal (blue) with the arrows indicating potential the sites of
access

not in the pericardial space or it is very fresh blood from
a ruptured heart or aortic dissection with leakage of
blood into the pericardial space. This is an emergent
situation and aspiration of blood should be immediately
stopped as relief of tamponade in this setting will allow
systemic pressure to rise and lead to further ventricular
or aortic rupture or dissection. Such patients should be
taken urgently to the OR and a TEE done to confirm the
diagnosis.

If the bloody fluid is non-clotting one needs to
determine if the source of the blood is the heart or the
pericardial space. This may be done by injecting agi-
tated saline into the pericardial space. As demonstrated
in Fig. 2.9. our preference is to aspirate the patient’s
blood admix it between two syringes with a three way
stopcock and re-inject it through the catheter, resulting
in a robust echo-contrast image allowing determination

10.

11.

12.

13.

14.

15.

of whether the needle is intra-pericardial as in Fig. 2.9
or intra-cardiac if the echo contrast would be seen
within the heart itself.

After confirmation that the needle is in the pericardial
space in which case the dilator is passed over a guide-
wire as seen in Fig. 2.8d. We generally dilate the space
three times to allow for easy passage of the pericardial
catheter.

The pericardial catheter is then advanced into the peri-
cardial space at least 20 cm (Fig. 2.8e). The catheter is
sutured in place and the pericardial fluid is aspirated and
transferred to drainage bag until there is no further
drainage.

We attach the pericardial catheter to a Jackson Pratt
drain (Fig. 2.8f) and keep the intra-pericardial catheter
in place for generally more than 36 h and until the drain-
age is less than 50 ml in a 24 h period and there is con-
comitantly no more than a trivial pericardial effusion on
echo.

Pericardial fluid is sent for analysis. The tests which are
ordered depend on the clinical setting. When it is clearly
a traumatic etiology, we generally only send for culture,
gram stain, cell count and glucose to ensure that no
secondary infection is present. If there is a potential for
a neoplastic process, in addition to the above, we send
most of the fluid for cytology. We have found that
distinguishing between transudate and exudate by LDH
or total protein has little diagnostic or prognostic value.
A transudate does not exclude a neoplastic etiology [8].
When there is a potential for infection especially in
elderly or immune compromised patients, we assess not
only for bacteria but also for fungi and for TB by PCR
and AFB stain.

Patients are treated with an antibiotic prophylaxis that
provides anti- staphylococcal coverage until the
pericardial catheter is removed. If there are no
contraindications, it is also our practice to place the
patients on anti-inflammatory therapy with colchicine
and NSAIDS or ASA.

Following removal of a large pericardial effusion, the
heart rate usually improves (Fig. 2.10). In addition,
echocardiographic images demonstrate improvement in
right atrial pressure (IVC collapsibility), resolution of
inspiratory variation of the tricuspid and mitral inflow
(Fig. 2.11), as well as the respiratory variation seen on a
pulse oximeter, these all reflect the resolution of pulsus
paradoxus which is caused by cardiac tamponade.
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Fig. 2.8 (a) A Cook needle is used to gain access to the pericardial
space. (b) The Cook needle is slowly advanced until small amount of
pericardial fluid is aspirated. (¢) The guide wire is advanced thru the
needle into the pericardial space. (d) A dilator is passed over the

guidewire to allow for easy passage of the pericardial catheter. (e) The
pericardial catheter is advanced over the guidewire into the pericardial
space for at least 20 cm. (f) The pericardial catheter is attached to a
Jackson Pratt drain and kept in place for generally more than 36 h
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Fig.2.9 (a) Apical 4-chamber echocardiographic image demonstrating pericardial effusion. (b) Arrows demonstrate saline echo-contrast injected
into pericardial space confirming the location of pericardial catheter

Fig.2.10 Vital signs pre- and post- pericardiocentesis demonstrating significant improvement in heart rate
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Fig.2.11 (a) Following pericardiocentesis the IVC collapses and (b) the inspiratory variation across the mitral valve is no longer present

echocardiographically guided pericardiocentesis: experience in 117
consecutive patients. Am J Cardiol. 1985;55(4):476-9.
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Abstract

Rheumatic mitral stenosis remains a common mitral valve disorder in the developing world.
Percutaneous Mitral Valvotomy is an important therapy for theumatic mitral stenosis. This
chapter will review the critical role that echocardiography plays in the diagnosis, assessment
of suitability and guidance of percutaneous mitral valvotomy.

Keywords

Mitral valve * Stenosis ¢ Balloon ¢ Valvulotomy ¢ Echocardiography

Introduction

Rheumatic mitral stenosis (RMS) remains a common mitral
valve disorder internationally, with the highest prevalence in
developing countries [1, 2]. RMS results from an
inflammatory process affecting the mitral valve following an
episode of rheumatic fever. The pathophysiological
mechanism involves inflammation of primarily the
subvalvular chords and leaflet tips resulting in narrowing of
the mitral orifice at the leaflet tips and fusion of the
commissures. This leads to characteristic imaging features of
rheumatic MS which are (1) Doming of the anterior leaflet,
where the narrowest orifice occurs at the leaflet tips creating
a “hockey stick” deformity of the anterior leaflet (2) Posterior
leaflet immobility (3) “fish mouth” opening appearance of
the mitral valve orifice due to fusion of the commissures and
(4) Subvalvular thickening (Fig. 3.1). Percutaneous mitral
valvotomy (PMV) is an effective treatment for RMS [3-7].
Echocardiography plays an important role in all aspects of
PMV. From the initial diagnosis of RMS, to determination of
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suitability for PMV, guidance of PMV and assessment of
post PMV results. This section will demonstrate the impor-
tant role of echo in PMV through case based examples.

Role of Echocardiography in Guidance
of Percutaneous Mitral Valvotomy

Echocardiographic Features of Rheumatic
Mitral Stenosis

Patient is a 45 year old female who presents with dyspnea on
exertion. She was born in Brazil and came to US as a young
adult. She has no prior history of rheumatic fever. Figure 3.2
shows her transthoracic echocardiogram demonstrating rheu-
matic mitral stenosis. Mitral valve area (MVA) is calculated to
be 1.0 cm? by direct planimetry and pressure half time. Peak
and mean transmitral gradients are 16 and 10 mmHg at a heart
rate of 72 bpm. When reporting gradients for MS, it is impor-
tant to include the heart rate as diastolic gradients are particu-
larly dependent on trans mitral valve (MV) flow. Pulmonary
artery systolic pressure (PASP) is estimated to be 46 mmHg.

Because she is symptomatic with severe MS by valve
area, she is considered for PMV. Morphological features of
the MV by echo have been shown to predict success of PMV
[8]. A common scoring system to predict success of PMYV,
called the Wilkins Score, is based on echo morphological
features (Table 3.1) [8].
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Fig. 3.1 Echo features of rheumatic mitral stenosis; (a) arrow points
to doming of the anterior leaflet, resulting in characteristic “hockey
stick” configuration of the anterior leaflet. Yellow circle outlines a rigid
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and immobile posterior leaflet. (b) “Fish mouth” appearance of the
mitral orifice due to fusion of the commissures. (¢) Subvalvular thick-
ening (arrow)

Fig. 3.2 Transthoracic echocardiogram demonstrating rheumatic
mitral stenosis. (a) Parasternal long axis view with typical diastolic
leaflet doming. (b) “Fish mouth” appearance of the mitral orifice due to
fusion of the commissures. (¢) Subvalvular thickening. (d) Apical 4

Four morphological features of the mitral valve apparatus
(leaflet mobility, leaflet thickening, leaflet calcification, and
subvalvular thickening) are each assigned a score from O to 4

Peak gradient 16 mmHg
Mean gradient 10 mmHg
Heart rate= 72 BPM

chamber view in diastole and (e) systole with Color Doppler. (f)
Transmitral Doppler indicating severe mitral stenosis hemodynamics at
a relatively low heart

for a total score ranging from O to 16. The higher the number,
the worse the outcome of PMV. Scores of 8 or below have
favorable PMV outcomes. Figure 3.3 (Videos 3.1, 3.2, 3.3,
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Table 3.1 Grading of mitral valve characteristics from the echocardiographic examination

Grade Mobility Subvalvar thickening

1 Highly mobile valve with Minimal thickening just below the
only leaflet tips restricted mitral leaflets

2 Leaflet mid and base portions | Thickening of chordal structures
have normal mobility extending up toone third of

thechordal length

3 Valve continues to move Thickening extending to the distal
forward in diastole mainly third of the chords
from the base

4 No or minimal forward Extensive thickening and shortening

movement of the leaflets in
diastole

of all chordal structures extending
down to the papillary muscles

Thickening Calcification

Leaflets near normal in
thickness (4-5 mm)
Mid-leaflets normal

considerable thickening of
margins (5—-8 mm)

A single area of increased
echo brightness

Scattered areas of
brightness confined to
leaflet margins
Thickening extending
through the entire leaflet
(5-8 mm)

Considerable thickening of
all leaflet tissue (>8—10 mm)

Brightness extending into
the mid-portion of the
leaflets

Extensive brightness

throughout much of the
leaflet tissue

The total echocardiographic score was derived from an analysis of mitral leaflet mobility, valvar and subvalvar thickening, and calcification which
were graded from O to 4 according to the above criteria. This gave a total score of 0—16. Adapted from Ref. [8]

Fig.3.3 Example of low
Wilkins Score (5) associated with
successful PMV outcome (fop
panel a and b) and high Wilkins
Score (13) associated with poor
PMV outcome (lower panel ¢
and d). Note the difference in
leaflet thickening/calcification
comparing panels (a) vs (c¢) and
(b) vs (d)

and 3.4) shows case of low Wilkins and high Wilkins score
respectively. An important cause of morbidity and mortality
is development of severe MR following PMV. Padial et al.
[9] refined the Wilkins score to incorporate commissural cal-
cium pattern to predict severe MR post PMV (Table 3.2;
Fig. 3.4). Significant bilateral or asymmetric calcium pat-

terns in the commissures are associated with significant MR
post PMV [9, 10]. Both the Wilkins and Padial scores are
based on semi-quantitative assessment of MV morphologic
features which are subject to observer variability and have
been less reliable for scores in the mid-range. Nunes et al.
[11] recently demonstrated improved accuracy for predicting
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Table 3.2 Echocardiographic score for severe mitral regurgitation after percutaneous mitral calvulotomy

I-II. Valvular thickening (score each leaflet separately)
1. Leaflet near normal (4-5 mm) or with only a thick segment
2. Leaflet fibrotic and/or calcified evenly; no thin areas

3. Leaflet fibrotic and/or calcified with uneven distribution; thinner segments are mildly thickened (5-8 mm)

4. Leaflet fibrotic and/or calcified with uneven distribution; thinner segments are near normal (4—5 mm)

II1. Commissural calcification

1. Fibrosis and/or calcium in only one commissure

2. Both commissures mildly affected

3. Calcium in both commissures, one markedly affected

4. Calcium in both commissures, both markedly affected

IV. Subvatvular disease

1. Minimal thickening of chordal structures just below the valve

2. Thickening of chordae extending up to one-third of chordal length
3. Thickening to the distal third of the chordae

4. Extensive thickening and shortening of all chordae extending down to the papillary muscle

The total score is the sum of these echocardiographic features (maximum 16). Adapted from Ref. [9]

Fig. 3.4 Example of high Padial score; a high Padial Score is associ-
ated with increased risk of severe MR post PMV. (a) Arrow points to
diffuse and uneven thickening (5-8 mm) of the mitral leaflets; (b)

PMV success and development of severe MR using
Commissural Area ratio (Fig. 3.5a) and Leaflet Displacement
(Fig. 3.5b) which are quantitative MV functional and mor-
phological criteria that incorporate both functional and mor-
phological features of rheumatic MS. A commissural area
ratio of greater 1.25 than and leaflet displacement of <12 mm
are associated with poor PMV success. Figure 3.6 shows
transthoracic echocardiographic findings of a patient with
high Nunes score.

Echocardiographic evaluation of this patient demon-
strated a low echo (Wilkins) score of 5 with trace MR
(Fig. 3.2). She was felt to be a good candidate for PM'V.

Intraprocedure Guidance During PMV

Prior to PMV, a complete transthoracic echocardiogram
should be obtained to evaluate suitability for PMV. It is also

Arrow points to asymmetric calcification of the commissures; (¢) Arrow
points to extensive thickening and shortening of the chordae extending
to papillary muscle

important to evaluate for left atrial or left appendage throm-
bus prior to PMV by transesophageal echocardiogram (TEE)
[12]. Patients with left atrial thrombus should not undergo
PMYV or only be performed under special circumstances.
Figure 3.7 shows a thrombus seen in left atrial appendage
(Video 3.5).

During PMV, echocardiography (usually transthoracic) is
used after each balloon inflation to assess for MR, the change
in mitral valve gradients and the mitral valve leaflet anatomy
and mobility.

This patient underwent two balloon inflations with
increase in mitral valve area from 1.0 to 1.5 cm? and a change
in mean gradient from 10 to 5 mmHg. The degree of MR
increased from trace to mild (Fig. 3.8).

TEE or alternatively intracardiac echo (ICE) guidance for
trans-septal puncture can be useful, especially in patients with
large atria or abnormal interatrial anatomy (thickened or
redundant interatrial septum). An optimal location for the
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Fig. 3.5 Commissural Area ratio (a) and Leaflet Displacement (b)
incorporate both functional and morphological features of rheumatic
MS to predict both PMV success and development of severe MR. Left
panel displays short axis image of mitral valve showing commissural
area ratio measurement. Right panel displays apical 4 chamber view

Fig.3.6 Transthoracic echocar-
diography showing high
commissural area ratio (a) and
decreased maximal leaflet
displacement (b, yellow arrow)
relative to the annular plane
(vellow dashed line). LA left
atrium, RA right atrium, LV left
ventricle, RV right ventricle

trans-septal puncture is in the middle to slightly posterior loca-
tion of the fossa ovalis with care to avoid being too anterior
(near aortic root) or posterior (near atrial wall) (Fig. 3.9).
Typically, the trans-septal needle or catheter can be visualized
in the left atrium to confirm successful puncture (Fig. 3.10). On
occasion, 2D TEE imaging is unable to visualize the catheter
as the catheter is not in the same plane of the imaging beam. 3D
TEE echocardiography can often provide better visualization
of the catheter in these instances (Fig. 3.11, Video 3.6).

Commissural
Area Ratio

B Area Max
~ Area Min

37

showing maximum leaflet displacement (yellow arrow) relative to the
annular plane (yellow dashed line). LA left atrium, RA right atrium, LV
left ventricle, RV right ventricle (Adapted from Nunes et al. Circulation
2014)

This patient underwent PMV with single balloon technique
as demonstrated by TEE in Fig. 3.12. TEE can assist in guidance
of catheters and wires across the MV and positioning of the bal-
loon within the mitral valve orifice. Balloon inflation should be
avoided in the subvalvular region as this may lead to leaflet,
chordal, or papillary muscle rupture. As shown in Fig. 3.13, the
mitral valve orifice is occluded during balloon inflation as dem-
onstrated by stasis in the left atrium (Video 3.7). Close hemody-
namic monitoring is critical during balloon inflation.
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Post PMV Imaging

Following PMV, echocardiography should be performed to
assess for severe MR of which there is a reported incidence
of 1-9 % [13, 14]. The mechanism of severe MR post PMV
is most often due to leaflet tears. An assessment of leaflet
mobility and morphology, MV area and transmitral gradients

PAT T: 37.0@C
TEE T <37.@C

Fig.3.7 Transesophageal echocardiogram showing left atrial append-
age thrombus (white arrow)
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should also be performed. Evaluations for pericardial
effusion and of the transseptal puncture site should also be
performed. In the acute setting after PMV, the MV area is
calculated by planimetry rather than pressure half time
method because the pressure half time method immediately
after PMV has been shown to be inaccurate until the net
LA-LV compliance adjusts [15].

Indentation in IAS from needle l

J

= AOV

§\—.yi

PATT: 37.0C
TEE 38 5C

Fig.3.9 Location of trans-septal needle is noted by indentation of the
inter-atrial septum (IAS; white arrow). The location of needle is well-
positioned in the middle of the fossa ovalis, away from aortic valve
(AoV); RA right atrium, LA left atrium

d  Peakgradient 16 mmHg
Mean gradient 10 mmHg
Heart rate= 72 BPM

Peak gradient 11 mmHg
Mean gradient 5 mmHg
Heart rate= 71 BPM

Fig. 3.8 Pre percutaneous mitral valvotomy (PMV) echo images indicating severe MS (a—d). The echo images after successful PMV show
improved MV opening (e and f) with only mild MR (g) and significantly lower trans MV gradients in the setting of a similar heart rate (h)
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Fig.3.10 Location of trans-septal catheter can be confirmed in the left
atrium (white arrow); RA right atrium, LA left atrium

PAT T 37.0C
TEE T: 38.8C

Fig. 3.11 3D TEE enface image left atrium (LA), right atrium (RA)
showing catheter across inter-atrial septum (IAS)

Fig. 3.12 TEE demonstrating catheter in the left atrium: LA left
atrium, Ao aorta
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PAT T: 37.8C
TEE T <£372.

Inflated balloon~

g

Fig.3.13 The mitral valve orifice is occluded during balloon inflation
as demonstrated by stasis in the left atrium: LA left atrium, Ao aorta

Conclusion

PMV offers an effective therapy for rheumatic mitral ste-
nosis. Echocardiography plays an important part in all
aspects of PMV clinical decision making, including accu-
rate diagnosis of rheumatic MS, suitability for PMYV,
assessment of high risk features, peri-procedural guid-
ance and post procedural assessment of PMV results.
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Abstract

Alcohol septal ablation (ASA) has become an established treatment option for patients with
refractory symptoms due to the obstructive variant of hypertrophic cardiomyopathy (HCM)
(Fifer and Sigwart, Eur Heart J 32(9):1059-1064, 2011; Fifer, Circulation 116(2):207-216,
2007; Holmes et al., Catheter Cardiovasc Interv 66(3):375-389, 2005; El Masry and Breall, Curr
Cardiol Rev 4(3):193-197, 2008). Trans-thoracic echocardiography is often the initial modality
performed when a diagnosis of HCM is suspected and results are typically used to help deter-
mine which treatments might be appropriate to help relieve obstruction. A multidisciplinary
team approach to procedure selection and guidance is an ideal management strategy for patients
with obstructive HCM. Once the decision has been made to proceed with ASA, real-time intra-
procedural echocardiography is the ideal imaging modality to help define the anatomy and
mechanism of the obstruction and contrast echocardiography is used to guide the selection of the
appropriate septal perforator into which the alcohol will be infused. Imaging during and after

ASA is useful to predict procedural success and to monitor for complications.

Keywords

Echocardiography ¢ Hypertrophic obstructive cardiomyopathy * Alcohol septal ablation

Introduction

Successful management of patients with obstructive HCM ide-
ally employs an interdisciplinary approach. At our center, deci-
sion making regarding which interventional treatment option is
best for medical therapy-refractory disease typically involves a
clinical cardiologist specialized in HCM, an interventional car-
diologist skilled in the ASA procedure, an echocardiographer
experienced in ASA procedural guidance, a cardiac surgeon and
sometimes an electrophysiologist. A detailed review of the base-
line trans-thoracic echocardiographic images performed with
the patient on maximally tolerated medical therapy is required
to determine if a particular patient is a suitable candidate for the
ASA procedure [1-4]. Approximately 25% of patients with
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HCM have resting gradients but it has been estimated that up to
70% of patients with HCM develop gradients with activity [5,
6]. When patients are symptomatic in the absence of a resting
gradient, attempts to provoke a gradient while imaging with
echocardiography, such as with an exercise stress echo or
Valsalva maneuver can be undertaken. Dobutamine stress echo-
cardiography should generally not be used as a provocative test
because of the ability of dobutamine to provoke gradients of
questionable significance, even in normal individuals [7]. Intra-
procedurally, our team always includes an HCM cardiologist, an
interventional cardiologist experienced in ASA and an echocar-
diography attending with expertise in ASA guidance.

Before the Procedure
Prior to a planned ASA procedure, the echocardiographer

who will guide the procedure must perform a detailed review
of available imaging. This is extremely important to help
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determine if the anatomy is suitable for ASA as well as to
screen for other coexisting lesions that might make surgery
preferable. Interpretable image quality is an important pre-
requisite, and may impact choice of imaging modality to
guide the procedure. Although either trans-thoracic (TTE) or
trans-esophageal (TEE) imaging can be used to guide the
ASA procedure, our center has exclusively used TTE imag-
ing during ablation procedures. Since immediate procedural
success is determined by successful reduction of left ven-
tricular outflow tract (LVOT) gradient, we have used TTE in
order to avoid the need for general anesthesia, with its inher-
ent effects on cardiovascular hemodynamics that might make
interpretation of gradient reduction difficult. We have had an
excellent imaging success rate using TTE guidance.

Appropriate anatomy for ASA includes the presence of
LVOT obstruction due to significant basal interventricular
septal hypertrophy and systolic anterior motion (SAM) of the
mitral valve. The septal thickness at the level of the obstruc-
tion must be >16 mm in order to avoid the theoretical risk of
excessive septal thinning resulting in post-procedure ventric-
ular septal rupture. There are many different patterns of left
ventricular (LV) hypertrophy in HCM that should be excluded,
including midventricular and apical variants, which would
not be expected to benefit from ASA. Complete assessment
of mitral valve anatomy is essential. Because of the dynamic
nature of LVOT obstruction in this disease, mitral regurgita-
tion severity may vary from trace to severe depending on
loading conditions. It is important to exclude coexisting sig-
nificant organic mitral valve disease (prolapse, flail, calcifica-
tion, stenosis), that would be unlikely to be improved after
septal ablation and may adversely impact symptom resolution
after ASA [3, 8]. It is also important to carefully screen for
mimickers of obstructive HCM, including coexisting subaor-
tic membrane that may be masked by reactive hypertrophy of
the septum and sometimes even SAM just below the mem-
brane [9, 10]. While ASA might reduce the septal thickness
and improve the SAM, the fixed obstruction caused by a
membrane will not be relieved by ASA. Presence of signifi-
cant aortic insufficiency should raise suspicion of this condi-
tion and prompt a more detailed assessment of the outflow
tract. Cardiac amyloidosis can also mimic HCM and lead to
dynamic obstruction and should be excluded prior to deter-
mining appropriate invasive therapy [11].

During the Procedure

As is the case in all procedures that utilize echocardiographic
guidance, recording a detailed set of baseline images is
important to both monitor for success as well as screen for
complications. Since the patient is supine on the catheteriza-
tion table and under sterile draping, TTE images from the
apical view are the most often utilized views (Fig. 4.1).

D.M.Y. Sanborn

Fig. 4.1 Intraprocedural imaging from an apical window demonstrat-
ing typical image quality from a supine patient on the catheterization
table. LV left ventricle, LA left atrium, RV right ventricle, RA right
atrium

Baseline apical four chamber, apical five chamber, apical
two chamber and apical long axis views are be recorded
using both two-dimensional and color Doppler imaging. The
echocardiographer should obtain images with adequate visu-
alization of the myocardium and endocardial border and per-
form an assessment of baseline regional wall motion from
these views. Additionally, care should be taken to visualize
the pericardial space from these baseline views, as well as
the entire length of the RV free wall and inferior wall of the
LV. Pulse wave and continuous wave Doppler interrogation
should be performed and recorded from the apex through the
LVOT and aortic valve to confirm the level of maximal
obstruction. Typically the obstruction is dynamic (peaking
late in systole) and occurs at the site of SAM contact
(Fig. 4.2a). Early peaking or parabolic shaped gradients
should raise suspicion of a fixed obstruction that would not
be expected to improve with ASA (Fig. 4.2b). Color Doppler
should be used to assess mitral regurgitation severity as well
as for flow patterns across the LVOT and aortic valve. These
images will be used for comparison during contrast injection
to determine the perfusion area ‘at risk’ prior to administra-
tion of ethanol as well as to monitor for complications.
Occasionally, ASA will be performed in a patient with pro-
vocable but no resting LVOT gradients. Additional baseline
images during provocation (with dobutamine or nitroglycerin
infusion, with Valsalva maneuver or post-PVC) should be
recorded for later comparison.

Use of intracoronary contrast echocardiography has been
shown to improve procedural outcome and decrease compli-
cations of ASA [12-14]. Contrast agents that have been
reported to be used for ASA in the United States include
those commercially available, including Optison™,
Definity™ and agitated angiographic contrast. Our center
originally used Optison™, which must be drawn up in a ster-
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Fig.4.2 (a) Classic “dagger-shaped” late peaking LVOT gradient. (b) Parabolic gradient of fixed stenosis from a subaortic membrane

ile fashion and diluted by the interventionalist prior to use.
Typically 3 milliliters (ml) of Optison™ are mixed with 7 ml
of sterile normal saline to create the contrast solution. The
amount of contrast solution needed to define the anatomy
can vary, but usually 0.5-2 ml of the contrast solution should
be injected distal to the inflated balloon while echo images
are being recorded. Use of too much contrast or administer-
ing the contrast with too strong an injection can cause bloom-
ing and spillage of contrast into the cardiac chambers, which
can make determination of the target perfusion area more
difficult. Over the past several years during a time when
Optison™ was not commercially available and Definity™
did not have intracoronary labeling, our center switched to
using agitated angiographic contrast as our myocardial con-
trast agent. We had previously been advised by other centers
that they used this technique and we had also noted that
while imaging during angiography to confirm balloon place-
ment, we often saw the perfusion area enhance during angio-
graphic contrast administration and confirmed in several
serial patients that the area detected by agitated angiographic
contrast was the same as the area we were defining with
echocardiographic contrast. Since we have made this change
in contrast agent, we have had excellent experience and pro-
cedural success with the use of agitated angiographic
contrast.

A potential target septal perforator coronary artery is iso-
lated by the interventional cardiologist using a perfusion bal-
loon. Once the position is confirmed angiographically, an
intracoronary injection of a diluted echo contrast agent such
as Optison™, Definity™ or of agitated angiographic con-
trast, is performed distal to the balloon during real-time
imaging. The echocardiographer’s role is to confirm contrast
enhancement of the target area (upper septum at the site of
SAM contact) and in no other areas. Using TTE, imaging is
from an apical five chamber view during the injection
(Fig. 4.3). Additional images should quickly be obtained of

the RV free wall, inferior wall of the LV and the LV apex to
insure that there are no coronary collateral communications
or spillage around the balloon that could signal a risk of inad-
vertently infarcting these remote areas during the ethanol
injection, since the ethanol is expected to distribute in the
coronary circulation in the same pattern that the contrast dis-
tributes. Figure 4.4 shows examples of contrast appearing in
remote and/or undesired territories during septal perforator
contrast injection.

Decision making regarding which septal perforator will
be injected with ethanol is in real-time, integrating data from
angiography and echocardiography, and thus we have found
it important to have both the experienced attending echocar-
diographer and interventional cardiologist members of our
multidisciplinary team present during the imaging and injec-
tions. Though rare, if an appropriate septal perforator cannot
be identified because of a perforator supplying the wrong
perfusion bed or too large a perfusion bed or if there is an
inability to isolate a desired perforator branch, then the pro-
cedure is aborted and other treatment options are
considered.

Typically the 1st septal perforator is the target of therapy
in an ASA because it is most often the coronary artery that
supplies the basal septum at the site of SAM contact. Because
of wide variability in coronary anatomy, ASA is sometimes
performed in more than one septal perforator, or in sub-
branches of septal perforators (Fig. 4.5). Taking the time to
choose the perforator or branch that preferentially supplies
the septum at the level of obstruction and no other areas is
critical to increase likelihood of procedural success and
reduce risk of complications. Reported doses and rates of
ethanol infusion were initially variable across centers and it
was eventually reported that slower rates of ethanol infusion
were associated with less complete heart block [3, 15, 16].
Higher total ethanol dose created a larger infarct area and
was thus felt to contribute to high rate of permanent pace-



Fig. 4.3 (a) Intraprocedural image showing contrast enhancement in
the basal septum at the site of SAM contact (arrow). LV left ventricle,
LA left atrium, RV right ventricle, RA right atrium. (b) Intraprocedural
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image from the same patient showing ethanol enhancement in the basal
septum at the site of SAM contact in the same patient (arrow). LV left
ventricle, LA left atrium, RV right ventricle, RA right atrium

Fig. 4.4 (a) contrast enhancement of the RV free wall (arrow heads)
as well as the basal septum (arrows) from a large second septal perfora-
tor branch. LV left ventricle, LA left atrium, RV right ventricle, RA right
atrium. (b) Contrast injection into what was thought to be the first septal
perforator. Note that the contrast enhances the midportion of the septum
and the RV moderator band (arrows). LV left ventricle, LA left atrium,
RV right ventricle, RA right atrium. (¢) Contrast injection in the same
patient as (b). This time the injection was into the true first septal perfo-

rator which happened to originate off the first diagonal branch, and con-
trast is seen in the desired portion of the basal septum (arrow). LV left
ventricle, LA left atrium, RV right ventricle, RA right atrium. (d)
Contrast enhancement of almost the entire length of the septum from an
injection into the first septal perforator (arrows). There were no sub-
branches to isolate so the ablation procedure was not performed because
the risk area was too large. LV left ventricle, LA left atrium, RV right
ventricle, RA right atrium
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maker implantation [13, 14], and lower doses were subse-
quently found to be associated with similar success rates as
measured by gradient relief and symptom reduction [17].

Immediate procedural success necessitates adequate cover-
age of the ‘risk area’ by the ethanol, which will appear echo-
bright during and for up to hours after the ethanol injection
(Fig. 4.3b). This is typically accompanied by new regional LV
dysfunction in the ethanol-perfused area. Often but not always,
the degree of SAM may be diminished or absent at the end of
the procedure and MR severity may be similar or reduced. The
LVOT gradient should be reduced and typically is no longer
late-peaking in profile at the end of the case (Fig. 4.6).

It is not uncommon to need to administer ethanol into
more than one septal perforator branch in order to completely
infarct the septum contributing to the LVOT obstruction.

Fig. 4.5 Example the subsequent contrast injection into the proximal
subdivision of the second septal perforator from the same patient as in
Fig. 4.4. Note that contrast now only enhances the basal septum
(arrows) and no longer enhances the RV free wall. The * indicates a
pacemaker wire in the RV cavity. LV left ventricle, LA left atrium, RV
right ventricle, RA right atrium

Contrast imaging prior to a second ethanol injection can be
challenging because the initial ethanol infusion will cause a
persistent echo-bright area and thus it may be difficult to
delineate a new contrast-enhanced area adjacent to an acutely
ablated area. Careful interpretation by an experienced echo-
cardiographer of the real-time images during the subsequent
injections is required to distinguish the newly enhanced risk
area perfused by the second perforator (Fig. 4.7).

Echocardiography is a very useful tool to assess for the
variety of complications that can occur during any interven-
tional coronary procedure. Instrumentation for catheter
placement can lead to coronary dissection, and echocardiog-
raphy allows for immediate assessment for new regional
myocardial dysfunction should this complication occur.
Perforation of a cardiac structure either by catheters or from
the temporary pacemaker wire that most patients require can
lead to pericardial effusion and tamponade. The echocardio-
gram can provide immediate visualization of the pericardial
space in these situations and comparison with baseline
images can be useful to help guide rapid therapy.

After the Procedure

Post-procedure imaging is typically performed in similar
fashion to the baseline imaging and the two sets of images
should be compared. Echo-bright enhancement of the site of
ethanol perfusion can persist for hours after the procedure.
Regional wall motion assessment and Doppler interrogation
of the LV cavity and LVOT should again be performed. The
pattern of LVOT gradient response after ASA can be tripha-
sic, with acute reduction in gradient, followed by early rise
back to pre-ablation levels in the days following the proce-
dure, only to decline again by 3 months following ASA [18,
19]. Thus, the mechanism of acute and persistent gradient
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Fig.4.6 (a) Late peaking LVOT gradient immediately prior to ablation procedure. (b) Final gradient after ablation procedure. Note that not only
has the gradient decreased but that the Doppler profile is no longer late peaking
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Fig.4.7 (a) Enhancement of basal septum (arrow) from ethanol injec-
tion into the first septal perforator branch. LV left ventricle, LA left
atrium, RV right ventricle, RA right atrium. (b) In the same patient,
enhancement of a slightly more distal territory (arrows) of the septum

reduction are believed to differ, in that acute gradient reduc-
tion is felt to be due to acute regional LV dysfunction caused
by the ethanol. Some areas in the periphery of the infarcted
area may exhibit stunning that will ultimately recover func-
tion and can lead to early return of LVOT obstruction in some.
Long-term gradient and symptom relief is felt to be achieved
due to remodeling of the infarcted area with decrease in LV
mass, and septal and remote wall thickness [20, 21], enlarge-
ment of the LVOT outflow tract [22], improved diastolic func-
tion [23, 24] and lessening or resolution of SAM [25]. If
provocation was required at baseline to induce LVOT obstruc-
tion, repeat post-procedure imaging should be performed dur-
ing attempts at provocation to insure that relief of obstruction
persists both at rest and with provocation.

Heart block and need for pacing are common complica-
tions after the procedure and may impact gradient assess-
ment [26, 27]. The scar that results in the upper septal
myocardium may be a substrate for ventricular ectopy and
sustained ventricular arrhythmias both early and late after
the procedure [28-30] Additionally continued progression of
hypertrophy of the areas around the infarcted territory can
cause redevelopment of SAM and LVOT obstruction
(Fig. 4.8). Depending on the septal perforator anatomy and
patient preference, this may be successfully treated with
repeat ablation or surgical septal myectomy [31].

Summary

Echocardiography is an essential tool for the diagnosis and
treatment of patients with HCM. While many imaging
modalities can provide structural and functional information
that can help guide choice of invasive treatment, the portabil-
ity, low-cost, safety and ease of serial examinations makes

D.M.Y. Sanborn

from injection of contrast into the proximal portion of the second septal
perforator after ethanol was already given into the first septal perforator
LV left ventricle, LA left atrium, RV right ventricle, RA right atrium

Fig.4.8 Parasternal long axis view from a patient 6 months after abla-
tion. Note the thinned area of remodeled septum (open arrow) and the
hypertrophied regrowth of septal tissue closer to the aortic valve, now
causing LVOT obstruction (solid arrow). LV left ventricle, LA left
atrium, RV right ventricle, Ao aorta

echocardiography an ideal tool for procedural guidance dur-
ing alcohol septal ablation. The presence of an experienced
echocardiographer on the procedural team can enhance suc-
cess of ASA, limit some complications and rapidly diagnose
treatable adverse events.
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Abstract

Atrial septal defects (ASDs) are among the most common congenital heart defects in adults.
Ostium secundum type ASDs account for 70 % of all defects and the majority are amenable
to percutaneous closure. At present, non-secundum ASDs require surgical repair.
Echocardiography has emerged as an essential imaging tool to characterize defect anatomy,
measure ASD dimensions, identify candidates for percutaneous closure, and facilitate
appropriate device selection. Intra-procedural echocardiographic guidance is critical to
transcatheter closure. 3D transesophageal echocardiography offers significant advantages
over 2-dimensional imaging by providing highly accurate representations of septal defects

in the en face views.
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Background

Atrial septal defects (ASD) account for 13 % of all congenital
heart diagnoses with a prevalence of 1.6 out of 1,000
individuals at birth [I]. ASDs frequently remain
asymptomatic until adulthood, when atrial arrhythmias,
paradoxical embolization, or pulmonary hypertension can
develop. ASDs are the most common congenital heart lesion
in adults aside from the bicuspid aortic valve.
Echocardiography plays an instrumental role in the diagnosis
of ASDs and is commonly used to guide catheter-based
closure.
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Embryology and Pathology

The atrial septum is a complex convex structure that devel-
ops within a primitive single atrium during early embryonic
life. In normal development, septation of the atria begins in
the fifth week of gestation, when the septum primum (pri-
mary septum) grows from the roof of the common atrium
towards the endocardial cushions of the atrioventricular (AV)
canal. The opening between the leading edge of the septum
primum and the endocardial cushions is referred to as the
ostium primum. Fusion of the septum primum with the endo-
cardial cushion closes the ostium primum, but a second ori-
fice, the ostium secundum, develops via partial resorption of
the central portion of the septum primum.

In the 12th week of development, tissue from the roof of the
right atrium forms the septum secundum by growing caudally
to cover the right side of the ostium secundum to form the fora-
men ovale. In neonatal life, this conduit permits oxygenated
blood from the umbilical vein to pass directly from the right
atrium to the left atrium, bypassing the pulmonary circulation.
At birth, when pulmonary vascular resistance drops, right atrial
pressures decline and the foramen ovale closes. Closure of the

49

M.H. Picard et al. (eds.), Intraprocedural Imaging of Cardiovascular Interventions, DOI 10.1007/978-3-319-29428-5_5


mailto:Nathaniel.Smilowitz@nyumc.org
mailto:Muhamed.Saric@nyumc.org
http://dx.doi.org/10.1007/978-3-319-29428-5_5

50

foramen ovale reroutes deoxygenated blood through the pul-
monary circuit, completing the transition to normal adult circu-
lation. In the majority of individuals, the septum secundum
subsequently fuses with the septum primum after birth, perma-
nently sealing the foramen ovale. However, in 25-30 % of
adults, fusion of the septum primum and secundum fails to
occur and a patent foramen ovale remains [2, 3].

Failure of the complex developmental sequence of atrial
septation leads to persistent communications between the
atria. There are four major sub-types of ASDs. Ostium
secundum ASDs, which result from excessive resorption of
the septum primum or inadequate growth of the septum
secundum, account for 70 % of all ASDs and are the only
subtype currently amenable to percutaneous closure. Less
common subtypes, listed in order of decreasing frequency,
are primum ASD (15-20 %), superior vena cava type sinus
venosus ASD (3—-10 %), inferior vena cava type sinus veno-
sus ASD (1 %), and unroofed coronary sinus (<1 %) [4].
While these defects are surgically correctable, they are fre-
quently not isolated and can involve other cardiac structures.
Primum ASDs, for example, are associated with endocardial
cushion defects that often require extensive surgical repair.
Due to complex permutations of developmental abnormali-
ties, significant anatomic variations can occur. Thus, careful
evaluation of cardiac anatomy is essential to plan surgical or
percutaneous repair.

Indications for ASD Closure

According to the 2008 American College of Cardiology/
American Heart Association (ACC/AHA) guidelines for the
management of adults with congenital heart disease, the
principal indication for ASD closure is the presence of right-
sided atrial or ventricular enlargement, regardless of
symptoms (Class I, Level of Evidence B) [5]. Closure can
also be considered in the setting of: (a) paradoxical emboli
from the venous to systemic circulation via a right to left
intracardiac shunt (Class Ila; Level of Evidence C); (b)
platypnea-orthodeoxia, when arterial oxygen desaturation
occurs when changing from a recumbent to an upright
position (Class Ila; Level of Evidence B); (c) left-to-right
shunting, with pulmonary vascular resistance less than two-
thirds systemic resistance, pulmonary artery pressure less
than two-thirds systemic pressure, or when elevated
pulmonary vascular resistance is responsive to vasodilators
(Class IIb; Level of Evidence C). ASD closure is
contraindicated in the setting of irreversible, severe
pulmonary arterial hypertension when left to right shunt is
absent. The European Society of Cardiology (ESC) provides
similar guidance. The ESC guidelines also specifically
endorse device closure as the preferred method for secun-
dum ASD repair (Class I, Level of Evidence C) [6].
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Approaches to ASD Repair

Surgical Techniques for ASD closure were pioneered in the
1950s, prior to the development of cardiopulmonary bypass
[7]. The first successful ASD closure (and first open heart
surgery) was performed in 1952 by F John Lewis at the
University of Minnesota [8]. Today, surgeons with expertise
in congenital heart disease can safely achieve surgical clo-
sure of all types of ASDs [5]. Modern surgical approaches
employ direct suture closure, pericardial patch, or polyeth-
ylene terephthalate (Dacron®) patch placement for septal
repair.

Percutaneous techniques for secundum ASD closure
emerged as an alternative to surgery in 1975, when King and
Mills performed the first successful transcatheter closure at
the Ochsner Medical Center in New Orleans, LA [9]. Since
that time, a dramatic rise in the frequency of secundum ASD
closure has been documented, with the percutaneous
approach as the dominant method of repair [10]. Minimally
invasive transcatheter techniques offer reduced peri-
procedural morbidity and shorter hospital stays. However,
not all secundum ASDs are amenable to percutaneous
closure. Anatomic features, such as the maximal ASD
diameter and the dimensions of the circumferential tissue
rim, are important determinants of the feasibility of
percutaneous intervention, device selection, and technical
and procedural success. Additional factors, such as associated
anomalous pulmonary venous connections, may also
preclude percutaneous secundum ASD closure. Surgery
remains the only appropriate method to close ostium primum,
sinus venosus, and unroofed coronary sinus ASDs.

Role of Echocardiography

Echocardiography has emerged as an essential imaging tool
for ASD diagnosis, to characterize defect anatomy and
measure ASD dimensions, identify candidates for
percutaneous closure, and provide intra-procedural imaging
guidance. Historically, ASD dimensions were obtained from
invasive balloon catheter occlusion techniques prior to
percutaneous closure in conjunction with color Doppler
echocardiography. In this method, sizing balloons are placed
across the ASD and inflated until complete cessation of flow
across the ASD as determined by color Doppler imaging is
achieved. Unfortunately, dimensions obtained from this
“stop-flow” approach reflected distorted ASD anatomy and
often fail to accurately delineate the sizes and shapes of
complex or fenestrated ASDs.

More recently, two-dimensional (2D) transesophageal
echocardiography (TEE) has been used to characterize ASD
anatomy. Maximum ASD dimensions should be measured in
atrial diastole in multiple orthogonal views. The anatomic
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ASD tissue rims should be measured to confirm a sufficient
width to anchor a closure device [11, 12].

There are six conventional ASD tissue rims that should be
visualized by 2D TEE. The midesophageal four-chamber
view at 0° provides visualization of atrioventricular rim
(adjacent to the tricuspid and mitral valves) and posterosupe-
rior rim of the ASD. Aortic (anterior) and posteroinferior
rims can be seen in the short axis view at 60°. The bicaval
view at 120° permits visualization of the superior vena cava
(SVC) and inferior vena cava (IVC) rims. Accurate dimen-
sions of circumferential ASD tissue rims are critical to guide
device selection (Fig. 5.1).

Although 2D TEE imaging can provide reasonably accu-
rate measurements of circular or oval ASDs, complex defect
shapes are notoriously difficult to measure by this method.
2D-TEE images can also underestimate ASD dimensions
when geometric chords, rather than maximal short- and
long-axis diameters, are visualized [13]. Although 2D multi-
plane reconstructions have been used to enhance visualiza-
tion of ASD anatomy, the ease and performance of 3D-TEE
imaging may render these techniques obsolete.

Three-dimensional (3D) transesophageal echocardio-
graphic (TEE) is becoming the new gold standard for visu-
alization of ASD anatomy in preparation for percutaneous
closure [13-15]. Modern 3D-TEE imaging systems have
matrix-array transducers with 3,000 elements that acquire
a pyramid-shaped volume of echocardiographic data and
can reconstruct 3D zoom views from both the right atrial
and left atrial perspectives. The en face septal views pro-
vide accurate visualization of the shape (circular, triangu-
lar, ovoid, or fenestrated) and size of ASDs (Fig. 5.2) as
well as the dimensions of the circumferential tissue rims,
and anatomic relationships of the ASD to surrounding car-
diac structures. 3D-TEE can also rapidly identify other
associated structural anomalies, such as atrial septal
aneurysms.

The three-step TUPLE (Tilt-Up-Then-Left) maneuver
can be utilized to achieve a standardized, anatomically
correct orientation of the septum in the en face view
(Fig. 5.3) [16]. To begin, optimal 2D-TEE midesophageal
images should be obtained at 0° to visualize the interatrial
septum. After generating a 3D zoom image, the interatrial
septum should be tilted up along the horizontal axis to
provide the en face view from the right atrial perspective.
Rotation of the interatrial septum 180° (degrees) counter-
clockwise around the vertical Z-axis completes the
TUPLE sequence, yielding an en face view from the left
atrial perspective. As a rule of thumb, TUPLE sequences
obtained from 2D-TEE imaging angles greater than 0°
will require additional counterclockwise rotation of the
resulting 3D images by a similar degree. Images acquired
at 60° on 2D-TEE, for example, will require an additional
60° counterclockwise rotation in the Z-axis to achieve the
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Fig. 5.1 ASD tissue rims that should be visualized by 2D TEE. The
midesophageal four-chamber view at 0° (Panel a, Video 5.1) provides
visualization of the (/) posterosuperior rim of the ASD and (2) the atrio-
ventricular rim adjacent to the tricuspid and mitral valves and. The (3)
posteroinferior and (4) anterior aortic rims can be seen in the short axis
view at 60° (Panel b, Video 5.2). The bicaval view at 120° permits visu-
alization of the (5) inferior vena cava and (6) superior vena cava rims
(Panel ¢, Video 5.3). AV aortic valve, LA left atrium, RA right atrium; RV
right ventricle, SVC superior vena cava

appropriate en face view. Once the en face view of the
atrial septum has been obtained in atrial diastole (Fig. 5.4),
a rectangular grid of known proportions can be superim-
posed on the resulting images to permit semi-quantitative
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Fig.5.2 Morphologic variants of secundum ASD. Circular (Panel a), triangular (Panel b), ovoid (Panel ¢), or fenestrated (Panel d) ASDs visual-
ized by 3D TEE. AV aortic valve, IVC inferior vena cava, SVC superior vena cava

measurements. Alternatively, direct caliper measurement
of structures in the en face views can provide dimensions
with a high degree of accuracy (Fig. 5.5).

There are some limitations to peri-procedural 3D-TEE
evaluation of ASDs. 3D zoom modes that can yield ana-
tomically accurate en face views are limited to relatively
low frame rates. The presence of stitch artifacts can
degrade overall image quality during multi-beat acquisi-
tion sequences. The size of current 3D-TEE transducers
may limit the application of this imaging modality to
adults and larger pediatric patients (weighing >20 kg).
Still, 3D-TEE represents a leap forward in accurate imag-
ing of ASDs.

Device Selection

A number of transcatheter devices are available for ASD clo-
sure in the United States (US) (Fig. 5.6). All the devices share
a similar basic structure of two disks with an interconnecting
shaft. While most devices are approved for repair of simple
secundum ASDs with a solitary defect, others can repair com-
plex fenestrated or cribriform (sieve-like) ASDs. The most
commonly used devices approved for use in the US include
the  Amplatzer Septal Occluder, the Amplatzer
Multifenestrated Septal Occluder (St Jude Medical, St Paul,
MN, USA), and the Gore-Helix Atrial Septal Occluder (W L
Gore & Associates, Inc., Flagstaff, AZ, USA).
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TUPLE (tilt-up-then-left) Maneuver

Inferior

Posterior
Anterior

Superior

RA Side

Fig. 5.3 The three-step TUPLE (Tilt-Up-Then-Left) maneuver. The
3D TEE TUPLE maneuver achieves anatomically correct views of the
septum in the en face view. The resulting right atrial (Panel d) and left
atrial (Panel e) aspect of the atrial septum (See Video 5.4). ASD atrial

Device selection depends largely on ASD anatomy, as it
requires a match between measurements of the septal defect
and the dimensions available for each closure device. For
example, the Amplatzer Septal Occluder, named after the
Austrian-born American radiologist Kurt Amplatz, consists
of two nitinol (nickel and titanium alloy) wire mesh round
disks — a larger left atrial disk and a smaller right atrial disk —
connected by a short waist. The nitinol waist ranges from 4 to
38 mm in diameter and should correspond to the diameter of
the ASD to ensure adequate percutaneous closure. In con-
trast, the Gore-Helex device consists of two equal sized disks
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Aorta SVC

Anterior
Posterior

septal defect, AV aortic valve, IVC inferior vena cava, LA left atrium,
MYV mitral valve, RA right atrium, RUPYV right upper pulmonary vein,
SVC superior vena cava

with a diameter ranging from 15 to 36 mm covered with an
ultra-thin polytetrafluoro-ethylene membrane with an inter-
connecting spiral shaft. A disk diameter at least twice the
ASD diameter is required for optimal Gore-Helex closure.
Thus, the maximum ASD diameter should not exceed device-
specific cutoff values of 38 mm for Amplatzer and 18 mm for
the Gore-Helex septal occluder. The Amplatzer
Multifenestrated Septal Occluder consists of two equal sized
disks (diameter ranges from 18 to 35 mm) connected by a thin
shaft intended for use with cribriform ASDs when disk diam-
eter is sufficient to cover the entire defect.
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SYSTOLE

Fig.5.4 The atrial septum in systole and diastole. Atrial septal defect dimensions vary considerably during the cardiac cycle. ASD dimensions are
smallest in early systole (Panel a) and largest in early diastole (Panel b). AV aortic valve, IVC inferior vena cava, SVC superior vena cava
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Fig.5.6 Transcatheter devices available for ASD closure in the United
States. Echocardiographic images (top panel) and diagrams (bottom
panel) of the Amplatzer ASD Occluder (panel a), Amplatzer

Appropriate device selection is essential to minimize
post-procedural complications after percutaneous ASD clo-
sure. Device embolization has been reported to occur after
approximately 0.6 % of Amplatzer Septal Occluder deploy-
ments (Fig. 5.7) [17]. Risk factors for device embolization
include device under-sizing, malposition during deployment,
and inadequate ASD tissue rims. In general, tissue rims of at
least 5 mm are necessary to ensure safe placement of the
Amplatzer atrial septal occluder. This minimum dimension
is determined by the size of the overhanging edge of the
Amplatzer septal occluder’s right atrial disk beyond its waist.
When the Amplatzer multifenestrated atrial septal occluder

Right Atrial
Eyelet

Retrieval

Cord Left Atrial

Eyelet

Center
Eyelet

Disc

Multifenestrated Septal Occluder (Panel b), and Gore-Helex ASD
Occluder (Panel c). LA left atrium, RA right atrium

is used, SVC and aortic rims should be greater than 9 mm.
Measurement of ASD tissue rims with echocardiography is
critical to facilitate appropriate device sizing and favorable
procedural outcomes. Absence of the IVC rim is considered
to be a contraindication to secundum ASD device closure.
Disc erosion into surrounding cardiac structures is another
potentially devastating complication of percutaneous ASD clo-
sure. Disc erosion has been reported in 0.1 % of Amplatzer
Septal Occluder implantations and can progress to perforation of
the left atrial roof and/or aorta [17]. Absence of the aortic (ante-
rior-superior) rim has been identified as a significant risk factor
for Amplatzer septal occluder device erosion into surrounding

<
<

Fig. 5.5 Multi-plane reconstruction, grid and direct caliper measure-
ments. Multi-plane reconstructions from 2D TEE orthogonal views can
be used for measurements (Panel a). A rectangular grid superimposed on

3D TEE images provides semi-quantitative measurements (Panel b).
Direct caliper measurements (Panel ¢) are preferred for accurate dimen-
sions of structures visualized in the en face septal views
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structures [18]. Oversized devices, contact by the edge of the
device with the atrial wall, splaying of the device around the
aortic root, or rotational and/or translational movement of the
device relative to the motion of the heart are other important risk
factors. Unlike the Amplatzer Septal Occluder, disc erosion has
not been reported for the Gore-Helex septal occluder device.

Intra-procedural Echocardiography

Fluoroscopic and echocardiographic guidance are essential
for proper device placement. Prior to beginning any planned
percutaneous ASD repair, 2D-TEE should be performed to

Fig.5.7 Device embolization after Amplatzer Septal Occluder deploy-
ment. After deployment of an Amplatzer Septal Occluder, device embo-
lization occurred. The septal occluder (Arrow) was noted to migrate to
the left ventricular outflow tract. The device ultimately required surgi-
cal retrieval (See Video 5.5). AV aortic valve, LA left atrium, LV left
ventricle, RVOT right ventricular outflow tract

N.R. Smilowitz and M. Saric

exclude intra-cardiac thrombus or other echocardiographic
findings that might prohibit ASD closure. Once it has been
determined to be safe to proceed, central venous access is
obtained, typically through the femoral vein. A delivery
catheter is advanced into the right atrium, across the ASD,
and into the left atrium under echocardiographic guidance.
Prior to delivery of a closure device, interventional operators
may choose to confirm device sizing with inflation of a siz-
ing balloon within the defect to determine the “stop-flow”
diameter. Once the balloon has been placed within the defect
under fluoroscopic guidance, color Doppler echocardiogra-
phy should be used to demonstrate an absence of flow
between the balloon and ASD margins. Transient ASD clo-
sure during inflation of a sizing balloon can also be used to
evaluate the hemodynamic consequences of ASD closure.
Closure should be aborted if hemodynamic instability or
signs of acute pulmonary edema develop.

Once a final size determination has been made, a col-
lapsed ASD closure device, attached to its delivery cable,
is advanced through catheter. The left atrial disc is
deployed first and positioned against the left atrial side of
the ASD. Next, the right atrial disc is expanded, temporar-
ily anchoring the device within the ASD. 2D and en face
3D TEE imaging of the septum is used to confirm proper
placement of the left and right atrial disks (Fig. 5.8). 3D
TEE images can greatly assist interventional cardiologists
when repositioning devices to achieve optimal alignment.
Once appropriately positioned, the closure device is
released from the delivery cable and permanently deployed
(Fig. 5.9). As an alternative to imaging with transesopha-
geal echocardiography, intracardiac echocardiography
can also be used to guide device placement during percu-
taneous ASD closure.

Fig.5.8 En face 3D TEE images of the septum prior to device deploy-
ment. 3D TEE images can be used to confirm proper placement of the
Amplatzer Septal Occluder. The left atrial disc is deployed first (Panel

a), followed by the right atrial disc (Panel b). Left and right atrial discs
are deployed in Panel (c). AV aortic valve, IVC inferior vena cava, LA
left atrium, RA right atrium, SVC superior vena cava
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Fig.5.9 3D TEE imaging after closure device deployment. Amplatzer Septal Occluder after deployment from the left atrial (Panel a) and right
atrial (Panel b) perspectives. AV aortic valve, IVC inferior vena cava, SVC superior vena cava

Fig.5.10 Residual leak at the periphery of ASD closure device. A gap
is visible between the Gore Helex Septal Occluder device and the ASD
rim (Panel a). 2D TEE color Doppler imaging (Panel b) can be used to

Echocardiography Following Percutaneous
Closure

After device deployment, 2D and 3D TEE should be used
to confirm appropriate device position and evaluate for
complications such as perforation, pericardial effusion, or
residual shunt. Color Doppler imaging should demonstrate
complete absence of any flow at the periphery of the device

visualize the presence of residual leak (Arrow) (Video 5.6). LA left
atrium, RA right atrium, RUPV right upper pulmonary vein

that could suggest of a leak between the edges of the clo-
sure device and the ASD rim (Fig. 5.10). Small amounts of
flow through the center of the device visualized on color
Doppler are normal and typically resolve over time as
endothelialization occurs. Routine follow up after closure
should involve transthoracic echocardiography to ensure
interval device migration, erosion, or other complications
have not occurred.
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Abstract

Symptomatic severe aortic stenosis portends a dismal prognosis without replacement of
the aortic valve. For nearly half of a century, surgical aortic valve replacement (SAVR) was
the mainstay of therapy. Transcatheter aortic valve replacement (TAVR) has more recently
established itself as a highly-effective treatment for patients with symptomatic severe aor-
tic stenosis. Currently indicated for patients who are at high or extreme risk for death or
major morbidity with surgical aortic valve replacement, TAVR is likely to become a thera-
peutic option for intermediate and low surgical risk patients as well. Cardiac imaging plays
a central role in achieving success with TAVR and is critical in pre-procedural evaluation,
intra-procedural guidance, and post-procedural assessment.

Keywords

Transcatheter aortic valve replacement ¢ Aortic stenosis

* Echocardiography

Introduction

Aortic stenosis is the amongst the most common acquired
valve diseases in industrialized nations. With the onset of
symptoms, patients with severe aortic stenosis will
develop progressive functional limitation, heart failure,
and, ultimately, death unless the aortic valve is replaced.
For decades, surgical aortic valve replacement was the
mainstay of therapy for patients with symptomatic severe
aortic stenosis. Transcatheter aortic valve replacement
(TAVR) has become an increasingly utilized alternative
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for patients with symptomatic severe aortic stenosis who
are high risk for death or major morbidity with surgery
and, arguably, the standard of care for inoperable patients
[1-4]. Ongoing studies of TAVR in intermediate surgical
risk patients suggest that TAVR may become a therapeutic
option for lower risk patients as well. The significant role
of echocardiography for the pre-procedural, intraproce-
dural, and post-procedural evaluation of patients undergo-
ing TAVR has been highlighted in consensus statements
and clinical guidelines [5-7].

Background

Having a multidisciplinary team-based approach and high-
quality cardiac imaging are included amongst those factors
that a play major role in achieving success with TAVR. It is
therefore not surprising that echocardiographers are an
important part of the multidisciplinary team and should be
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involved in every step of the process, including pre-
procedural evaluation and therapeutic decision-making,
intraprocedural guidance, and post-implantation assessment.
The echocardiographer should be familiar with the pre-
procedural screening requirements, the anatomy of the aortic
valve complex as it pertains to TAVR, the structure of the
available transcatheter valves, the procedural steps involved
in valve implantation, and the complications that may arise
at each stage of the procedure.

Pre-implantation Echocardiographic
Assessment

While this chapter focuses upon imaging that is directly rel-
evant to the successful performance of the TAVR procedure,
it is worth noting the role of echocardiography in patient
evaluation before the decision to perform TAVR is even
made. Echocardiography remains the primary modality for
establishing the diagnosis and determining the severity of
aortic stenosis. Accurate assessment of the hemodynamic
significance of aortic stenosis, determining ventricular size
and function, estimation of pulmonary arterial systolic pres-
sure, and identifying significant concomitant structural or
other valve disease is of paramount importance for appropri-
ate patient selection for TAVR and achieving optimal out-
comes. Issues such as low-flow, low-gradient aortic stenosis,
moderate or severe mitral regurgitation, or pulmonary hyper-
tension, all of which are commonly identified by echocar-
diography, have been reported to be associated with increased
mortality following TAVR. Thus, the pre-procedural assess-
ment of patients being considered for TAVR begins with
high-quality comprehensive transthoracic echocardiography
performed and interpreted in accordance with the American
Society of Echocardiography guidelines [7, 8].

Transesophageal echocardiography (TEE) is typically
used for intraprocedural imaging. Before THV deployment,
a comprehensive TEE is recommended for the morphologic
and functional assessment of the cardiac chambers, all four
heart valves, exclusion of intracardiac thrombus, assessment
for pericardial effusion, and evaluation of the thoracic aorta
[9]. There are several key points that are specific to TAVR
and require particular emphasis.

Aortic Valve Complex

The aortic valve complex includes the left ventricular outflow
tract (LVOT), the aortic annulus, the aortic valve cusps, the
sinuses of Valsalva, and the sinotubular junction.
Measurement of the aortic annulus and characterization of
the aortic valve complex are important in selection of and
determining the appropriate size of the transcatheter heart
valve (THV) as well as for anticipating and avoiding
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complications, such as paravalvular regurgitation, aortic root
rupture, or coronary artery occlusion [10-14].

Aortic Annulus

The most important measurement currently used for THV
sizing is that of the virtual aortic annular plane, more
commonly referred to as the “aortic annulus”. This plane
intersects the level of the lowest attachment site, or hinge
points, of the three aortic cusps. Between these hinge points
and the scalloped aortic cusps is the fibrous tissue of the
interleaflet trigones [10]. The annular shape is dynamic
throughout the cardiac cycle, being more elliptical (i.e., more
oval) in diastole and less elliptical (i.e., more round) in
systole [15]. Measurement of the aortic annulus for THV
sizing is conventionally performed during mid systole.
Historically, a two-dimensional measurement of the aortic
annulus in the long-axis (sagittal) plane was used for
determining THV size. Although this measurement proved
to be adequate in the majority of cases, this measurement is
difficult to accurately perform and has important limitations
[14]. With a tricuspid aortic valve, a long-axis imaging
window that visualizes two hinge-points, one on either side
of the LVOT, does not bisect the annulus. Measurement of
this hinge-point to hinge-point dimension therefore
underestimates the true diameter of the annulus in the sagittal
plane. The correct long-axis view that bisects the aortic
annulus with a given hinge-point on one side does not
visualize a hinge-point on the other side, but rather a region
of fibrous tissue in the interleaflet trigone. With this imaging
view, it is difficult to ensure that measurement of the diameter
is being made at the level of the virtual aortic annular plane
since only one hinge-point is in view and there is no anatomic
landmark for the virtual annular plane within the interleaflet
trigone (Fig. 6.1). The measurement is therefore made by
assuming the annular plane is perpendicular to the long axis
of the aorta. Lastly, the aortic annulus is frequently
asymmetric and elliptical in shape. The larger annular
diameter often lies in the coronal plane and the smaller
annular diameter in the sagittal plane (Fig. 6.2) [16—18]. The
more oval the shape of the annulus, the greater the likelihood
that the sagittal diameter will underestimate the size of THV
required. The two-dimensional long-axis measurement is no
longer used for determining the size of THV and has been
replaced by more robust measurements made using three-
dimensional imaging. However, these imaging caveats of the
aortic annulus remain relevant for optimizing the LVOT
diameter measurement that is routinely used in the continu-
ity equation for calculating the aortic valve area.

Aortic annular diameters, annular area, and perimeter
measurements by cardiac-gated multislice computed
tomography (MSCT) have been shown to improve the
accuracy of THV sizing and MSCT has become the standard
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Fig. 6.1 Correct alignment of the long-axis view for measurement of
the aortic annulus. In this two-dimensional long-axis view of the aortic
annulus, the hinge points of the right and non-coronary aortic cusps are
in view (a). Using three-dimensional transesophageal echocardiogra-
phy (3D-TEE), multiplanar reconstruction reveals that this long-axis
view of the aortic annulus does not bisect the largest sagittal dimension
of the aortic annulus (c). In the correct alignment of the long-axis view

imaging modality to measure the aortic annulus [15-21].
MSCT can provide reproducible measurements of annular
geometry and characterization and quantification of calcium
burden. However, this imaging method does have several
limitations. Calcium appears approximately four times larger
on CT than its actual size (i.e., “blooming artifact”) and a
high calcium burden diminishes the accuracy of annular
measurements made by MSCT. Renal impairment and the
need for intravenous contrast is a common issue for MSCT
protocols and can be a significant problem for patients being
considered for TAVR. Smoothing algorithms are required to
avoid overestimation of the perimeter measurement in the
short axis view. Gating and motion artifacts, resulting from
irregular heart rhythms and respiratory motion during image
acquisition, reduce the accuracy of this method. MSCT has
inferior temporal resolution as compared to echocardiography.
Ensuring that annular measurements are made during the
optimal “phase” of the cardiac cycle can be challenging and
require correct timing of the contrast bolus and, preferably,
regularity of the cardiac cycle lengths. There are typically
limited opportunities to obtain the optimal image of the
aortic annulus during most MSCT protocols. Finally, expo-
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for measuring the largest annular dimension, the hinge-point of the
right coronary aortic cusp is visualized anteriorly and the fibrous inter-
leaflet trigone between the left and non-coronary leaflets is visualized
posteriorly (b, d). The plane of the virtual aortic annulus (white double
arrow) is measured at the level of the hinge point of the right coronary
cusp and perpendicular to the long-axis of the aorta (white dotted line)

sure to ionizing radiation may become more of an issue as
younger patients are considered for TAVR.

Multiple studies have demonstrated that three-dimensional
transesophageal echocardiography (3D TEE) can accurately
measure the diameters, area, and perimeter of the aortic
annulus and that measurements made by 3D TEE are highly
reproducible and compare favorably to MSCT [22-29].
Advantages of 3D TEE over MSCT include superior
temporal resolution, the avoidance of ionizing radiation and
intravenous contrast, and the opportunity to easily acquire
three dimensional images of the aortic valve complex over
multiple cardiac cycles and from different acoustic imaging
planes. Furthermore, aortic valve complex can usually be
imaged by matrix array transducers within a real-time three-
dimensional volume that is acquired without the need for
ECG-gating while MSCT generates a composite image of
several cardiac cycles. 3D TEE therefore avoids gating arti-
facts and the annulus can easily be analyzed in multiple car-
diac cycles. There are therefore numerous opportunities to
select the optimal imaging window and cardiac cycle(s) for
analysis and/or the results can be averaged. Nonetheless, the
physics of ultrasound are unchangeable and consequently
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Fig.6.2 The elliptical shape of the aortic annulus. A short-axis view of
the aortic annulus is visualized using multiplanar reconstruction of a
three-dimensional volume of the aortic valve complex (red box). In this
example, the aortic annulus has an oval shape. The coronal dimension
(D2) is larger than the sagittal dimension (D1). If the sagittal dimension

3D TEE does have important limitations including acoustic
shadowing from calcium, ultrasound artifacts, and lateral
resolution that is inferior to that of axial resolution. Optimal
assessment of the aortic valve complex for TAVR by either
MSCT or 3D TEE requires a high level of expertise and
experience. Both modalities are highly accurate for measur-
ing the aortic annulus and characterizing the aortic valve
complex. Each modality has inherent advantages and limita-
tions. Rather than exclusively relying upon a single imaging
modality, expertise in and integration of information from
multiple imaging modalities is likely to yield the best out-
comes in decision making regarding TAVR.

A matrix-array TEE transducer is used to acquire 3D
volume data sets of the aortic valve complex from which
the annulus can be measured. There are some key points to
emphasize in acquiring a high-quality data set. First, [ rec-
ommend using a zoomed or magnified “live” three-
dimensional acquisition of the region of interest. The
aortic valve complex is sufficiently small that the relevant
structures can be fully encompassed within a volume that
maintains an acceptable frame rate without the need for
gated acquisition, thus avoiding the associated gating arti-
fact. Second, the imaging view should be optimized to
minimize acoustic shadowing resulting from calcium. In
the standard mid-esophageal long-axis view of the aortic

alone were used, a 23 mm second generation balloon-expandable THV
or a 26 mm self-expanding THV would be selected. However, the mean
annular diameter (average of D1 and D2), area, and circumference all
suggest that a 26 mm balloon-expandable valve or a 29 mm self-
expanding valve should be used

root, calcium along the posterior aspect of the valve
complex may cast an acoustic shadow that obscures the
anterior aspect of the annulus. By gradually advancing and
anteflexing the transesophageal transducer, one can usu-
ally obtain an off-angle view of the aortic root complex in
which the aortic annulus is no longer in line with the area
of acoustic dropout (Fig. 6.3). Lastly, it is advisable to
obtain multiple 3D data sets from different views and
angulations to maximize the likelihood of optimal visual-
ization of the aortic annulus.

Two different methods for measurement of the aortic annu-
lus from the 3D data set have been described. The most com-
mon method utilizes standard multiplanar cropping to align a
short-axis (transverse) imaging plane with that of the virtual
annular plane, thus allowing one to directly planimeter the
annulus and measure the major and minor diameters [30].
Ensuring the plane is appropriately aligned with the hinge-point
of all three cusps requires a methodical approach. Increasing
the slice thickness can sometimes help to achieve better defini-
tion of the annular border. An alternative method for measuring
the annulus is indirect planimetry using vendor-specific soft-
ware that was originally designed for the mitral valve. Validation
of this method has been described with no significant differ-
ences in area and perimeter measurements compared to MSCT
[22]. Both methods achieve highly accurate measurements of
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Fig. 6.3 Calcification causing acoustic shadowing. Calcium on the
posterior aortic annulus casts an acoustic shadow (dashed triangle) that
obscures the anterior aspect of the aortic annulus (a). By advancing and

the aortic annulus, but practice is necessary to develop profi-
ciency with either technique (Fig. 6.4).

Left Ventricular Outflow Tract

The anatomy and features of the left ventricular outflow tract
(LVOT) are important to the successful performance of
TAVR. Prominent basal septal hypertrophy may increase the
difficultly of accurate positioning and implantation of the
THV by confounding coaxial alignment of the guidewire
and/or THV or by resulting in superior displacement of the
THYV during deployment. Conversely, a markedly thin mem-
branous septum, particularly with dystrophic calcification,
may increase the risk of iatrogenic ventricular septal defect
[31] (Fig. 6.5). Calcification within the LVOT is also a pre-
dictor of paravalvular aortic regurgitation following TAVR
[32-34] and annular rupture [11].

Aortic Valve Anatomy and Morphology

The morphology of the aortic valve, symmetry of valve open-
ing, length of the left coronary leaflet relative to the origin of
the left main coronary artery, and extent and distribution of
calcium can all impact procedural success. The degree of cal-
cification has been associated with positioning and paraval-
vular regurgitation [33-35]. Bulky leaflet calcification also
increases the risk of ostial coronary occlusion, disruption of
the annulus or aortic root, aortic wall hematoma, and aortic
dissection [11, 36, 37]. Numerous case reports have raised
concerns about complications resulting from THV implanta-
tion in bicuspid aortic valves [38—40]. Some retrospective
analyses of TAVR in patients with congenitally bicuspid

flexing the transducer, the anterior aspect of the aortic annulus is no
longer obscured by the acoustic shadow (b)

aortic valves have suggested an increased rate of procedural
mortality and higher incidence of paravalvular regurgitation
as compared to trileaflet aortic valve patients [41].

Aortic Root

Successful deployment of a THV in the aortic position
requires a comprehensive evaluation of the aortic root. The
diameter of the sinuses of Valsalva, the diameter of the sino-
tubular junction, and the position of the coronary ostia may
influence the size of the THV selected and decisions about
position of valve placement. The currently available THV
each have sizing recommendations derived from MSCT
regarding the diameter of the sinuses of Valsalva and sinotu-
bular junction. These measurements can be readily made
with TEE as well. Occlusion of a coronary ostium is an
infrequent but potentially catastrophic complication of
TAVR. The location of the coronary ostia is of primary
importance since having a low-lying coronary artery
(<10 mm) is a risk factor for coronary occlusion [13]. 3D
TEE allows for rapid and accurate measurement of the dis-
tance from the annulus to left main coronary ostium.
Comparisons of 3D TEE and MSCT show a high agreement
for measurement of the left coronary height above the aortic
annulus (Fig. 6.6) [18].

Intraprocedural Echocardiographic
Guidance

Ventricular pacing is used to decrease the forward stroke
volume and limit cardiac motion during balloon aortic
valvuloplasty and THV deployment. As such, a temporary
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Fig. 6.4 Direct and indirect planimetry of the aortic annulus. Using
multiplanar reconstruction of 3-dimensional volumes, a systolic short-
axis view of the virtual annular plane (red box) is identified using
orthogonal long-axis views for alignment. The area and circumference
of the aortic annulus can be measured using direct planimerty (a).

Alternatively, the indirect planimetry method for measuring the short-
axis view of the annulus is performed using vendor-specific software
and marking points along the aortic annular plane in a sequence of
orthogonal long-axis views (b)
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Fig.6.5 Assessment of the left ventricular outflow tract. Upper septal
hypertrophy (red arrows) is identified in the four-chamber and long-
axis transesophageal views (a, b). A prominent thin portion of membra-
nous septum is visualized (yellow arrows) in the apical (c) and subcostal

pacing wire is placed within the right ventricle at the outset
of the procedure. Occasionally the position of the pacing
wire must be confirmed with TEE. Following any wire place-
ment into the heart, perforation and accumulation of a
pericardial effusion should be excluded. A pigtail catheter in
the aortic root and aortography are typically used throughout
the procedure to assist in alignment and positioning of the
THYV. Placement of the pigtail catheter is usually within the
right coronary cusp for deployment of a balloon-expandable
THYV, whereas the pigtail catheter is placed in the non-
coronary cusp is during implantation of a self-expanding
valve. Determining the position of the pigtail catheter within
the aortic root is easily and quickly done with TEE (Fig. 6.7).
Confirming the correct pigtail position with TEE rather than
aortography can reduce the amount of contrast used during
the procedure, which is of particular benefit for patients with
renal insufficiency.

(d) transthoracic windows. Particularly when dystrophic calcium is also
present, this anatomy may increase the risk for development of an iatro-
genic ventricular septal defection after implantation of a transcatheter
heart valve

Most TAVR procedures require the aortic valve to be
crossed retrograde with a stiff wire. The position of the wire
within the left ventricle is easily visualized and assessed by
echocardiography. Entanglement of the wire within the
mitral apparatus may affect the stability or position of the
balloon or THV and may cause mitral regurgitation. Both 2D
and 3D imaging can be useful and provide complimentary
information in assessing wire and/or catheter position in the
left ventricle (Fig. 6.8). The transapical approach for TAVR
requires additional imaging. Imaging of the left ventricular
apex can ensure optimal location of the apical puncture site.
A cannulation site in the anterior apex allows for appropriate
alignment of the THV and avoids the mitral apparatus.
Echocardiographic imaging of the apex while the cardiac
surgeon externally pushes on the left ventricle at the pro-
posed cannulation site is useful in ensuring the entry site is
optimal. Continuous echocardiographic imaging during
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Fig.6.6 Measurement of the left main coronary height. Measurement
of the distance from aortic annulus to the ostium of the left coronary
artery is shown using multiplanar reconstruction of a three-dimensional
TEE volume. The left main is identified in the short axis view (a and b,

needle insertion, advancement of the guidewire, and inser-
tion of the apical delivery sheath should be performed to
ensure appropriate positioning and exclude interference with
the mitral apparatus (Fig. 6.9).

Balloon aortic valvuloplasty (BAV) is often performed
before implantation of the THV to increase cusp excursion,
ensure an adequate cardiac output during the procedure, and
make crossing the native aortic valve with and positioning of
the unexpanded THV less difficult. Echocardiographic
imaging during and following BAV is important to assess the
functional results of the dilation and assess for possible
complications. Imaging during the BAV is done with either
the mid-esophageal long-axis view alone or, preferably,
using simultaneous multiplane imaging to visual both the
long-axis and short-axis views of the aortic valve (Fig. 6.10).
During BAV and the portion of THV deployment that is
performed with rapid pacing, it is useful to set the loop
acquisition to time capture rather than number of beats. I
recommend a 10 s loop to acquire the entire inflation and
deflation of the balloon. Imaging during BAV can provide
additional useful information regarding confirmation of
annular sizing and prediction of calcium displacement and
the likelihood of coronary obstruction by a calcified left
coronary cusp during THV deployment [30, 42, 43].
Echocardiographic imaging following BAV is useful to
detect complications, such as tamponade, severe aortic
regurgitation, or aortic root disruption.

J.J. Passeri

white arrows). In the orthogonal long-axis view, the level of the annulus
(a, white solid line) and level of the left main coronary artery (a, white
dotted line) are displayed and the distance between them is measured
(a, blue double arrow)

Balloon-Expandable Transcatheter Heart
Valves

Three generations of balloon-expandable transcatheter heart
valves SAPIEN, SAPIEN XT, and SAPIEN 3 (Edwards
Lifesciences, Irvine, California) have been used in clinical
trials and received FDA approval for the treatment of aortic
stenosis. The newest of these valves, SAPIEN 3, has a cobalt
chromium stent frame with wide strut angles and a
polyethylene terephthalate skirt that extend around the
outside of the lower row of cells to minimize paravalvular
regurgitation [44, 45]. The prosthetic leaflets are constructed
from treated bovine pericardium.

Precise positioning of a balloon expandable THV prior to
deployment is critically important. Fluoroscopy remains the
primary modality for positioning [35]. When used correctly,
however, TEE can be an extremely useful adjunctive imaging
modality to guide THV positioning and may improve the
likelihood of correct positioning and/or reduce the amount of
contrast that is required. The crimped stent of the THV can
almost always be well differentiated from the balloon, which
is less acoustically dense (Fig. 6.11). Reducing the overall
gain may be useful in this differentiation. The ideal pre-
deployment position depends on several factors. First, the
motion of the valve during deployment and valve shortening
characteristics depend on the generation of THV and delivery
system. With the first generation of balloon-expandable
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Fig.6.7 Pigtail catheter in the aortic root. Short-axis view of the aortic
valve demonstrating a pigtail catheter (arrows) in the non-coronary aor-
tic cusp (a). Short-axis view of the aortic valve demonstrating a pigtail

Fig. 6.8 Pigtail catheter within the left ventricle. In this live three-
dimensional TEE image, a pigtail catheter is shown within the left ven-
tricle. The catheter appears well positioned and does not interfere with
the mitral apparatus

catheter in the right-coronary aortic cusp (b). A pigtail catheter in the
non-coronary cusp is shown using simultaneous biplane imaging prior
to implantation of a self-expanding transcatheter heart valve (c)

THV and earliest delivery systems, there was frequently
upward (aortic) movement of the entire valve during balloon
inflation. With the currently available third generation
balloon-expandable THYV, there is far greater stability during
deployment. The crimped valve is longer than the fully
expanded valve and, thus, there is valve shortening during
balloon inflation and expansion of the stent. With all three
generations of balloon-expandable THVs, there is
asymmetric motion of the valve during deployment with
greater motion of the inflow (ventricular) edge of the stent
[35]. In other words, valve shortening occurs predominantly
from the ventricular side. This asymmetric shortening is
most extreme with the third generation of balloon-expandable
THYV in which the outflow or aortic edge of the stent barely
moves during deployment while nearly the entire valve
shortening during inflation occurs from the ventricular side.
Understanding the normal shortening characteristics of the
THYV and the ideal final position of the prosthesis is essential
in determining the correct pre-deployment position of the
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Fig. 6.9 Imaging of the transapical approach for TAVR. In this view,
the optimal position for apical cannulation is identified by visualizing
the finger of the surgeon palpating the apex of the left ventricle at the
intended puncture site (yellow arrow, a). The J wire (identified by the
yellow dotted line) is visualized within the left ventricle as the surgeon

stent. With the third generation of balloon-expandable THYV,
the majority (roughly three-fourths) of the stent is on the aor-
tic side of the annulus when in the ideal final position.
Because shortening occurs almost exclusively from the
ventricular side, the ideal pre-deployment position is with
approximately equal portions of the crimped stent on the
ventricular and aortic sides of the annulus (the so called
“50/50” position). Pre-deployment positioning of the
crimped stent should primarily focus on the aortic edge,
since this edge of the stent remains essentially stable during
deployment. The stent should cover the native aortic leaflets
but remain below the sinotubular junction (Fig. 6.12).

Prior to deployment, the crimped THV is frequently not
in the center point of the annulus in all planes. The stent will

advances it to cross the aortic valve (b). This three dimensional view
shows the course of the wire within the left ventricle from the apical
cannulation site to crossing the aortic valve and demonstrating that the
wire is free from the mitral apparatus (c)

therefore not contact the annulus on all sides simultaneously.
It is important to anticipate the location of first annular con-
tact as this often impacts the final position of the
THV. Furthermore, the THYV is rarely precisely perpendicular
to the plane of the aortic annulus. The final position of the
stent may be asymmetric relative to the aortic annulus, in
which the distance from the annulus to the inflow and outflow
edges of the stent differ along the circumference of the stent.
In other words, the stent may be slightly canted relative to
the plane of the annulus. Accounting for the angle of the
stent relative to the plane of the annulus can also be useful in
determining the optimal pre-deployment position of the
THV (Fig. 6.13). I would emphasize that developing profi-
ciency at positioning by TEE requires practice.
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PATT: 37.0C
TEET: 38.9C

Fig. 6.11 Crimped transcatheter heart valve. In this long-axis view,
Fig. 6.10 Balloon-aortic valvuloplasty. In this long-axis view, the reducing the overall gain allows for the crimped stent (arrows) of the
inflated balloon is visualized during balloon aortic valvulplasty. The  balloon-expandable THV to be well differentiated from the less acous-
size of the inflated balloon relative to the aortic annulus can be useful in tically dense balloon
selecting the appropriate size of transcatheter heart valve under some
circumstances

shown (b—d). This long axis view shows the final position of the THV

Fig. 6.12 Deployment of a balloon-expandable THV. The crimped
stent is visualized prior to balloon inflation (a). Early, mid, and full following deflation and removal of the deployment balloon (e)

inflation of the balloon and stent during deployment of the THV are
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Fig.6.12 (continued)
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Self-Expanding Transcatheter Heart Valves

Two generations of self-expanding transcatheter heart valves,
CoreValve Revalving System and EVOLUT-R (Medtronic,
Minneapolis, Minnesota), have received FDA approval. Both
of these are porcine pericardial valves mounted within a niti-
nol frame with a fabric skirt affixed to the inside of the stent.
The stent frame has three distinct zones, each with different
radial and hoop strengths, in order to allow proper orienta-
tion, anchoring, and placement of the valve. These self-
expanding transcatheter valves are partially repositionable.
Fluoroscopy is the primary modality for positioning
and deployment of a self-expanding THV. The use of TEE
imaging as an adjunct to fluoroscopy is reasonable, may
aid in improving procedural results, and provide a more
rapid diagnosis of complications [46]. Deployment of the

Fig. 6.13 Deployment of a self-expanding THV. As the THV is
unsheathed, the distal portion of the stent begins to “flower” open (a)
and then expands to make annular contact (b). The prosthetic valve

begins to function when approximately two-thirds of the stent is
unsheathed (c). In this image, the final position of the THV after being
completely unsheathed is shown (d)
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self-expanding THV is much slower and more controlled
than that of a balloon-expandable valve. The sheathed self-
expanding valves are typically not coaxial with the aorta
prior to deployment. As the valve is deployed, the valve
will begin to reorient to become more parallel with the
long axis of the aorta by pivoting on the first point (usually
the posterior edge) of annular contact. It is difficult to dis-
cern the exact starting position of the fully sheathed self-
expanding valve by TEE, but relatively simple to determine
the position of the valve once the inflow edge is unsheathed
and the stent begins to “flower” open. The ideal final posi-
tion is with the inflow (ventricular) edge of the stent
approximately 4 mm below the annular plane for the first
generation of self-expanding THV and approximately
3 mm below the annular plane for the second generation
self-expanding valve. The imaging planes on TEE and
fluoroscopy are very different. With experience, integrat-
ing the information from both modalities may allow for
optimal positioning with less contrast required.

Post-Deployment Assessment

Following THV deployment, echocardiography provides
rapid and accurate assessment of valve position and function.

Assessing Transcatheter Valve Function

Echocardiographic imaging can rapidly assess the final THV
position, stent shape, and leaflet motion. Stent position is
best determined in the long-axis view. Color Doppler is used
to determine the presence and severity of valvular and
paravlavular regurgitation. Multiple short-axis views and
multiplane imaging are required to fully assess final stent
shape and the presence, severity, and location of valvular and
paravalvular regurgitation [9, 47]. Continuous and pulsed
wave Doppler from the deep gastric views are used to deter-
mine transvalvular gradients and for calculation of the effec-
tive orifice area of the prosthesis by the continuity equation.
Color and continuous wave Doppler of the aortic prosthesis
from the deep gastric view can also provide additive infor-
mation regarding the severity of aortic regurgitation
(Figs. 6.14 and 6.15).

Paravalvular Regurgitation

The presence of significant paravalvular regurgitation fol-
lowing TAVR has been associated with increased mortality
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[12, 48-55]. Through advancements in transcatheter valve
technology and improvements in the use of 3D imaging for
sizing, the incidence of significant paravalvular regurgita-
tion is lower with the current generation of valves [44, 45].
Nonetheless, detecting the presence, location, and deter-
mining the severity of paravalvular regurgitation remains
key following THV deployment. Color Doppler imaging
from both the long-axis and short-axis views should be
performed immediately following THV deployment. The
current generation of balloon-expandable transcatheter
valve is constructed with a skirt on the inflow edge of the
stent, and positioned on the ventricular side of the annulus,
to reduce paravalvular regurgitation. When imaging in the
short-axis view above the annulus, flow between the outer
aspect of the stent and the aortic root or annulus that is
caught by the skirt and does not enter the left ventricle can
be visualized and potentially mistaken for paravalvular
regurgitation that requires further treatment. It is therefore
important to visualize the LVOT immediately adjacent to
the stent to confirm that jets enter the left ventricle. Some
paravalvular regurgitant jets, particularly those located
anteriorly, can be acoustically shadowed in the mid-esoph-
ageal view and may be better visualized in the deep gastric
view (Fig. 6.16).

Repeated assessment of paravalvular regurgitation should
be done for several minutes following valve deployment. In
some instances, there is hypotension immediately following
the rapid pacing period of valve deployment and color
Doppler interrogation during that time may underestimate the
degree of regurgitation. As the blood pressure recovers, the
degree of regurgitation may become more evident.
Echocardiographers should take note of the hemodynamic
condition of the patient during imaging. Conversely, small
leaks may spontaneously resolve or the degree of paravalvu-
lar regurgitation may decrease over 10-15 min following
valve deployment [56]. Self-expanding valves continue to
expand as the nitinol warms up to body temperature and, con-
sequently, many small paravalvular regurgitant jets regress.

Integration of multiple parameters and imaging obtained
from multiple windows is critical in assessing paravalvular
regurgitation. Still, determining the severity of paravalvular
regurgitation quantitatively remains challenging. As the
experience with TAVR continues to grow, it is likely that
additional investigations will lead to refined methods of
assessing paravalvular regurgitation. It is important to deter-
mine not only the severity, but the mechanism of paravalvu-
lar regurgitation. Final stent position, undersizing of the
THYV relative to the native aortic annulus, or bulky calcifica-
tion may all contribute to paravalvular regurgitation follow-
ing THV deployment [12]. Defining the mechanism may
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Fig. 6.14 Assessment of transcatheter heart valve position and func-
tion post-deployment. The position of the THV (yellow double arrows)
relative to the plane of the native aortic annulus (blue dashed line) is
visualized in the long axis view (a). The valve is visualized in the deep

influence procedural decision-making about the need for
post-dilation, implantation of a second valve, or continued
surveillance.

Complications

Perhaps the most critical role of echocardiography in TAVR
is for the immediate detection and assessment of complica-
tions during the procedure. There are numerous potential
mechanical complications that may occur with TAVR. Some
of the major mechanical complications with illustrative case
examples will be highlighted in this chapter. Additionally,
echocardiography can provide valuable information during
hemodynamic compromise beyond that of identification of
mechanical complications. For example, TEE imaging can be
used to assess underfilling of the left ventricle during major
vascular bleeding or to confirm the position of the venous
cannula in the right heart in a patient being emergently placed

gastric view (b), which allows alignment for pulse-wave Doppler of the
LVOT (c) and continuous wave Doppler across the valve (d) to be
obtained for determining the trans valvular gradient and calculation of
effective orifice area

on cardiopulmonary bypass. The echocardiographer should
be knowledgeable about, continuously monitor, and commu-
nicate the relevant information of specific interest to the anes-
thesiologist, interventional cardiologist, and cardiac surgeon
during a complication.

Aortic Complications

Aortic dissection may occur as the result of direct trauma
from the balloon, wires, catheters, or valve itself.
Conversely, it may the consequence of displacement of
jagged-edge, bulky calcium during the procedure. Aortic
dissection may be immediately apparent or may become
evident over time (Fig. 6.17). The extent of the dissection
and potential involvement of the sinuses of Valsalva, coro-
nary arteries, or head and neck vessels are critical for deter-
mining the best course of action. Microperforations of the
intima and portion of the media can result in intramural
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Fig. 6.15 Assessment of stent shape following implantation. In this
example, expansion of a self-expanding THV is impeded by bulky cal-
cium resulting in an oval shape of the stent and a large gap between the
stent and native aortic annulus (a). Following balloon post-dilation,

there is improvement in stent expansion and the shape of the stent is
more circular (b). However, a gap remains between the stent and native
annulus. Following a second post-dilation with a larger balloon, the
stent is now fully expanded and circular in shape (c)

Fig. 6.16 Paravalvular regurgitation following TAVR. Simultaneous
biplane imaging demonstrates severe paravalvular regurgitation after
implantation of a self-expanding transcatheter heart valve. The full
extent of the paravalvular leak is nearly 50 % of the circumference of
the prosthetic valve (short-axis view, left panel). There is a visible gap

between the stent and the anterior aspect of the native aortic annulus
though which there is severe paravlavular regurgitation (long-axis view,
right panel). A smaller paravalvular leak is visualized at the posterior
aspect of the annulus
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Fig.6.17 Aortic dissection following TAVR. In the long-axis view, the outflow edge of the stent is marked by the red arrows (a). The flap of a
spiral dissection of the ascending aorta is visualized in the long (a) and short (b) axis views (yellow double arrows)

hematomas while perforation through all three layers of the
aortic wall can cause periaortic hematoma [36]. If recog-
nized early, these conditions can sometimes be managed
conservatively. In some instances, however, hematomas
can compromise a coronary artery or progress to a more
significant mechanical complication (Fig. 6.18). Annular
rupture is a rare, but catastrophic, complication of
TAVR. More extensive subannular calcification, oversizing
of the prosthesis by more than 20 % of the annular area, and
balloon post-dilation have all been implicated as risk fac-
tors for annular rupture (Fig. 6.19) [11].

Coronary Artery Obstruction

Obstruction of the ostium of a coronary artery is primarily
related to displacement of a calcified native aortic valve
leaflet following THV deployment (Fig. 6.20). Coronary
occlusion with TAVR is thankfully rare with an overall
incidence of <1 % [13]. When coronary obstruction occurs,
it is most common with the left main coronary artery
(83.3 % of cases) and can frequently be successfully treated
with percutaneous coronary intervention. The identified
and suggested risk factors for coronary obstruction include
female sex, no prior bypass surgery, a narrow aortic root
with shallow sinuses of Valsalva, low-lying (<10 mm) cor-
onary height, and bulky calcification of the native left coro-
nary aortic valve leaflet.

Aortic Regurgitation
Significant aortic regurgitation following TAVR may be

valvular or paravalvular and distinguishing between these
is crucial for deciding the appropriate treatment. Valvular

Fig.6.18 Intramural hematoma following TAVR. Prior to valve implan-
tation, the wall of the aortic root appears thin and normal (a). Following
implantation of a balloon-expandable transcatheter heart valve, simulta-
neous biplane imaging reveals the development of an intramural hema-
toma of the wall of the non-coronary sinus of Valsalva (b)

aortic regurgitation may be seen immediate following
deployment as a consequence of the stiff wire impeding
closure of a prosthetic leaflet. Repositioning or removal of
the wire alleviates this situation. Valvular regurgitation that
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Fig. 6.19 Aortic root rupture following TAVR. Simultaneous biplane imaging demonstrates a periaortic hematoma (yellow arrows), resulting
from aortic root rupture, following implantation of a balloon expandable valve

Fig. 6.20 Left coronary obstruction. Bulky -calcification (yellow
arrows) is noted on the left coronary leaflet in close proximity to the
ostium of the left main (red arrow) coronary artery (a). Because of the
high-risk anatomy for coronary obstruction, a guide wire (orange
arrows) was placed in the left coronary artery prior to valve implanta-

tion (b). Following TAVR, the left main coronary artery was obstructed
by bulky calcium on the left coronary leaflet necessitated emergent
placement of a coronary stent (orange dotted oval) in the left main
of the aortic valve following implantation of a balloon-expandable
THV (¢)
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is not related to the stiff wire may result from protruding
calcium or a native aortic valve leaflet that overhangs the
transcatheter valve stent frame and impinges upon normal
prosthetic leaflet motion. Alternatively, distortion of the
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stent frame may prevent normal closure and coaptation of
the prosthetic leaflets. Placement of a second THV within
the first valve (i.e., valve-in-valve implantation) is usually
required under these latter circumstances [57] (Fig. 6.21).
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Fig. 6.21 Severe aortic regurgitation following implantation of a bal-
loon-expandable THV. Following implantation of a balloon expandable
THYV, there is prosthetic leaflet dysfunction resulting in severe valvular

aortic regurgitation detected by color (a, b) and continuous wave (c)
Doppler. A second THV was immediately placed within this first valve
(d), resulting in resolution of the aortic regurgitation (e, f)
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Table 6.1 Prosthetic aortic valve regurgitation
Mild
Semi-quantitative parameters

Diastolic flow reversal in the descending
aorta — PW Doppler

Circumferential extent of prosthetic valve <10 %
paravalvaular regurgitation (%)

Quantitative parameters

Regurgitant volume (mL/beat) <30 mL
Regurgitant fraction (%) <30 %
EROA (cm?) <0.10 cm?

Adapted from Kappetein et al. [62]

Paravalvular regurgitation (PAR) has already been dis-
cussed, but it is worthy of reiterating some key points.
Undersizing the THV relative to the aortic annulus, sever-
ity of aortic calcification, and implantation depth have all
been identified as risk factors for the occurrence of PAR
[17, 26, 32, 34,49, 58-61]. Determining the severity, etiol-
ogy, and recommending the appropriate intraprocedural
treatment of PAR is one the primary focuses of post-
implantation imaging. Yet these are amongst the most
challenging issues we are faced with in the field. The
applicability of traditional PAR grading schemes is highly
debatable for TAVR. The grading recommendations in the
most recent Valve Academic Research Consortium
(VARC-2) consensus document are an improvement over
the ASE guidelines, at least specifically related to TAVR
(Table 6.1) [62]. However, comparison of echocardiogra-
phy to cardiac magnetic resonance imaging (CMR) con-
firm the limitations of standard echocardiographic
parameters for the accurate assessment of PAR severity
[63-65]. Better imaging assessment, such as with 3D
echocardiography [66], and refined parameters for the
echocardiographic assessment of PAR are needed.

Cardiac Perforation and Tamponade

Any of the wires or catheters that enter the left ventricle may
cause perforation. The temporary pacing wire may perforate
the right ventricle and this may go undetected until the wire
is removed. Perforation can usually be readily identifying by
accumulation of blood into the pericardial space associated
with tamponade physiology and hemodynamic collapse
(Fig. 6.22). Many patients undergoing TAVR have hypertro-
phied left ventricles with a small intracavitary chamber size
and, consequently, can develop significant hemodynamic
compromise from even a small, acute accumulation of peri-
cardial blood. Rapid identification and prompt action is criti-
cal for a successful outcome.

Absent of brief early diastolic
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Moderate Severe

Intermediate Prominent, holodiastolic
10-29 % >30 %

30-59 mL >60 mL

30-49 % >50 %

0.10-0.29 cm? >0.30 cm?

Fig. 6.22 Cardiac tamponade during TAVR. In this case, the patient
developed acute hemodynamic compromise during the procedure.
A pericardial effusion (yellow arrows) and small, compressed left ven-
tricle are consistent with acute pericardial tamponade. Perforation of
the lateral left ventricular wall was identified and surgically repaired in
this patient

Perforation of the septum may occur adjacent to the stent,
resulting in a membranous ventricular septal defect (Fig. 6.23)
[67-70]. A muscular ventricular septal defect may occur as a
result of perforation from the stiff wire or, rarely, direct can-
nulation from a transapical approach [71, 72].

Mitral Regurgitation

Reversible changes in the severity of mitral regurgitation may
occur during TAVR due to wire entanglement in the mitral
apparatus or acute ventricular dilation due to severe left ven-
tricular dysfunction or severe aortic regurgitation. Mechanical
complications, such as leaflet perforation or chordal rupture
resulting in a flail mitral leaflet, may result in acute severe
mitral regurgitation (Fig. 6.24). Detecting changes in and iden-
tifying the mechanism of mitral regurgitation is imperative.
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Fig.6.23 Ventricular septal defect following implantation of a self-expanding transcatheter heart valve. Simultaneous biplane imaging with color
Doppler demonstrates a large, iatrogenic, membranous ventricular septal defect following implantation of a self-expanding valve

Fig. 6.24 Severe mitral regurgitation complicating TAVR. In this patient, advancement of the transapical delivery sheath resulted in ruptured
chordae, a flail mitral leaflet (a), and severe mitral regurgitation (b)

Malpositioning of the Transcatheter
Heart Valve

Embolization of the prosthesis into the aorta may occur if the
pre-deployment position is too high or if there is unexpected
motion of the valve during deployment. Conversely, emboli-
zation of the valve into the left ventricle may occur if the
initial position of the valve is too low (Fig. 6.25). Ventricular
embolization typically requires open surgical retrieval of the
prosthesis [73]. Fortunately, malpositioning and aortic or
ventricular embolization of the valve are rare. Advancements
made with newer generations of THVs and delivery systems
further reduce the likelihood of these complications.

Future Perspectives
Minimalist Approach

Several centers have begun performing TAVR with moni-
tored conscious sedation (CS) rather than general anesthesia
(GA), most of which do not use TEE for intraprocedural
imaging when done with CS [74-78]. Some use transtho-
racic or intracardiac echocardiography [79-81], while oth-
ers use fluoroscopy alone [75]. There continues to be
considerable controversy regarding these strategies.
Advocates of the so-called “minimalist approach” point to
data that suggests TAVR without TEE can be done with
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Fig. 6.25 Malpositioning of a transcatheter heart valve. In this long-
axis view, it is evident that the balloon expandable THV was incorrectly
placed too far on the ventricular aspect of the aortic annulus. The native
aortic leaflets are seen to overhang the outflow edge of the stent

similar safety and outcomes as compared to GA with
TEE. In fact, there is no data that performing TAVR is actu-
ally safer when performed without rather than with intrapro-
cedural TEE. Conversely, there are several lines of data that
suggests that TAVR is safer when performed with intrapro-
cedural TEE. Data from the FRANCE II registry noted that
patients who underwent TAVR with conscious sedation and
local anesthesia had a higher incidence of post-procedural
aortic regurgitation compared to GA patients, which was
potentially related to the lower use of intraprocedural TEE
with CS [82]. One study of TAVR in intermediate risk
patients using a minimalist approach reported a 30-day mor-
tality rate that was actually higher than observed in the
higher risk patient population of the PARTNER (Placement
of Aortic Transcatheter Valves Trial) Trial [48, 74]. Data
from the European Society of Cardiology’s TransCatheter
Valve Treatment (TCVT) registry reported a higher immedi-
ate procedural success rate and a lower rate of periproce-
dural complications, such as cardiac tamponade, in patients
undergoing TAVR with GA and TEE as compared to CS in
which TEE was rarely used [83]. There was more acute kid-
ney injury in the CS patients. Furthermore, there was a trend
towards lower in hospital mortality in GA patients in spite
of the fact that these patients had significantly higher
Logistic-EuroSCORE at baseline. Finally, the use of intra-
procedural TEE was found to be an independent protective
factor against overall and late mortality in the Brazilian
TAVI registry [84]. As the debate about the optimal intra-
procedural imaging strategy for TAVR continues, it is
important to be mindful that when TAVR becomes more
widely used in lower risk patients, the bar for procedural
safety should be set even higher and not lower.
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Fusion Imaging

Technology that allows for the co-registration of the data
from echocardiography onto the fluoroscopic image is now
available [85-87]. This fusion imaging holds great poten-
tial for a number of structural heart interventions.
Positioning of a THV with fusion imaging might reduce
the amount of contrast used, fluoroscopic time required, or
rate of malpositioning with TAVR. This technology is still
under development and further improvements and study
are necessary.
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Abstract

Current class Ila indications for percutaneous interventions for closure of paravalvular
leaks includes patients with prosthetic heart valves and intractable hemolysis or NYHA
class III/IV HF who are at high risk for surgery and have anatomic features suitable for
catheter-based therapy when performed in centers with expertise in the procedure. Recent
reports show high procedural success, defined typically as <I+ residual regurgitation.
Improvement in heart failure symptoms is usually limited to patients with no or mild
residual regurgitation following closure. Patients with hemolytic anemia however, often fail
to improve despite successful closure with persistent or worsening hemolysis reported in up
to 33 % of patients and new-onset hemolysis in 10 %. Transesophageal imaging is key to
pre-procedural planning and involves a determination of: (a) the number and location of
defects; (b) the shape and exact size of each defect; (c) the distance and orientation of the
defect to the sewing ring or prosthesis. Intra-procedural imaging is essential for guidance of
wire/catheter placement and an assessment of complications such as cardiac perforation,

prosthetic valve dysfunction or device embolization.

Keywords

Transcatheter ® Paravalvular regurgitation * Prosthetic valve

Introduction and Review

Paravalvular regurgitation occurs in 2-10 % of aortic
prosthetic valves and 7-17 % of mitral prosthetic valves
[1]. Whereas most of these patients are asymptomatic,
1-3 % of patients may present with heart failure, hemoly-
sis or both. According to the AHA/ACC Valvular Heart
Disease guidelines, the class I indication for surgical
intervention includes operable patients with mechanical
heart valves with intractable hemolysis or heart failure
due to severe prosthetic or paraprosthetic regurgitation
(level of evidence B) [2]. Class Ila indications for opera-
tion include operable patients with severe symptomatic or
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asymptomatic bioprosthetic regurgitation (level of evi-
dence C) with the caveat that blood cultures should be
draw to exclude infectious endocarditis.

In symptomatic patients with severe paravalvular regurgi-
tation the risk of adverse outcome with repeat surgery is up
to 16 % [3, 4] increasing with each re-operation [4]. A num-
ber of studies have shown that percutaneous closure of para-
valvular regurgitation is not only possible using a number of
different devices [5-9], but successful in treating both heart
failure and hemolysis [10—13]. Thus percutaneous repair is
an attractive alternative to repeat valve replacement given the
high procedural success rate [10, 11]. Thus the current class
IIa indication for percutaneous intervention includes patients
with prosthetic heart valves and intractable hemolysis or
NYHA class III/IV HF who are at high risk for surgery and
have anatomic features suitable for catheter-based therapy
when performed in centers with expertise in the procedure
(Level of Evidence B).
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Early studies reported variable success rates [14] however
recent reports show high procedural success, defined typically
as <1+ residual regurgitation. Ruiz et al. reported procedural
success of 86 % with complication rate of 13 % [11]. Sorajja
et al. reported success of 89 % with complication rate of ~9 %
[12]. Procedural success may be influenced by the prosthetic
valve location. Ruiz et al. reported a higher success rate with
para-mitral regurgitation (89 %) versus para-aortic regurgita-
tion (73 %) [11]. This may be related to the difference in imag-
ing the three-dimensional prosthetic annulus; frequent acoustic
shadowing of at least part of the aortic annulus [15] may limit
the accurate assessment of defect anatomy and location as
well as intra-procedural guidance. Complications of the proce-
dure are not trivial. Sorajja et al. [10] reported a 30-day com-
plication rate of 8.7 % (sudden and unexplained death, 1.7 %;
stroke, 2.6 %; emergency surgery, 0.9 %; bleeding, 5.2 %).
The 3-year estimate for survival free of all-cause mortality
was only 64.3 % and did not significantly differ for patients
with no (69.9 %) mild (62.4 %), or moderate or severe (58.1 %)
residual regurgitation.

Clinical success is determined by the procedural success
and the presenting symptom. Improvement in heart failure
symptoms is typically limited to patients with no or mild
residual regurgitation following closure [12]. Patients with
hemolytic anemia however, often fail to improve despite
successful closure. Hein et al. [16] observed that 33 % of
patients requiring transfusions had worsening hemolysis
after the procedure, and there was newly developed hemolysis
in 10 % of all patients. Persistent or worsening hemolysis
may be due to the typical off-label use of devices used to
close these leaks which are woven from a larger-caliber
nitinol mesh which fail to conform to the irregular shapes of
the paravalvular defects. Small, high velocity jets can
typically be seen between and through the nitinol mesh
resulting in persistent hemolysis. More recently the
Amplatzer vascular plug (AVP II and IV) devices have been
used which have a smaller profile and conform to the shape
of the defect allowing them to fit into the small, irregular
paravalvular defects resulting in reduced para-device leak.
Similar to surgical intervention for hemolysis [15] patients
with persistent hemolytic anemia after attempted paravalvular
closure, determined by level of lactate dehydrogenase (given
the oversensitivity of haptoglobin), predicts poor survival
and need for cardiac surgery [17].

Percutaneous repair is contraindicated in patients with
active endocarditis or significant dehiscence involving more
than one-fourth to one-third of the valve ring [18]. Significant
dehiscence is echocardiographically suggested by excessive
rocking motion of the mitral prosthesis relative to the annulus
[19]. For the aortic prosthesis, motion discordant with the
motion of the adjacent aortic root and native annulus usually
indicates significant (40-90 % of the annular circumference)
dehiscence [20].
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Case-Based Approach to Paravalvular
Regurgitation Closure

Case 1 A 60 year old male with history of tissue AVR
for bacterial endocarditis in 2001 now presents with
severe bioprosthetic AR. The transesophageal echocar-
diogram is shown in Fig. 7.1. The retrograde approach
was used to position an AVP II device (Fig. 7.2, panel A)
with nearly complete resolution of the paravalvular jet
(Fig. 7.2, panel B).

Case 2 87 year old female transferred from an outside hos-
pital with NYHA IV SOB, and a history of a bioprosthetic
MVR for infective endocarditis. She had a history of recur-
rent endocarditis treated medically as well as hypertension,
atrial fibrillation, stroke, chronic obstructive pulmonary
disease requiring steroids. The transesophageal echocar-
diogram is shown in Fig. 7.3. The paravalvular regurgitant
lesion is well-imaged at 5 o’clock (panel A). An Agilis
catheter was introduced via an antegrade, trans-sepal
approach (panel B) with initial placement of an AVP 4
device (panel C). Fig. 7.3, panel D shows is a higher mag-
nification of the device, now 90° turned from panel C for
better imaging. This device was malpositioned and
removed, with final position (Fig. 7.4, panel A) and color
Doppler (panel B) showing with nearly complete resolution
of the paravalvular jet.

Approach

Periaortic leaks can typically be approached via a retrograde
aortic approach. Transcatheter closure of mitral paravalvular
regurgitation can be approached from a retrograde or ante-
grade approach. Frequently this is decided by the number,
location and shape of the defects. The retrograde method can
be performed from a femoral arterial approach (and thus
across the aortic valve into the ventricle or retro-aortic) or a
direct transapical approach; the latter may be ideal for patients
requiring multiple devices since multiple wires can be intro-
duced simultaneously through the apex either by direct punc-
ture or with a small surgical apical window. For some
operators, the approach to a mitral paravalvular defect can be
more systematically determined by the location of the defect:
the trans-septal-antegrade technique for leaks located between
6 o’clock and 9 o’clock; the retro-aortic technique for leaks
located between 10 and 2 o’clock; the transapical approach
for the majority of mitral paravalvular leaks, especially if
located between 10 and 6 o’clock. The transapical approach
for mitral paravalvular leak closure has been shown to reduce
procedural and fluoroscopy time [21].

The antegrade method requires a trans-septal puncture
and three-dimensional transesophageal guidance may be
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Fig. 7.1 Transesophageal
echocardiogram showing in
panel (a), the simultaneous
multiplane color Doppler
images show the
posterolateral paravalvular
regurgitant jet. Panel (b) is
the three-dimensional color
Doppler imaging of the
paravalvular regurgitant jet
with panel (c¢) showing the
multi-planar reconstruction of
the jet dimensions
(6.4x3.4 mm) and area

(24 mm?)

IPAT T: 37.0C
TEE T: 38.2C

b

EROA = 2_4!_!mm’2
Defect=6.4x 3.4 mm

helpful in identifying the optimal location for the puncture.
For lateral jets, standard trans-septal puncture position may
be used since once across the septum, the catheters are
directly toward the lateral sewing ring. For medial defects, a
higher and more posterior trans-septal puncture may be
required for optimal catheter positioning although steerable
guide catheter (i.e. Agilis) have make the antegrade approach
highly feasible for any para-mitral paravalvular defect.

Procedural Imaging

Standard transesophageal imaging views for the aortic and
mitral valves should be used throughout the pre-interventional
imaging and procedural guidance [22]. Much of the pre-
procedural assessment of paravalvular leaks are performed
by three-dimensional imaging [23]. The surgical or anatomic
view of the mitral valve is suggested by the American Society

of Echocardiography guidelines places the aortic valve ante-
rior (or at 12 o’clock) with the left atrial appendage identify-
ing the lateral sewing ring (9 o’clock), and the interatrial
septum the medial sewing ring (3 o’clock). Maintaining this
anatomic view for pre-procedural and intra-procedural imag-
ing will improve the communication between imager and
interventionalists.

Echocardiographic imaging for aortic prostheses is less than
ideal. Because of acoustic shadowing of the anterior sewing ring,
off-axis imaging (deep esophageal or transgastric views) may be
necessary; occasionally transthoracic imaging may be better
than transesophageal imaging. Defects in the posterior sewing
ring are easily imaged on transesophageal echocardiography.
Alternatively intracardiac echocardiography can be used, but the
experience with this imaging modality during paravalvular leak
closure is more limited. Three dimensional orientation of the
valve, places the left sinus of Valsalva anterior and to the right
with the right sinus of Valsalva directly posterior (6 o’clock).
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Fig. 7.2 Transesophageal echocardiogram showing the
simultaneous multiplane image of the AVP II device
being positioned (panel a) and resolution of the
posterolateral paravalvular regurgitant jet (panel b)

f
PAT T: 37.0C

Pre-procedural planning for transcatheter closure of para-
valvular regurgitation requires a determination of: (a) the
number and location of defects; (b) the shape and exact size
of the each defect; (c) the distance and orientation of the
defect to the sewing ring or prosthesis. This assessment
requires extensive two-dimensional and well as three-
dimensional transesophageal imaging [11, 17, 24]. The
shape and size of the defect determines the choice of device.
Long, crescent shaped leaks often require multiple closure
devices. Para-aortic leaks tend to be smaller than para-mitral
leaks and simultaneous or sequential closure devices are
infrequently necessary.

The location of the defect may influence the success of
the procedure. Anterolateral para-mitral defects close to the
left atrial appendage frequently have a serpiginous superior-
to-inferior orientation because of massive left atrial dilation,
with the inferior (or left ventricular origin) of the defect
located closer to the valve prosthesis. This orientation of the
defect may result in tilting of the device after deployment
that may not be identified when the device is still attached to
the deployment catheter. Once deployed the device may seat
90° to the annular plane, obstructing normal leaflet motion of
tilting-disk valve (Fig. 7.5) [18]. This complication may be
recognized on fluoroscopy as well. Obstruction or

R.T.Hahn

impingement of bioprosthetic leaflets may be more difficult
to recognize, but echocardiographic evidence of sudden val-
vular regurgitation or an increased transvalvular gradient are
important clues to this complication. Once deployed in a
suboptimal position (or if embolized), removal of the device
can be accomplished with a snare or a long, flexible biop-
tome, thus avoiding the need for open retrieval.

Other procedure-related complications include stroke,
hemothorax, device embolization and complications asso-
ciated with trans-septal puncture. Coronary artery obstruc-
tion may occur when para-aortic defects are treated,
because devices may protrude over the ostia of the coronary
arteries. Theoretically, occlusion of the circumflex artery
may occur with posterior mitral prosthetic valve devices.
Following device deployment, a full assessment of pros-
thetic valve function should be performed. This includes
(but is not limited to): two- and three-dimensional imaging
of the prosthesis to assess function, continuous wave
Doppler across the prosthetic orifice for assessment of
peak/mean gradients, two- and three-dimensional color
Doppler assessment of residual paravalvular regurgitation,
effect of device placement on flow in the pulmonary veins
as well as pulmonary artery pressures, and residual trans-
septal defect.
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Fig. 7.3 The paravalvular regurgitant lesion is well-imaged at 5 device (panel c). Panel (d) shows is a higher magnification of the
o’clock (panel a). An Agilis catheter was introduced via an antegrade,  device, now 90° turned from panel (c) for better imaging
trans-sepal approach (panel b) with initial placement of an AVP 4

Fig. 7.4 Following re-positioning, the device now is seated against the sewing ring (panel a) and color Doppler (panel b) shows nearly complete
resolution of the paravalvular jet
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Fig.7.5 A large anterolateral paravalvular defect is noted (panel a, yellow arrows) and the deployed AVP 4 closure device turned 90° on release
(panel b, red arrow) resulting in occlusion of the lateral mechanical disc. A snare was positioned (blue arrow) to remove the device
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Abstract

Transcatheter mitral valve (MV) repair with the MitraClip safely reduces mitral regurgita-
tion (MR) in patients who are not appropriate for MV surgery. The procedural success of
transcatheter MV repair is highly dependent on advanced Echo imaging and team commu-
nication. This chapter discusses the basic mechanisms of MR, MitraClip specific MV Echo
screening criteria, and offers a detailed, step-by-step approach explaining optimal MitraClip

procedure Echo guidance.

Keywords

Mitral regurgitation ¢ Mitral valve ¢ MitraClip * TMVR ¢ Transcatheter ¢ Percutaneous ¢
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By translating the surgical mitral valve (MV) Alfieri edge-to-
edge stitch repair technique [1] to a percutaneous/transcath-
eter approach [2, 3], the MitraClip (Abbott, Menlo Park, CA)
allows for a transcatheter/percutaneous and thus minimally
invasive reduction in primary (degenerative) mitral regurgi-
tation (DMR) and secondary (functional/ischemic) MR
(FMR) [4-13].

The MitraClip is a 15 mm long, cobalt chromium, two-
armed device with gripper arms in the device center that can
be independently opened and closed against a set of larger
and movable outer arms (Fig. 8.1). This design allows grasp-
ing and permanent apposition of sections of the anterior and
posterior MV leaflets (MitraClip arm width: 5 mm). Guided
by intraprocedural transesophageal echocardiography (TEE)
the MitraClip is delivered to the MV from the femoral vein
by crossing the interatrial septum with a 24French (8 mm)
steerable guide and delivery catheter system (Fig. 8.1). Once
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the MitraClip is at the desired MV location, the device mech-
anism allows grasping both MV leaflets repeatedly until MR
appears optimally reduced, upon which the device can be
detached and permanently deployed.

The MitraClip procedure is safe and hemodynamically
well tolerated, but the acute procedural success, the amount
and durability of MR reduction, and the increased need for
repeat surgical/procedural MR intervention make the
MitraClip significantly inferior to MV surgery [4-9].
Successful MitraClip therapy however leads to an immedi-
ate improvement in (1) cardiac output and LV loading con-
ditions [14], (2) subsequent favorable left ventricular (LV),
mitral annulus (MA) and LA remodeling, and (3) improve-
ment of heart failure (HF) symptoms with a reduction in
HF hospitalizations — even when MR remains moderate [5,
6, 8, 11]. Fibrous tissue overgrowth on the MitraClip forms
a rigid anterior to posterior MV leaflet bridge overtime
[15] that appears to stabilize the anterior — posterior MA
dimensions, which probably helps to maintain MR reduc-
tion overtime [4, 6]. Importantly however, this fibrous tis-
sue response does not preclude later MV repair if needed
[16]. This chapter focuses on the Echo guidance of the
MitraClip procedure, and a detailed discussion on the
safety and clinical outcomes of the MitraClip therapy can
be found elsewhere [17].
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Fig.8.1 The MitraClip is
mounted at the tip of it’s delivery
catheter, which is advanced into
the left atrium via a steerable
guide catheter. The MitraClip has
a pair of movable polyester
covered arms with spiked gripper
arms in the device center that can
be independently opened and
closed. The device length is

15 mm, the arm width is 5 mm,
and the device span when fully
opened is 20 mm (inset, closed
MitraClip compared to a US 10
cent coin). The MitraClip can be
opened by more than 180°, and
completely closed (inser) and
detached from its delivery
catheter once successfully
attached to the mitral valve
leaflets (inset) (Images provided
and adapted from Abbott, Menlo
Park, CA)

Steerable guide catheter tip

Polyester covered outer arms

MitraClip Echocardiography Screening

Transthoracic ~ echocardiography (TTE) and three-
dimensional (3D) TEE imaging are key to determine MR
severity and the predominant mechanism (DMR vs FMR),
the anatomic and hemodynamic state of MR-related cardiac
remodeling, other significant CV disease and MV
“clipability”. The very different DMR and FMR mechanisms
and leaflet pathology dictate specific Echo MitraClip
anatomy screening criteria, as DMR is characterized by
excess leaflet motion (e.g. MV leaflet prolapse/flail;
Fig. 8.2a—c) and FMR by restricted MV leaflet motion and
closure in the setting of LV dilatation and dysfunction
(Fig. 8.2d-f) [18].

The most established MitraClip Echo eligibility criteria
are based on the inclusion and exclusion criteria from the
EVEREST trials (Table 8.1) [4, 5]. With the now worldwide
growing MitraClip experience most anatomic criteria have
proven less “absolute” — with the major caveat that this
development is driven by high volume and thus very
experienced MitraClip centers [19, 20]. Nevertheless,
extensive MV leaflet calcifications in the grasping area
(Fig. 8.3a, b), very immobile/mobile or thick leaflets
(Fig. 8.3¢c) and leaflet clefts (Fig. 8.3d, e) will likely remain
unclipable with the current generation MitraClip device.

A critical MitraClip Echo measurement that is used to
prevent post-clip mitral stenosis (MS) hemodynamics

(Fig. 8.3f) is diastolic MV opening area (MVA) (Fig. 8.4).
One MitraClip approximately halves MVA [21, 22], and the
currently recommended and established diastolic MVA to
prevent MS is 4.0 cm? or more. This minimum MVA is
usually available in DMR (Fig. 8.4c), but can be a limiting
factor in FMR (Fig. 8.4a, b, d). Nevertheless, MitraClips
have also been placed with reasonable outcomes in MVA
smaller than 4 cm? [19].

MitraClip Procedure TEE Guidance

The MitraClip procedure is performed under general
anesthesia in the cardiac catheterization lab, and procedure
outcomes are critically dependent on advanced 3D-TEE
imaging and optimal communication and teamwork between
interventional cardiology/surgery and the echocardiographer.
MitraClip procedure failure rates for DMR have been
reported to be as high as 26 % when compared to FMR,
although DMR outcomes have improved significantly with
increasing procedural and patient selection experience [4, 5,
20, 23]. A key to this improvement has been the recognition
of a need to adapt procedural techniques to account for the
differing MR mechanisms and MV leaflet pathologies. The
recommended central leaflet (A2/P2) MitraClip placement is
motivated by the lack of local chordal leaflet insertions in
this region, which minimizes chordal — MitraClip
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Fig. 8.2 Echo characteristics of degenerative MR (DMR, a—c) and
functional MR (FMR, d—f). DMR is characterized by impaired mitral
valve (MV) coaptation due to excessive leaflet motion in the setting of
leaflet prolapse or flail. Panel (a) shows a transthoracic echo (TTE)
3-chamber view with the asterisk indicating a partially flail posterior
leaflet, also shown by transesophageal echo (TEE) with the posterior
leaflet breaking the mitral annulus plane towards the left atrium (c,
dashed line). Panel (b) shows eccentric, anterior directed mitral regur-
gitation (MR), which is typical for posterior leaflet prolapse or flail.

Table 8.1 Anatomic MitraClip Echo Criteria

EVEREST trial inclusion criteria [4, 5]

The primary mitral regurgitant jet is noncommissural. If a
secondary jet exists, it must be considered clinically insignificant

Mitral valve opening area >4.0 cm?

Minimal calcification in the grasping area

No leaflet cleft in the grasping area

Sufficient leaflet mobility, thickness and length (>10 mm)
DMR: Leaflet flail width <15 mm; Leaflet flail gap <10 mm

EMR: MV coaptation depth <11 mm; MV leaflet tip coaptation
length >2 mm

Expanded criteria (MitraClip implantation rate 96 %) [19]
Mitral valve opening area >2.0 cm?
Flail width <25 mm and flail gap <20 mm

FMR on the other hand is characterized by restricted MV closure
motion due to apical leaflet tethering in the setting of left ventricular
(LV) dilatation or dysfunction (d—f). These FMR geometric changes
result in MV leaflet tip coaptation displaced towards the LV apex as
shown by TTE (d, dashed line) and TEE (f, dashed line). Once apical
MYV displacement starts to impair leaflet coaptation, FMR develops
with a usually centrally directed jet (e). Ao aorta, LA left atrium, LV left
ventricle, MR mitral regurgitation

entanglement [24, 25]. However, with evolving procedural
strategies more lateral (A1/P1) and medial (A3/P3) MR has
been treated successfully [26, 27]. The same applies to more
extensive MV pathologies including extensive leaflet flails
due to chordal or even papillary muscle ruptures [28, 29].

Left Atrium and Left Atrial Appendage Sweep

Prior to interatrial septum (IAS) puncture the LA and left
atrial appendage (LAA) should be carefully evaluated for
thrombus to minimize the risk of embolization during LA/
LAA wire and catheter manipulation. If there is clear evi-
dence for thrombus, then the procedure should be aborted.
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Fig. 8.3 Challenging/unsuitable mitral valve (MV) anatomies. (a, b)
Excessive posterior mitral annulus calcification with a very short and
calcified posterior leaflet (a, arrow), which will prevent/limit a secure
MitraClip leaflet grasp. (¢) Very thick MV leaflets (¢, arrow) can be
difficult to grasp by the MitraClip, and may prevent complete closure of
the MitraClip. (d, e) Anterior MV leaflet cleft in a parasternal short axis

Interatrial Septum Puncture

An optimal IAS puncture location reduces the amount of
steerable guide catheter and MitraClip manipulation required
to advance the MitraClip into its desired location. The aim of
3D TEE guidance is to help redirecting the Mullins sheath
and puncture needle into a central, slighty posterior location
(~ Fossa ovalis) about 3.5-4 cm superior to MV leaflet coap-
tation (Fig. 8.5). Advancing the needle/guidewire through a
persistent foramen ovale should be avoided if possible. The
Mullins sheath and puncture needle positions can be identi-
fied by Echo artifact and IAS tenting towards the LA
(Fig. 8.5a—c, arrows, asterisk). The anterior — posterior IAS
location can usually be well visualized at a 35-45° transducer
angle (Fig. 8.5a) and the superior — inferior IAS location in a
bicaval view (Fig. 8.5b). The IAS puncture site to MV leaflet
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view (d, asterisk) with significant MR (e). The lack of anterior leaflet
tissue prevents MitraClip therapy. (f) There is baseline calcific mitral
stenosis physiology with a mean MV inflow gradient of 10 mmHg due
to close to circumferential mitral annulus calcification. Ao aorta, LA left
atrium, LV left ventricle, MR mitral regurgitation, RA right atrium, RV
right ventricle

coaptation distance can be visualized at 0° and by flexing the
TEE probe with the goal to have both IAS tenting and MV
leaflet coaptation in view (Fig. 8.5c). By extrapolating the
anticipated intra-LA guidewire path one can approximately
measure this distance (Fig. 8.5c, double headed arrows).
Once the optimal IAS puncture site has been confirmed in the
above views the IAS is punctured and a guidewire advanced
into the LA (Fig. 8.5d, arrows).

Guidewire and Steerable Guide Catheter
Positioning

The guidewire is then carefully advanced into the left upper
pulmonary vein (LUPV) as a safe “parking” location
(Fig. 8.6a, b, arrows). Multiple sweeping TEE views/angles



8 Transcatheter Treatment of Mitral Regurgitation

95

Fig. 8.4 Mitral valve diastolic opening area (MVA) assessment. The
upper panels (a, b) are derived by cropping a 3D transthoracic echo (TTE)
parasternal full volume image into parasternal long axis (a) and short axis
views (b). The advantage of 3D MVA assessment is that it allows to select
an optimal plane through the anterior and posterior leaflet tips (a, red line)
at an optimal diastolic time-point. The corresponding short axis view (b)

may be required to visualize the wire and its tip to safely guide
it into the LUPV, which can usually be visualized in a 60-90°
angle view. The LAA should be avoided due to risk of perfora-
tion and acute tamponade. Once the guidewire is securely
positioned in the LUPV (Fig. 8.6a, b, arrows) the IAS punc-
ture site is pre-dilated (Fig. 8.6c, arrow), and the IAS slowly
crossed with the steerable guide catheter tip. This should
always be done under direct TEE visualization since the cath-
eter tip may be rotated and/or “jump” with risk for LA wall
perforation and acute tamponade. The steerable guide catheter
tip can be recognized by its characteristic appearance

allows to measure MVA precisely if image quality is sufficient. The lower
panels (c, d) show MVA assessment in 2D TTE short axis views, which —
if care was taken to acquire the images at the level of the MV tips — also
allows to make reliable measurements. MVA is usually sufficient in
degenerative MR (c), but can be a limiting factor in functional MR (a, b,
d). Ao aorta, LA left atrium, LV left ventricle, MVA Mitral valve area

(Fig. 8.6d, e, arrows) and oftentimes by exiting microbubbles.
A safe steerable guide catheter tip LA position is considered to
be ~2-3 cm into the LA when measured from the IAS, without
contact with any intra-LA structures (Fig. 8.6d, e, arrows).

MitraClip Positioning: Left Atrium
Mounted on the delivery catheter (Fig. 8.1), the MitraClip

device is then carefully advanced into the LA via the steerable
guide catheter. This procedure step should always be done



96

J.P. Dal-Bianco

Fig. 8.5 Transesophageal echo (TEE) guidance of optimal interatrial
septum (IAS) puncture is a very important step in the MitraClip proce-
dure since it determines the location of the steerable guide catheter tip,
which is the starting point for any MitraClip manipulation. A 30-45°
TEE view (a) allows to visualize the right atrium, IAS, left atrium (LA)
and aorta, and thus helps to guide anterior — posterior IAS puncture (a,
arrow: needle artifact). Care should be taken to puncture the IAS cen-
trally to posterior, and to avoid the aorta. The bicaval TTE view (b)
visualizes the inferior and superior vena cavae, and thus superior — infe-
rior IAS puncture location (b, arrow: needle artifact). The echocardiog-
rapher may need to switch briskly between both TEE views multiple
times since e.g. anterior — posterior Mullins sheath manipulation may
lead to unnoticed changes in the superior — inferior IAS location.

under direct TEE visualization since once the MitraClip exits
the steerable guide catheter, it may initially point towards a
LA wall with risk of perforation and acute tamponade
(Fig. 8.7a, arrow). The MitraClip is TEE guided into the
LUPV (Fig. 8.7b, arrow) and then, with care to avoid the
coumadin ridge (Fig. 8.7c, d, asterisks), is pulled back and
oriented towards the MV (Fig. 8.7c, d, arrows; Fig. 8.8a—c,
arrows). Under real-time 3D TEE imaging, visualizing the
MYV from the LA perspective, the MitraClip is then positioned

Depending on individual cardiac anatomy both TEE views can be
simultaneously depicted. Once the desired IAS puncture site has been
determined advancing the needle will result in IAS tenting towards the
LA (c, asterisk). Subsequently the TEE imaging aim is to visualize the
IAS tenting and MV coaptation locations (usually at 0°) to perpendicu-
lar measure their distances from each other (¢, thick double headed
arrow). If the distance is ~3.5—4 cm then the IAS is punctured and a
guidewire advanced into the LA (d, white and black arrows). A dis-
tance too close or too far away from the MV may make MitraClip posi-
tioning and deployment very difficult or impossible due the technical
limits of the steerable guide and delivery catheters. Ao aorta, LA left
atrium, LV left ventricle, IVC inferior vena cava, MV mitral valve, RA
right atrium, SVC superior vena cava

into a central LA position with its tip pointing towards the
MYV (Fig. 8.8d). Next the MitraClip arms are opened to 180°
(Fig. 8.8e) and the device is rotated (if necessary) to a
perpendicular arm orientation relative to the MV coaptation
line. Based on the leaflet malcoaptation/main MR location
and clipping strategy chosen to reduce MR, the same real
time 3D TEE view allows the guidance of lateral to medial
MitraClip positioning based on its anticipated projected path
towards the MV, which is determined by catheter orientation.
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Fig, 8.6 Following interatrial septal (IAS) puncture and under constant TEE
visualization, the guidewire (a, arrow) is then carefully manipulated over the
coumadin ridge (a, asterisk) into the left upper pulmonary vein (LUPV, a).
Real-time 3D TEE imaging from the left atrium (LA) perspective allows
visualization of the guidewire (b, arrow) as it crosses the LA. After the IAS

Optimal MitraClip arm orientation and positioning is impor-
tant because once the MitraClip is advanced through the MV
into the subvaluvlar MV apparatus any major arm re-orienta-
tion or lateral — medial repositioning, especially if the
MitraClip targets are not the central A2/P2 scallops, can
result in chordal entanglement.

MitraClip Positioning: Mitral Valve Orifice/Left
Ventricle

Once the desired MitraClip arm orientation and position
have been achieved, the opened MitraClip is advanced
towards the MV orifice under TEE guidance. After the
MitraClip enters the MV orifice and LV, a bicommissural
60-90° TEE view in combination with simultaneous orthog-
onal imaging allows optimal visualization of the MitraClip’s

puncture site has been pre-dilatated (¢, arrow) the steerable guide catheter is
advanced into the LA. Its characteristic tip can be appreciated in 2D (d,
arrow) and 3D TEE (e, arrow), and should be followed by constant TEE
visualization to prevent LA wall injury. Ao aorta, LA left atrium, LUPV left
upper pulmonary vein, MV mitral valve, RA right atrium

superior — inferior, medial — lateral (bicommissural view)
and anterior — posterior (LV outflow tract view, ~120°) posi-
tions. Figure 8.9 explains this 3D TEE approach with bicom-
missural views in the left panels (Fig. 8.9a, ¢) and the
corresponding orthogonal LV outflow tract planes in the
right panels (Fig. 8.9b, d). These are determined in this case
by the selected imaging plane through the MitraClip
(Fig. 8.9a, c, red lines). Figure 8.9a, b show the MitraClip
procedure in DMR and Fig. 8.9c, d in FMR. Note the differ-
ence in systolic MV leaflet position relative to the opened
MitraClip arms (Fig. 8.9b partially flail posterior leaflet ver-
sus bileaflet MV tenting in Fig. 8.9d. The simultaneous
orthogonal 3D TEE imaging approach also enables verifica-
tion that the MitraClip arm orientation — once within the
LV - is maintained since the arms are not visible in the
bicommissural view (Fig. 8.9a, c), but well visualized in the
orthogonal planes (Fig. 8.9b, d). Another approach to verify



Fig. 8.7 Once the steerable guide catheter is securely positioned, the
delivery catheter with the MitraClip at its tip is advanced into the left
atrium (LA). Advancing the delivery system may lead to steerable guide
catheter tip repositioning, and thus its position should be monitored by
TEE. Once the MitraClip (a, arrow) exits the steerable guide catheter
tip (a, asterisk), the TEE imaging focus is to always keep the MitraClip

intra-LV MitraClip arm orientation is the real-time 3D-TEE
view with gains reduced to visualize the MitraClip below the
level of the MV leaflets (Fig. 8.9e, arrow).

MitraClip Leaflet Grasping and Deployment

Once optimal MitraClip position (guided by the MV leaflet
malcoaptation/main MR location/procedural strategy) has
been confirmed by TEE (Fig. 8.10a, b), the open MitraClip is
slowly pulled back towards the LA with the aim to catch and
grasp the anterior and posterior leaflet tips (Fig. 8.10c, d).
This process can be more challenging in DMR than FMR

J.P. Dal-Bianco

in view and to safely guide it into the left upper pulmonary vein (LUPV,
b, arrow). Once in the LUPV and always guided by TEE, the steerable
guide and delivery catheters are then manipulated to redirect the
MitraClip past the coumadin ridge (c, d, asterisks). AV aortic valve, LA
left atrium, LAA left atrial appendage, LUPV left upper pulmonary vein

(Fig. 8.9a—d), and is dependent on the extent and mobility of
the MV leaflets and the procedural experience of the
MitraClip team. Once TEE imaging confirms that both MV
leaflets tips have reduced mobility and appear “wedged” into
the MitraClip, the gripper arms are lowered against the outer
arms to grasp and secure the leaflets (Fig. 8.10d, arrow) and
then the device slowly closed (Fig. 8.10f, arrow). Grabbing
enough leaflet tissue is very important for the quality and
durability of the grasp, and to reduce the risk of short and
long term partial or complete MitraClip detachment. When
in doubt, repeated leaflet grasping attempts should be made
as outlined above. A leaflet grasp “stress test” can be per-
formed by increasing LV afterload with vasopressors for a
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Fig. 8.8 The MitraClip is redirected towards the mitral valve (a—c,
arrows). Real-time 3D-TEE of the MV from the LA perspective allows
optimal visualization of the MitraClip in the left atrium (d, arrow) and
to verify its open arm orientation (e, arrow). A common start is to orient
the MitraClip arms perpendicular to the presumed mitral valve (MV)

short duration. A good MitraClip grasp results in much
reduced local anterior and posterior leaflet motion
(Fig. 8.10f), and the formation of a stable double orifice MV
(Fig. 8.11a). Color Doppler imaging allows for the rapid
visualization of MR reduction, and the location of remaining
MR (Fig. 8.11b). Other echo evidence for reduced MR sever-
ity is a change in PV inflow pattern indicating reduced LA
filling pressures (Fig. 8.11c). Once there is convincing evi-
dence for significant MR reduction in the setting of a suffi-
cient leaflet grasp, the LA to LV inflow gradients through
both the lateral and medial neo-MV orifices are measured
with Echo Doppler (Fig. 8.11d, e). An averaged gradient
>5 mmHg should probably be avoided [22], but is unlikely in
the setting of one MitraClip if the starting MVA was suffi-
cient, and the MR reduction significant (trans-MV gradient is
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coaptation line at the mitral regurgitation target area; clock or counter
clockwise MitraClip rotation can be easily guided in this 3D-TEE view.
Ao aorta, LA left atrium, LAA left atrial appendage, LUPV left upper
pulmonary vein, LV left ventricle, MV mitral valve

flow dependent). Over the long-term, the post-MitraClip gra-
dients usually remain stable [6]. If clip position by imaging
and hemodynamics by Doppler are satisfactory, the MitraClip
can be deployed and permanently detached from the delivery
catheter (Figs. 8.1 and 8.11a, asterisk) and the catheter care-
fully pulled out of the LA under TEE guidance.

Additional MitraClip Deployment

The total number of MitraClips deployed is motivated by
optimal MR reduction and limited by creating MS hemody-
namics. Other factors that may prompt consideration of plac-
ing additional MitraClips in order to reduce “wear and tear”
of leaflets or device erosion, even if MR appears optimally
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Fig. 8.9 Guidance of MitraClip positioning and deployment can be
greatly facilitated by using standardized simultaneous TEE imaging
with a bicommissural reference view (a, ¢) and an orthogonal LV
outflow tract view (b, d) determined by the chosen plane (a, ¢, red
lines). This TEE imaging approach allows to effectively and rapidly
assess main mitral regurgitation pathology and MitraClip position in
relationship to the mitral valve (MV) lateral (A1/P1), central (A2/P2)
and medial (A3/P3) scallops. Panels (a, b) show a patient with
degenerative MR (DMR) and panels (c, d) a patient with functional MR

(FMR). Note the difference of the systolic MV leaflet positions with a
partial flail posterior leaflet (P2) in DMR (b, arrow) versus bileaflet MV
tethering in FMR (d). The leaflet grasping process can be easier in
FMR, since the tethered leaflet configuration dovetails with the open
MitraClip arms (d). Besides simultaneous multiplane TEE 2D imaging,
areal time 3D TEE view from the left atrium with much reduced gains
can be very helpful to determine MitraClip arm orientation once the
MitraClip is positioned in the left ventricle (e, arrow). Ao aorta, LA left
atrium, LAA left atrial appendage, LV left ventricle
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Fig. 8.10 Simultaneous multi-plane TEE imaging guidance of
MitraClip positioning and deployment in degenerative mitral regurgita-
tion. The opened MitraClip is advanced into the left ventricle (LV), and
maintained correct device arm alignment/orientation can be verified by
minimal MitraClip visualization in the bicommissural view (a), and
maximum device arm span in the orthogonal LV outflow tract view (b).
The MitraClip arms (b, arrow) are aligned to grasp the central portions

of the anterior (A2) and flail posterior (P2) leaflet (b, asterisk). The
MitraClip delivery catheter is then slowly pulled back towards the LA
with the aim to grasp/catch the moving leaflets, which when caught
show reduced/arrested leaflet tip motion (d). Following, the gripper arms
(d, arrow) are closed against the outer arms to “sandwich” the leaflets,
the leaflet grasp confirmed and the MitraClip slowly closed (f, arrow).
Ao aorta, LA left atrium, LAA left atrial appendage, LV left ventricle
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Fig.8.11 A real-time 3D TEE view confirms the creation of a double
orifice mitral valve (a) with the MitraClip forming a central anterior —
posterior leaflet bridge (a, arrow). With the MitraClip still attached to
its delivery catheter (a, asterisk) remaining mitral regurgitation (MR) is
assessed in a bicommissural TEE view with color Doppler (b). Overall
reduction of MR can be supported by a change in pulmonary vein

treated, can be the echocardiographic leaflet tissue appear-
ance, MitraClip device mobility and stability relative to the
MYV, and associated leaflet mobility next to the MitraClip.
This applies especially to DMR MVs which can have a wide
spectrum of leaflet anatomy and tissue characteristics rang-
ing from thin (“Fibroelastic deficiency”/FED [30, 31]) to
thick myxomatous leaflets (“Barlow’s disease” [32]). The
EVEREST MitraClip trials appear to have included both of
these leaflet pathologies equally. In clinical practice — at least
in the US — there is likely to be a therapy shift toward FED
MYVs since the current FDA approved DMR MitraClip indi-
cation is limited to prohibitive surgical risk patients, who are
usually older patients and thus more likely to have FED. In
more recent DMR MitraClip studies including older and
higher risk patients there now appears an increasing trend for

Lateral MV gradient
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inflow from pre to post MitraClip deployment (c). Diastolic mitral valve
inflow is visualized in the same view (d) and Doppler is used to mea-
sure the medial and lateral MV neo-orifice gradients (e). Once the deci-
sion is made to permanently deploy the MitraClip, the delivery system
is removed (under TEE guidance) and above color Doppler and Doppler
assessments repeated. MR mitral regurgitation, PV pulmonary vein

the use of two MitraClips [7, 8, 23], which may be prompted
by experience and concerns for MitraClip gripping quality,
fibrous tissue response and overall durability of MitraClip
repair in DMR. FMR leaflets, on the other hand, are usually
thick and fibrotic and restricted in motion and thus less likely
to “wear & tear” overtime [33], even in the setting of one
MitraClip.

If the decision is made to place an additional MitraClip,
a new delivery system (Fig. 8.1) is advanced through the
steerable guide catheter into the LA and the MitraClip posi-
tioning steps are repeated as above. Bicommissural and
simultaneous orthogonal plane TEE imaging with both
color Doppler (Fig. 8.12a, b) and 2D (Fig. 8.12c, d) modali-
ties will help to establish the MR location and MV anatomy.
In this patient there was remaining significant lateral MR
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Fig.8.12 Remaining significant mitral regurgitation (MR) after initial
MitraClip deployment (a, b) can be treated with another MitraClip if
there are no concerns creating mitral stenosis hemodynamics. An addi-
tional MitraClip (c, long arrow) is — after open device arm orientation
has been optimized as outlined previously— carefully navigated towards

(Fig. 8.12a) due to a partially flail (lateral) posterior leaflet
(Fig. 8.12d, arrow). After confirming open MitraClip arm
orientation by 3D-TEE, the MitraClip is re-closed before it
is carefully advanced towards the MV (Fig. 8.12c, longer
arrow) with the aim to avoid direct contact with the prior
deployed MitraClip (Fig. 8.12c, shorter arrow, ). Once the
second MitraClip has been advanced into the LV below the
level of the MV its arms are opened and the device pulled
back to grasp the leaflets (Fig. 8.12f, g). Simultaneous
orthogonal 2D and real-time 3D-TEE imaging (Fig. 8.9¢)
can be very helpful to assess and carefully adjust intra-LV
MitraClip arm orientation. Once a sufficient MV leaflet
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the mitral valve (MV) target area in its closed configuration (d), avoid-
ing direct contact with the prior placed MitraClip (¢, short arrow; e,
arrows). The MV leaflets are then grasped as outlined previously (f)
and the MitraClip closed (g). Ao aorta, LA left atrium, LV left ventricle

grasp has been confirmed the MitraClip arms are closed,
and remaining MR visualized by color Doppler (Fig. 8.13a,
b). As previously mentioned, the PV inflow Doppler pattern
provides supporting information regarding MR reduction
(Fig. 8.13c). If there is convincing evidence for optimal MR
reduction in the setting of a sufficient leaflet grasp, the MV
gradients through the neo-MV orifices are re-measured
(Fig. 8.13d). If deemed acceptable, the MitraClip is deployed
(Fig. 8.13e) and the catheter system carefully removed. At
completion, the post-procedure atrial septal defect and
absence or presence of pericardial effusion are
documented.
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Fig. 8.13 With the MitraClip still attached to its delivery catheter (a,
asterisk), remaining mitral regurgitation (MR) is assessed with color
Doppler (b), and improvement of MR confirmed by a change in
pulmonary vein inflow (¢). Final diastolic mitral valve inflow gradients

Summary/Conclusions

Transcatheter MV repair with the MitraClip safely reduces
MR, but its success strongly depends on echo imaging to
optimally guide patient selection and the actual MitraClip
procedure. An understanding of cardiac anatomy and
advanced skills in 2D and 3D TEE imaging are critical.
Lastly the ability to communicate the echo findings to the
interventional/surgical team in a clear and consistent manner
is important.
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Abstract

Atrial fibrillation (AF) is the most common sustained arrhythmia and is associated with an
increased risk of stroke and systemic embolism. While anticoagulation reduces the risk of
thromboembolism in AF, safe and consistent long-term treatment can be challenging with
oral anticoagulation regimens. The left atrial appendage (LAA) is thought to be the major
source of thromboembolism in AF. Novel, mechanical catheter-based strategies have been
developed to exclude communication between the LAA and the left atrium in order to
reduce the risk of thromboembolism in AF without the need for long-term OAC. Trans-
esophageal echocardiography (TEE) imaging plays a critical role in transcatheter closure of
the LAA. This chapter provides details on the multiple roles of TEE in LAA closure rang-
ing from baseline evaluation (to establish eligibility and correct size of device) to proce-
dural guidance (including transseptal puncture) to later follow up.
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Introduction

Atrial fibrillation (AF) is the most common sustained arrhyth-
mia and is associated with an increased risk of stroke and sys-
temic embolism. Oral anticoagulation (OAC) with warfarin or
the non-vitamin-K antagonists dabigatran, apixaban, rivorax-
aban, and edoxaban significantly reduces this risk. However,
OAC is underutilized, and safe and consistent long-term treat-
ment can be challenging with both warfarin and the non-vita-
min-K antagonists. The left atrial appendage (LAA) is thought
to be the major source of thromboembolism in AF. Therefore,
catheter-based strategies have been developed to occlude or
ligate the LAA in order to reduce the risk of thromboembo-
lism without the need for long-term OAC. Two approaches
have been studied or are currently available in the United
States. The WATCHMAN LAA occluder (Boston Scientific,
Natwick, MA) consists of a self-expanding nitinol frame and
perforated polyethylene terephthalate membrane cap that is
delivered via a transeptal approach. It has been evaluated in
two randomized clinical trials [1, 2]; the Food and Drug
Administration (FDA) has recently approved this device for
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patients who are deemed suitable candidates for warfarin but
have an appropriate rationale to seek a non-pharmacologic
alternative to warfarin. The Lariat device (SentreHeart,
Redwood City, California) enables the percutaneous ligation
of the LAA through the delivery of a surgical suture via a
combined transseptal and sub-xiphoid approach [3]. The
device is 510K-cleared by the FDA for the approximation of
soft-tissue, and it has been applied clinically to LAA closure.
Trans-esophageal echocardiography (TEE) imaging plays a
critical role in the work-up, procedural guidance, and follow-
up for both treatment approaches. Herein, we review the use
of TEE in the setting of transcatheter LAA closure.

Baseline TEE Evaluation Prior to LAA Closure

A thorough pre-procedural TEE evaluation prior to LAA
closure is required for appropriate patient selection. Specific
items to evaluate include the presence of potential
thromboembolism sources in addition to the LAA, whether
LAA thrombus is present, and whether the LAA anatomy is
suitable for device closure.

Alternative Sources of Thromboembolism

The primary rationale for LAA closure is to reduce the risk
of thromboembolism without the need for long-term
OAC. The procedure should not be performed if OAC may
be clinically indicated for reasons other than potential LAA
thrombus. Therefore, the presence of mobile aortic ather-
oma, papillary fibroelastoma, ventricular thrombus, or other
source of cardioembolism beside the LAA must be excluded.
If a large patent foramen ovale or atrial septal defect is pres-
ent in a patient with a prior stroke, these may be percutane-
ously closed post-procedure if the clinician feels that the
defect poses a long-term risk for paradoxical embolism.

LAA Thrombus

The presence or suspicion of LAA thrombus should warrant
deferral of transcatheter LAA closure, and, if possible, the
patient should be treated with OAC until the thrombus
resolves on repeat imaging. A practical “rule-of-thumb” is to
defer intervention if the echocardiographic appearance of the
LAA would be sufficient to preclude electrical cardioversion.

Anatomic Eligibility

Anatomic criteria for Lariat transcatheter LAA ligation are
derived for the most part from computed tomography:
appendages with diameter >40 mm, presence of lobes behind
the pulmonary artery, or a posteriorly-oriented appendage
should generally be avoided [4]. In the case of LAA closure
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with the WATCHMAN occluder, TEE provides critical
information regarding LAA shape, lobar anatomy, and
dimensions that assist in the selection of the appropriate
device size. Further details regarding LAA assessment for
WATCHMAN implantation are noted below.

Procedural Guidance with TEE: Transseptal
Puncture

Transcatheter LAA occlusion and ligation both require access
to the left atrium via a transseptal puncture. Although trans-
septal puncture can be safely achieved with fluoroscopic guid-
ance alone, TEE allows for the accurate positioning of the
puncture for successful LAA closure and also provides visual
cues that allow the operator to avoid complications. The echo-
cardiographer plays a critical role in achieving safe and opti-
mal transseptal crossing by identifying the tip of the transseptal
system and orienting the operator accordingly. Two views of
the interatrial septum are key for echocardiographic guidance,
and can be obtained with either TEE or intracardiac echocar-
diography (ICE): the short axis view, identified by the aortic
valve in cross-section, defines the anterior-posterior plane,
while the long axis view, identified by visualization of the
superior and inferior venae cavae, defines the superior-infe-
rior plane. Biplane imaging with TEE is particularly helpful,
as it clearly indicates both the anterior-posterior and superior-
inferior orientation of the transseptal needle through simulta-
neous imaging of the short axis and bicaval views. The aorta
is an anterior structure, and therefore tenting of the inter-atrial
septum close to the aorta in the short axis view can be rectified
by clockwise rotation of the transseptal sheath/dilator/needle
system, while tenting directed too far posteriorly toward the
left atrial free wall can be corrected with counterclockwise
rotation (Fig. 9.1). For the WATCHMAN procedure, the
transseptal puncture should be located posterior and inferiorly
to allow for a co-axial approach of the delivery sheath toward
the LAA (which is an anterior and superior structure)
(Fig. 9.2). A posterior-inferior location is also helpful for
transcatheter ligation with the Lariat, although a puncture site
within the mid-septum is generally sufficient. The transseptal
needle should never be advanced if tenting is not clearly seen
on echocardiography. Once the septum is crossed and the
operator advances a wire into the left atrium, the echocardiog-
rapher should confirm that the wire is appropriately placed
within the pulmonary vein and not within the LAA (which
could result in perforation).

Echocardiographic Guidance: Lariat
Procedure and Follow-Up

The Lariat procedure combines a transseptal and trans-
pericardial approach. In addition to directing transseptal
puncture, echocardiography plays a central role in proce-
dural guidance and clinical follow-up.
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Fig. 9.1 TEE guidance of transseptal puncture. The exact location of
the transseptal puncture along the interatrial septum can be visualized
by simultaneous imaging of the bicaval and aortic short axis planes
using a three-dimensional probe. Clockwise rotation of the transseptal
system will direct the system more posteriorly, away from the aorta
(visualized in the aortic short axis plane), while withdrawal of the sys-
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tem will bring the puncture inferior (visualized in the bicaval plane).
For left atrial appendage (LAA) occlusion or ligation, a posterior-
inferior puncture is advantageous as it allows for a coaxial approach for
equipment to be introduced into the LAA. In this particular case, the
transseptal dilator is tenting the mid-portion of the interatrial septum.
Arrows: tenting of interatrial septum by the transseptal sheath dilator

Fig. 9.2 Optimal transseptal location for WATCHMAN left atrial
appendage occlusion. In this particular case, the tenting of the septum is
inferior (on the opposite end of the interatrial septum from the superior
vena cava) and posterior (opposite to the aortic valve). This allows for

Procedural Guidance for the Lariat

Pericardial access and sheath placement. Dry pericardial
access is generally performed under fluoroscopic guidance.
However, echocardiographic imaging can help confirm that
the guidewire advanced through the introducer needle is

the device delivery sheath to approach the left atrial appendage in a
coaxial fashion, as the appendage is located in the anterior and superior
portion of the left atrium. Ao aorta, SVC superior vena cava; arrow
tenting of interatrial septum by transseptal needle

within the pericardial space, rather than inside the right ven-
tricle or the anterior mediastinum. As the sheath is advanced
over the wire into the pericardium, the right ventricle should
be imaged; if there is compression of the right ventricle, the
operators should consider pericardial puncture at an alterna-
tive site.
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Advancement of endo-wire into anterior lobe of the LAA.
The Lariat snare is advanced to the LAA over a rail formed by
the connection between a magnet-tipped wire within the ante-
rior lobe of the LAA (the endo-wire, delivered through the tran-
septal sheath) and a complementary magnet-tipped wire
introduced through the pericardial sheath (the epi-wire). If the
endo-wire is not within the anterior lobe, but rather is in a pos-
terior position, Lariat LAA ligation will be challenging and will
likely be unsuccessful. The echocardiographer may assist the
operator by confirming the anterior position of the endo-wire by
examining the course of the wire within the LAA (Fig. 9.3).

Position of the LAA os. TEE plays an important role in
co-registering the anatomic LAA os so that the LAA can be
snared by the Lariat device at the proper site. The operator
advances a balloon catheter over the Endo-wire into the LAA
and inflates the balloon with dilute contrast. The
echocardiographer guides the operator to place the balloon at
the mouth of the LAA, and the balloon position can be seen
by fluoroscopy (Fig. 9.3). This provides a fluoroscopic
marker for the position where the operator should close the
Lariat snare over the LAA.

Confirmation of complete closure. Complete LAA closure
should be confirmed after snaring of the LAA and prior to
suture release. Residual lobes due to partial ligation” or
residual flow must be excluded.

Monitor for complications. Pericardial effusions are not
uncommon with the Lariat procedure [5], and the presence
of a new or growing effusion should be actively monitored.
Potential etiologies of peri-procedural pericardial effusions
include transseptal puncture, pericardial access, left atrial
perforation with the magnetic-tipped wires, and LAA tearing
or evulsion (Fig. 9.4).

Echocardiographic Follow-Up After Lariat LAA
Ligation

Serial TEE follow-up after Lariat LAA ligation should be
performed at approximately 6 weeks and 3 months post-
procedure. Late leaks, pericardial effusions, and stump
thrombus have been reported (Fig. 9.5) [5, 6]. TEE can be
used to guide successful transcatheter closure of post-lariat
leaks (Fig. 9.6) [7].

Echocardiographic Guidance: WATCHMAN
Procedure and Follow-Up

Assessment for Anatomic Eligibility
and Selection of Device Size

LAA occluder device implantation requires a thorough
assessment of the LAA in multiple views. The LAA is
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imaged at 0, 45, 90, and 135°. In each plane, the diameter
of the LAA mouth is measured, defined as the distance just
below the left circumflex artery at the level of the mitral
annulus to approximately 2 cm below the tip of the ridge of
the left upper pulmonary vein; alternatively, the distance
can be measured from the mitral valve annulus across to the
left upper pulmonary venous ridge perpendicular to the
planned axis of the delivery sheath. The length (or depth) of
the LAA is measured from the center of this line to the tip
of the primary lobe (Fig. 9.7). The WATCHMAN device is
available in five sizes, ranging from 21 to 33 mm in diam-
eter; the length is approximately equal to the width. The
device manufacturer recommends over-sizing the device by
8-20 %, and therefore, the WATCHMAN may be used to
occlude LAAs between approximately 17 and 30 mm in
diameter, as long as there is sufficient depth. An initial
“working” device size is selected based upon the largest
measured diameter of the LAA ostium, incorporating the
necessary oversizing, as long as there is sufficient depth to
accommodate it. This selection may be modified once the
delivery sheath is introduced into the LAA, which may
clarify the maximal implantation depth. Particular append-
age shapes, such as “chicken wing” anatomy, may repre-
sent a challenge for device placement because of the broad
width but shallow depth of the initial portion of the LAA
before the first bend. There are initial case reports describ-
ing the use of 3D printing based on CT datasets to create a
model of the LAA in advance of the procedure in cases
where the pre-procedural TEE suggests complex or poten-
tially unsuitable [.8]. Such 3D models could allow optimi-
zation of the sizing of devices outside of the body before
deployment in the heart.

Procedural Guidance

Introduction of delivery sheath into the LAA. As noted above,
TEE is required to establish the appropriate inferior and
posterior puncture site at the inter-atrial septum. The next
step of the procedure is to introduce the 14 French delivery
sheath into the left upper pulmonary vein over a stiff 0.35 in.
wire and then into the LAA over a diagnostic pigtail catheter.
Echocardiography can aid in the safety of this maneuver by
confirming that the stiff wire is in the pulmonary vein (rather
than the thin-walled and friable LAA) and to aid the operator
in manipulating the pigtail catheter anteriorly from the
pulmonary vein into the LAA. The delivery sheath is then
advanced over the pigtail deeply into the LAA. TEE imaging
can assist the operator in establishing a coaxial position
within the LAA and defining whether the sheath is within the
anterior or posterior lobe (Fig. 9.8).

Evaluating adequacy of device implantation. The opera-
tor and echocardiographer can use the acronym “PASS” as
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Fig. 9.3 Case of LAA ligation with the Lariat device. An 82 year-old
male with atrial fibrillation and high risk for thromboembolism
(CHA,DS,VASc=4) and high risk for bleeding on oral anticoagulation
underwent transcatheter LAA ligation with the Lariat. (a) Baseline TEE
showing the LAA. (b) TEE guidance of transseptal puncture. An
inferior and posterior puncture site is confirmed using a TEE in the
biplanar view (arrows, tenting of septum). (c) Placement of the magnet-

tipped wire through the transseptal sheath into the LAA is confirmed by
TEE (arrow, wire tip). (d) A compliant balloon filled with dilute
contrast is inflated within the mouth of the LAA to identify this
anatomic location on fluoroscopy (double arrow, balloon). (e) Final
images demonstrating complete closure of the LAA after Lariat
deployment (asterisk, sealed LAA). Ao Aorta, Ant anterior, Inf inferior,
IVC inferior vena cava, Sup superior, SVC superior vena cava
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Fig.9.4 Intraprocedural pericardial effusion during transcatheter LAA
ligation with the Lariat. In this case, a pericardial effusion formed soon
after pericardial access, and the effusion was persistent despite pro-
longed autotransfusion. Hemodynamic stability could not be main-
tained, and the patient went urgently to cardiac surgery, where the
pericardial clot (asterisk) was evacuated, revealing a needle perforation
at the apex of the right ventricle that was easily repaired
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a final checklist to assess device implantation and confirm
that the device may be safely released from the delivery
cable. P stands for position on TEE and fluoroscopy; A for
anchor, assessed by a “tug-test”, in which the LAA and the
device should move in unison on TEE when the operator
gently tugs on the delivery cable; S for sealed on TEE and
fluoroscopy, the former assessed by color Doppler; and S
for size, where on TEE, the shoulder-to-shoulder length of
the device should be 8-20 % less than the nominal device
size (Fig. 9.9).

Follow-up. In the randomized trials of the WATCHMAN
device, routine TEE follow-up was performed at 6 weeks. At
this time, a careful assessment is performed for peri-device
flow. If peri-device flow was <5 mm in diameter, warfarin
was discontinued and aspirin and clopidogrel prescribed for
5 more months followed by indefinite aspirin monotherapy.
Some degree of peri-device flow into the LAA (usually
<3 mm in maximum width) is not uncommon after
WATCHMAN implantation. In the WATCHMAN Left Atrial
Appendage System for Embolic Protection in Patients with
Atrial Fibrillation (PROTECT-AF) trial, some flow around
the device was detected by TEE in 41 % and 32 % of patients
at 6 weeks and 1 year post-procedure, respectively. In a post-
hoc analysis, there was no association between clinical
events and the presence of peri-device flow, irrespective of
size and whether or not warfarin was continued [9].

Future Directions

Although TEE is the primary imaging modality to evaluate
the LAA and to guide transcatheter ligation and occlusion,
there are several challenges to its practical use. First,

Fig.9.5 Case of left atrial thrombus after Lariat LAA ligation. A 63 year-
old male with paroxysmal atrial fibrillation, prior systemic embolism, and
at high risk for bleeding on oral anticoagulation due to cirrhosis and
esophageal varices underwent transcatheter LAA ligation with the Lariat.

Anticoagulant  therapy was discontinued post-procedure. (a)
Intraprocedural TEE shows complete closure of the LAA with no evi-
dence of residual leak. (b) At 3 months post-procedure, follow-up TEE

demonstrates a new mobile thrombus at the site of the LAA stump,
attached to the left atrial wall. Despite his bleeding risk, the patient was
started on warfarin and remained asymptomatic with no neurologic
sequelae. Repeat TEE 2 months later showed complete resolution of
thrombus. This case, and other reports, suggests that a short course of
anticoagulation therapy and routine surveillance TEE after the Lariat liga-
tion should be strongly considered (Adapted from Gray and Rubenson [6])
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Fig. 9.6 Case of transcatheter closure of late leak after Lariat LAA
ligation. A 68 year-old female with atrial fibrillation, prior stroke,
CHA,DS,VASc score of 4, and high bleeding risk underwent
transcatheter LAA ligation with the Lariat device. Despite complete
closure at the end of the procedure, a late leak was identified at
follow-up TEE; the leak was subsequently closed with an Amplatzer
device. (a) TEE imaging of the LAA at baseline. (b) Transcatheter
ligation with the LAA was successful and uncomplicated, with complete
LAA closure at the end of the procedure (asterisk). (¢) At 6-week TEE
follow-up, a central leak is noted with apparent reconstitution of the
LAA (arrow). The patient underwent transcatheter closure of the post-

Lariat leak given her high risk of thromboembolism and bleeding. (d)
Transseptal puncture guided by biplane TEE. The anterior-posterior
plane (short-axis view) is seen on the left side of the panel, and the
superior-inferior plane (long-axis view) is seen on the right side of the
panel. Posterior and central tenting of the inter-atrial septum is observed
(arrows). (e) No residual leak is noted after delivery of an Amplatzer
Duct Occluder (ADO) II 6/4 mm. (arrow). (f) At 6 week TEE follow-up
after leak closure, obliteration of the LAA is observed (arrow, ADOIL
device). LAA left atrial appendage, TEE transesophageal
echocardiography
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Fig.9.7 Pre-procedural TEE assessment of the LAA for WATCHMAN
occluder implantation. Prior to the procedure, TEE is performed to
exclude the presence of LAA thrombus and to confirm LAA anatomy is
feasible for occlusion. The diameter and depth of the LAA is measured
at 0, 45, 90, and 135° (Panels a—d respectively). The diameter of the
LAA is defined as the distance from a point just distal to the left
circumflex artery to roughly 1-2 cm from tip of the left upper pulmonary
vein limbus. An initial device size is selected to be approximately

10-20 % greater than the maximal width provided there is sufficient
depth; the decision on device size may be adjusted after fluoroscopic
landmarks are obtained once the delivery sheath is advanced deep
within the LAA. In this particular case of a 75-year old female with
paroxysmal atrial fibrillation being evaluated for a WATCHMAN
occluder, the LAA has a modest anterior “chicken wing” morphology,
which may increase procedural complexity but did not preclude
procedural success (Adapted from Price [11])
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Fig. 9.8 LAA closure with the WATCHMAN occluder. A 75 year-old
female with paroxysmal atrial fibrillation, CHA,DS,VASc score of 4,
and need for chronic non-steroidal inflammatories underwent LAA
occlusion with the WATCHMAN. Refer to Fig. 9.1 above for the
baseline LAA images of this patient which were without evidence of
thrombus, alternative sources of thromboembolism, and an estimated
device size of 30 mm. (a) Posterior and inferior transseptal puncture is
performed using TEE biplane guidance. Arrow, tenting of interatrial
septum (b) While attempting to introduce a 0.35 in. wire into the left
upper pulmonary vein through the transseptal sheath, the wire was
inadvertently advanced into the LAA, which was quickly identified by
TEE (arrows) and withdrawn. Manipulation of stiff wires in the LAA

may cause perforation since the appendage is thin-walled and friable.
(¢) After withdrawal of the wire from the LAA and posterior (clockwise)
rotation of the transseptal sheath, the wire is readvanced and the
appropriate position of the wire within the left upper pulmonary vein is
confirmed on TEE (double arrows). (d) The 14 French delivery sheath
(double arrow) is advanced deeply into the LAA over the pigtail
catheter (single arrow), which is then removed. (e) Biplane TEE
demonstrates deep and coaxial position of the delivery catheter. (f)
Final imaging after implantation and release of a 30 mm device,
demonstrating good device position and no color flow into the LAA,
consistent with complete occlusion. Ao Aorta, LAA left atrial appendage,
LUPYV left upper pulmonary vein, SVC superior vena cava
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Fig. 9.9 TEE assessment after WATCHMAN occluder implantation.
After deployment of a WATCHMAN 30 mm LAA occluder, the device
is assessed at 0, 45, 90, and 135° (Panels a—d, respectively).
Compression is determined by measuring the distance across the
shoulders of the device. The device is released if compression and
position are adequate, the LAA is sealed by color Doppler and left atrial
angiography, and the device is well-anchored according to a “tug test”.
In this case, the device was approximately 13-20 % compressed, the
device was well positioned, there was no color flow around the device

patients generally require general anesthesia. Second, it
requires an additional operator and complicates procedural
scheduling. Finally, TEE is associated with a small yet
finite clinical risk, such as esophageal tearing or laceration.
ICE imaging may have several practical advantages com-
pared with TEE. The use of ICE to guide transcatheter
LAA closure has been reported [10], but experience is lim-
ited and optimal image acquisition may be difficult. As
experience with the technology increases, the selected use
of ICE guidance in appropriate patients may be
advantageous.
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into the LAA, and the LAA moved with the device as a unit when the
delivery cable was tugged gently. Therefore, the device was released
from the cable with successful LAA occlusion. Per protocol in the
research studies, the patient was treated with warfarin and aspirin for
6 weeks, when a repeat TEE confirmed LAA closure without thrombus,
and then the warfarin discontinued. The patient was treated with aspirin
and clopidogrel for 6 more months, and then was continued on aspirin
monotherapy (Adapted from Price [11])

Conclusions

Transcatheter LAA closure is a novel, mechanical approach
to stroke prevention in atrial fibrillation. Ultrasound imag-
ing, primarily by TEE, plays a critical role in patient evalu-
ation, procedural guidance, and clinical follow-up. LAA
closure is a truly multidisciplinary procedure, requiring
substantial, real-time communication and interaction
between the operator and the imager. Both the intervention-
alist and the structural imager must share fluency in the
echocardiographic anatomy of the interatrial septum, pul-
monary vein, and LAA in order to treat patients safely and
successfully with this novel management strategy.
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Abstract

Ventricular Septal Defects (VSD) are common in early childhood but the prevalence in
adulthood is low due to spontaneous closure. Echocardiography can assess the location and
size of the VSD, the direction of the intra-cardiac shunt, the effect of the VSD on the cardiac
chambers and other associated anomalies. Percutaneous closure of the VSD has become an
alternative to surgery. The location of the VSD determines it’s feasibility for device closure.
Echocardiography guidance is critical for the safe and successful VSD closure as well for

the follow up evaluations.
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Kirklin VSD classification

A ventricular septal defect (VSD) is an abnormal communi-
cation in the ventricular septum between the left and right
ventricles. VSDs can be either isolated or occur in combina-
tion with other cardiac defects. They are common congenital
heart anomalies in early childhood, occurring in about 3-3.5
per 1,000 live born infants. In the adult population, due to the
spontaneous closure of small defects, the prevalence is lower,
occurring in about 0.3 per 1,000 persons. According to the
location of the defect in the ventricular septum, VSDs can be
classified as either membranous or muscular defects [1, 2].
They also can be categorized in terms of their size in relation
to the aortic annular diameter. Small VSDs are those that
measure <25 % of the aortic annular diameter, moderate ones
are those that measure between 25 % and 75 % of the aortic
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annular diameter, and large VSDs measure >75 % of the aor-
tic annular diameter. Small defects are usually restrictive,
with a Qp:Qs ratio <1.4. In these cases, the pulmonary artery,
left ventricle, and left atrium typically remain normal sized.
Moderate defects can cause mild-to-moderate left ventricular,
left atrial, and pulmonary artery enlargement with a Qp:Qs
ratio ranging from 1.4 to 2.2. Large nonrestrictive VSDs with
Qp:Qs ratios 2.2 can cause volume overload and dilation of
the left-sided cavities and pulmonary artery. Many of these
patients will develop pulmonary vascular disease leading to a
reduction in left-to-right shunting or possible shunt reversal
due to the occurrence of Eisenmenger physiology [3].

The initial echocardiographic evaluation of a patient with
suspected or known VSD should include assessment of the
location and size of the VSD, the direction and magnitude of
intracardiac shunting, the size and function of the cardiac
chambers, right and left ventricular outflow measurements,
valvular morphology and function (including assessment for
aortic valve prolapse), pulmonary artery pressures, and the
presence of any other associated cardiac anomalies [4].

One of the most important observations is the anatomic
location of the defect, as it defines the feasibility of device
closure. The Kirklin classification describes the location of
the VSD in relation to the ventricular septum when the defect
is viewed from the right ventricle. A type I defect refers to a
subarterial defect, which is located at the anterosuperior part
of the ventricular septum; type I defects are seen in about
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5 % of cases in the United States. A type II defect refers to a
perimembranous VSD that is located in the middle of the
upper portion of the ventricular septum in close proximity to
the aortic valve. Type II defects are present in 75 % of
patients with a VSD; these are associated with a high inci-
dence of spontaneous closure. A type III defect is a peri-
membranous VSD with inlet extension; it is present in the
posterior portion of the ventricular septum in close proximity
to the tricuspid valve, and it is present in about 5 % of
patients. A type IV defect is a muscular VSD. It is present in
10-15 % of patients and is most commonly present at the
apical septum. Muscular VSDs can be single or multiple; in
the latter case they may be referred to as a “Swiss cheese”
VSD due to their appearance.

First introduced by Lock and colleagues, transcatheter
VSD closure has become an alternate approach to surgery
[5]; early efforts involved the use of a Rashkind double-
umbrella device. The use of Amplatzer devices designed
for muscular and perimembranous VSDs have been asso-
ciated with a 100 % success rate in one study with up to
12 months of post-procedural follow-up [4]. Important
complications of device closure include device emboliza-
tion, hypotension, bleeding, and conduction abnormalities.
The reported rate for muscular VSD closure complications
is 10.7 %. Perimembranous VSD closure is associated
with even higher rates of complications, with considerable
risk of damage to the aortic valve, tricuspid valve, and con-
duction system. Because of the high risk of complications,
perimembranous VSD closure has been partially aban-
doned [6, 7]. In general, device closure carries a class IIb
indication (level of evidence C). Device closure can be
considered as a treatment option if the VSD is not close to
the tricuspid and aortic valves and if it is associated with
severe left-sided chamber enlargement or pulmonary
hypertension [8].

Although transcatheter closure is an established
method of treating selected congenital VSDs, there is less
clinical experience regarding transcatheter closure of
post-infarction VSDs. The procedure is considered diffi-
cult because the margins of the defect may have necrotic
borders upon which the device may not anchor and the
patients tend to be critically ill at the time of the proce-
dure [9]. Even in successful cases, the mortality remains
high due to advanced patient age, comorbidities, severity
of coronary artery disease, hemodynamic instability, and
procedural complications. In a recent clinical trial, the
30-day survival was 35 % and the long-term survival was
30 % [10, 11].

Percutaneous closure is typically performed under gen-
eral anesthesia and echocardiographic guidance. Either a
transthoracic (TTE) or transesophageal (TEE) approach can
be used. Echocardiography will guide the proceduralist on
the number and size defects, their location, and their posi-
tion with respect to the valves and other nearby structures.
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In some cases the right internal jugular vein, femoral vein,
and femoral artery are all accessed for the procedure. Right
internal jugular access is especially helpful in patients with
a mid, posterior, or apical VSD. For mid-muscular, poste-
rior, or apical VSDs, a left ventricular angiogram is per-
formed in the hepatoclavicular view (35° left anterior
oblique [LAO]/35° cranial) to delineate the location, size,
and number of VSDs; for anterior defects, the long axial
oblique (60° LAO/15° cranial) view is used. Either a Judkins
right coronary artery catheter or a Cobra catheter can be
used to cross the VSD from the left ventricular side.
Typically a right heart catheterization is also performed
prior to crossing the VSD; once the VSD is crossed from the
left ventricular side, a long guidewire can be used to traverse
the lesion and a snare device in the right heart can be used to
pull back the long guidewire, externalizing it with respect to
the venous access site. This in effect creates an “arteriove-
nous (AV) loop” that serves as a stable rail from the venous
circulation to the arterial circulation across which the device
can be deployed. As the device is passed from the venous
circulation into the right ventricle and across the VSD, both
echocardiography and angiography can be used to verify
device position, as well as the deployment of the device
discs, the release and stability of the device, and the pres-
ence of any residual shunting.

The distance from the aortic valve leaflets is an impor-
tant measurement that should be determined before the
procedure, as the absence of tissue separating the aortic
valve leaflets from the orifice can result in complications.
In general, the defect should be at least 2 mm away from
the aortic valve. Additionally the presence of accessory
tissue around the defect must be verified, as the prosthesis
must be attached to the muscular septum. Some defects
have large amounts of surrounding accessory tissue, form-
ing an aneurysm, which significantly reduces the size of
the original orifice. These defects may be occluded with
smaller devices, which are positioned inside the aneurysm
sac and do not compromise tricuspid or aortic valve func-
tion. The presence of aortic valve prolapse, especially of
the right coronary leaflet, can be seen in 2-7 % of VSDs,
leading to aortic insufficiency. Although this may be a rel-
ative contraindication for a percutaneous procedure, there
are cases of device implantation performed under these
circumstances that have been carried out safely and effec-
tively. Echocardiography should also define the presence
of any associated defects, such as a subaortic membrane or
a right ventricular muscle band; these may require a surgi-
cal approach. Lesions such as pulmonary or aortic valve
stenosis, persistent ductus arteriosus, and aortic coarcta-
tion can also be treated percutaneously, depending on their
anatomical features [12—-14].

Muscular VSDs located in the trabecular and apical
regions of the septum can also be treated percutaneously.
Although there are fewer anatomical variations, the
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Fig. 10.1 Transthoracic echocardiographic imaging demonstrating
percutaneous closure of a post-infarct apical muscular VSD. Panels
(a, b) were obtained prior to the procedure, demonstrating the presence
of VSD from apical four chamber (panel a) and off-axis parasternal
long axis (panel b) views (arrows). The corresponding color Doppler
images demonstrate flow across the VSD. Panel (c) demonstrates the
course of the AV loop of guidewire (arrow), which is created when the

presence of multiple orifices is common, particularly in the
ventricular apex. When there is a single orifice, the
Amplatzer device is the best choice, as it has small reten-
tion discs that occupy a small amount of space on the inter-
ventricular septum [15].

Recently, a hybrid approach for the management of
very young patients (<6 months of age) with large muscu-
lar VSDs has been utilized. These patients are taken to the
operating room for a thoracotomy to expose the heart.
Through a right ventricular free wall puncture, a guidewire
is introduced into the left ventricle through the VSD. A
short sheath is then advanced over the guidewire allowing
for device positioning. The procedure is performed under
TEE monitoring. This innovative approach, in which the
interventionalist, echocardiographer, and cardiac surgeon
all work together, prevents the deleterious effects of extra-
corporeal circulation, and results in occlusion rates >90 %.

long guidewire that had been passed through the VSD from the left
ventriclular side is snared from the right ventricular side and external-
ized. Panel (d) demonstrates deployment of the left ventricular disc,
which is subsequently pulled back until it abuts the ventricular septum
(panel e). Finally, panel (f) shows deployment of the right ventricular
disc and release of the device, which is well seated against the apical
septum

Echocardiography During Percutaneous VSD
Closure

The procedure can be performed with TTE or TEE guidance.
Although echocardiographic imaging is important for guid-
ing the procedure, fluoroscopy and angiography are also uti-
lized during the intervention [16—18]. If TEE is being used,
intermediate transducer image planes between O and 180°
can usually provide visualization of the VSD and device
positioning. Similar to ASD closure, echocardiography is
used for orifice measurement and device size choice, moni-
toring the guidewires, catheters, and sheaths as they are posi-
tioned inside the heart, and determining the location of the
device discs before and after deployment. The echocardigra-
pher must also carefully evaluate the aortic and tricuspid
valves, as well as evaluating the interventricular septum for
the detection and grading of possible residual shunts.
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Fig. 10.2 Transthoracic echocardiographic imaging demonstrating
percutaneous closure of a congenital perimembranous VSD. Panels
(a, b, e) were obtained prior to the procedure, demonstrating the pres-
ence of VSD from parasternal long axis (panels a, b) and short axis
(panel e) views. The color Doppler images in panels (b and e) demon-
strate left to right flow across the VSD. Panel (¢) demonstrates the AV
loop of wire (arrow), passing from the aorta, into the left ventricle,

Figures 10.1 and 10.2 demonstrate guidance of percuta-
neous closures of post-infarct and congenital VSDs, respec-
tively, using TTE. Regardless of the approach used, the
image quality is dependent on the experience of the echocar-
diographer as well as the patient’s echocardiographic win-
dows. If the patient is intubated, short periods of held
ventilation may help stabilize the position of the heart in the
chest to allow for better quality images. While standard
imaging planes are certainly helpful, the echocardiographer
should not be committed only to these and should try alter-
nate planes and/or off-axis imaging as needed to obtain opti-
mum visualization.
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across the VSD, and into the right ventricle. Panel (d) demonstrates in
the parasternal long axis view the deployed device, which is well seated
against the interventricular septum. Minimal residual device flow was
visualized (panel f), with a substantial decrease noted between panel (e)
(pre-procedure) and panel (f). Panels (g, h) show three-dimensional
images of the deployed device (arrows)

Follow-Up Echocardiography
After Percutaneous VSD Closure

After percutaneous VSD closure is performed, patients are
followed with serial clinical assessments and TTEs. Several
parameters must be evaluated, including the left-sided cavity
dimensions (which typically return to normal in the first year
after closure), the positioning of the device, the presence and
severity of any residual shunts, the evaluation and measure-
ment of a possible gradient in the left ventricular outflow
tract, and the function of the aortic and tricuspid valves.
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Abstract

Pulmonary embolus and clot-in-transit represent medical emergencies that, depending in
part on hemodynamic compromise and imaging findings, may require invasive percutane-
ous therapies. Echocardiography provides immediate noninvasive bedside information to
diagnose these conditions and risk stratify these patients. Percutaneous treatment modali-
ties are then guided by real-time transesophageal echocardiography. Procedural echocar-
diographers must be knowledgeable of the differential diagnosis of intracardiac masses,
familiar with use of three-dimensional imaging, and aware of relevant transesophageal
echocardiographic anatomy that will help the interventionalist guide their therapeutic
devices within the confines of the beating heart as well as confirm complete extraction of
intracardiac masses.

Keywords
Pulmonary embolism ¢ Clot-in-transit * Intracardiac thrombi * Right heart * Right ventricle
transthoracic echocardiography * Transesophageal echocardiography * Suction thrombectomy

(“massive”) PE [2]. Approximately 4 % of patients with PE have
evidence of right-sided intracardiac thrombi or “clot-in-transit”

Pulmonary embolism (PE), with an annual incidence estimated
at ~7 per 10,000 individuals, is a major source of morbidity and
mortality in developed countries [1]. Although mortality
estimates vary, the in-hospital mortality rate has been previ-
ously reported as high as 50 % in patients with the most severe
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(CIT); these patients are typically more severely ill and may
merit more urgent and invasive therapies due to the inherently
unstable nature of that thrombus [3, 4]. Diagnostic modalities
and therapeutic approaches for PE and CIT vary based on the
severity of illness and institutional experience. Echocardiography
in particular conveniently and safely provides useful diagnostic
information but more importantly serves as an adjunct in the
management of CIT and PE, both to prognosticate and gauge
the urgent need for invasive therapies, and then to provide real-
time guidance for invasive percutaneous therapies.

Echocardiography in Diagnosis
and Differential Diagnosis of Pulmonary
Embolism and Clot-in-Transit

In the diagnosis of PE, multidetector computed tomography
(CT) has the highest sensitivity for detection of emboli in the

pulmonary artery tree. Echocardiography does not function
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in a primary diagnostic role in PE given its limited ability to
image the distal pulmonary vasculature [5]. Transthoracic
echocardiography (TTE) serves mainly to identify secondary
changes in cardiac structure and function that represent
manifestations of hemodynamically significant PE. In
hemodynamically unstable patients in whom multidetector
CT is either unavailable or not safely feasible (e.g. acute
renal insufficiency, and/or critically ill patients who cannot
travel to the CT scanner), the presence of right ventricular
dysfunction on echocardiography can function in a diagnos-
tic role [6].

In suspected cases of PE, echocardiography can demon-
strate a free-floating intracardiac thrombus, or clot-in-transit.
Overall, various types of CIT confer a higher mortality risk
justifying empiric treatment for PE and consideration of
thrombus removal. These CIT typically originate from distant
deep veins, appearing as seemingly free-floating, highly
mobile masses with “worm”-like or serpiginous shapes and

N. Mihatov and D.M. Dudzinski

relatively homogenous echotexture, and that continuously
change shape throughout the cardiac cycle (Figs. 11.1, 11.2,
11.3, and 11.4). Imaging characteristics of any visualized
intracardiac mass should always be considered to ensure that
the finding is an acute thrombus, as opposed to a chronic
thrombus, benign tumor or metastasis, foreign body, or veg-
etation. Tumors may be more heterogeneously shaped and
have variegated echotexture; some tumors may appear
homogenous with smooth borders but may be immobile
(Fig. 11.5). In addition, catheter-associated thrombi may be
encountered, and these may be variably shaped and highly
mobile, or, if resulting from thrombus deposition on an area of
atrial endocardial injury, may appear smoothed and immobile
with a broad base of attachment to endocardium (Fig. 11.6).
Transesophageal echocardiography (TEE) may confirm
the diagnosis of PE or CIT due to additional available views
for visualization of the right heart, the main pulmonary
artery, the right pulmonary artery, and the proximal portion

Fig. 11.1 Echocardiographic appearance of intracardiac venous
thromboemboli. TEE images from a 76 year old woman with sickle cell
trait and recent hospitalization who presented with dyspnea and presyn-
cope, found to be hypoxemic and hypotensive, on whom imaging
revealed bilateral main pulmonary emboli and mobile clot-in-transit in
the right atrium. Panel (a) shows the mid-esophageal four chamber
view rotated to focus on the right atrium and right ventricle; a smooth

generally homogenously echotextured mass is seen in the right atrium
with an overall shape that is reminiscent of a “cast” of a deep vein, and
these characteristics suggest venous thromboembolism as likely etiol-
ogy. Panel (b) shows the same finding in a bicaval view, showing no
mass in the superior vena cava. Panel (c) shows a transgastric right ven-
tricle inflow view, with the mass extending from the right atrium into
the right ventricle
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Fig. 11.2 Echocardiographic appearance of intracardiac venous
thromboemboli. These TEE images show a clot-in-transit on a 66 year
old male with no prior medical history who presented with 6 days of
dyspnea and chest congestion, found to have bilateral segmental and
subsegmental pulmonary emboli. Panel (a) taken from a modified bica-
val view, shows the “worm”-like shape with homogenous echotexture
suggestive of venous thromboembolism, now located in the right atrium

(See associated Movie 11.1). Panel (b) shows how the worm-shape
venous thromboembolism appears on two-dimensional imaging due to
its movement with the cardiac cycle; the three masses seen are not inde-
pendent but rather part of a contiguous, serpiginous mass. Panel (c)
shows a three dimensional representation of the image from panel (b),
confirming that there is a single, long, serpiginous venous thromboem-
bolism (See associated Movie 11.2)

Fig. 11.3 Echocardiographic appearance of intracardiac venous
thromboemboli. TEE images from a 24 year old male hospitalized
for 2 weeks with abdominal compartment syndrome requiring three
laparotomies after complications from a liver biopsy for evaluation

of liver failure show a mobile thrombus in the right ventricle and
proximal pulmonary artery. Panel (a) is a two dimensional view and
panel (b) represents a three dimensional image (See associated
Movie 11.3)



N. Mihatov and D.M. Dudzinski

Fig. 11.4 Other echocardiographic and morphological manifestations

of venous thromboemboli. These TEE images all show
histopathologically confirmed venous thrombi (based on examination
of percutaneously extracted specimens). Panel (a) shows a mass that
lacks smooth borders and has some heterogenous echotexture. Panel

of the left pulmonary artery (Fig. 11.7) [7]. TEE has been
utilized to identify large centrally located emboli with a
reported sensitivity of 80 % and specificity as high as 100 %
[8]. In patients being considered for surgical thrombectomy,
localization of a PE by TEE can help ascertain the feasibility
of surgical removal. In addition, with TEE the location of
clot origin may be assessed (e.g. inferior or superior vena
cava) and additional definition of the interaction of the
intracardiac mass and right sided cardiac structures is
available (Fig. 11.7).

Echocardiography in Risk Stratification
of Pulmonary Embolism

Early risk stratification in suspected or confirmed cases of
PE is essential to guideline-based concepts of therapeutic
decision-making [9, 10]. Pulmonary emboli increase
pulmonary vascular resistance and pulmonary artery (PA)
pressure, which in turn increases right ventricular (RV)

(b) shows a mass with homogenous echotexture but again with irregular
borders. Panels (¢, d) show a mass of significant size that nearly
obstructs the right heart, and with markedly irregular borders. Thus
various echocardiographic features may be associated with venous
thromboembolism

afterload, and manifesting as RV dilatation and systolic
dysfunction. Due to fixed pericardial constraint, RV dilatation
can impact the interventricular septum resulting in left
ventricular under-filling, which causes decreased cardiac
output and hemodynamic consequences. Hemodynamically
unstable patients are classified to have “massive” or “high-
risk” PE and may derive the most benefit from invasive
therapies such as thrombolysis, surgery, or percutaneous
embolectomy [9]. In hemodynamically stable patients,
markers of RV dysfunction as demonstrated by
echocardiography, CT, and elevated natriuretic peptide or
troponin levels convey prognostic risk and are classified as
“submassive” or “intermediate risk” PE, but may also merit
consideration of advanced therapeutic options [9].

Although no single TTE measure best predicts severity of
PE, findings including RV dilatation and RV hypokinesis
independently predict 30-day mortality in hemodynamically
stable patients [11, 12]. RV dilatation is indicated by relative
RV:LV size in the apical four chamber view, and quantitatively
by ratio of RV to LV end diastolic diameter>1. Regional RV
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Fig. 11.5 Echocardiographic and morphological manifestations of a
malignancy invading the right heart via the inferior vena cava. These
TEE images show an adrenal cortical tumor obstructing the right
atrium and inferior vena cava in a 66 year old male who presented with
new onset edema and rapid respiratory failure. Echocardiography

hypokinesis can be difficult to image given the RV contraction
along its longitudinal axis. Surrogate measures of longitudinal
function include tricuspid annular systolic plane excursion
(TAPSE), which reflects translation of the RV basal
myocardium, and its related parameter the systolic excursion
velocity of the RV basal myocardium (S’), both of which
correlate with MRI measures of RV global function in
normal patients. Accurate assessment of RV dysfunction
based on surrogate measures becomes confounded in PE
because there may be regionality in the pattern of affected
RV segments. For example, a particular pattern of regional
RV dysfunction with apical sparing, commonly called
“McConnell’s sign”, indicates acute cor pulmonale [13].
This pattern of RV dysfunction also makes the aforementioned
surrogates of global RV function less accurate. Atrial and
ventricular septal geometry, particularly bowing of the right
side into the left side indicate consequences of right sided
hypertension, with interventricular septum bowing an
independent predictor of death related to PE [14]. Doppler

showed a mass in the right atrium, as depicted in the right ventricle
inflow-outflow short-axis view in Panel (a). Panel (b) depicts the mass
in the transgastric right ventricle inflow view as totally obstructing the
inferior vena cava. Panel (c¢) shows a completely obstructed intrahe-
patic inferior vena cava

techniques identify elevated pulmonary artery pressure by
measuring the peak velocity of the tricuspid regurgitant jet.
An important caveat is that RV failure can occur without
significant elevations of PA pressure [15]. Increased right
sided pressures may elevate the right atrial over left atrial
pressures, resulting in shunt through an occult patent foramen
ovale (PFO). PFO, in the setting of PE, portends an
independent increase in mortality, and thus must be searched
for on echocardiography in acute PE [16], including as part
of the echocardiographic examination when TEE is
performed during guidance of percutaneous interventions
(Fig. 11.8).

In assessing suspected PE and planning intervention,
consideration should be given to the acuity versus chronicity
of the findings, as the latter may weigh against requiring
acute invasive therapies. Unfortunately, many of the
echocardiographic signatures of PE and CIT do not differ as
regards chronicity, except possibly RV hypertrophy.
However, in the absence of comparison echocardiograms
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Fig. 11.6 Echocardiographic and morphological manifestations of
catheter-associated venous thrombi in the right heart. Figure 11.6
depicts TEE appearance of histopathologically confirmed venous
thrombi that are all catheter-associated. Panel (a) shows a mobile right
atrial mass attached to the superior vena cava catheter tip (See associ-
ated Movie 11.4). (Panels b—d) show a mass of homogenous echotex-
ture attached to the lateral right atrial wall just proximal to the tricuspid

demonstrating progression of RV wall thickness, acuity is
difficult to assess. Even hypertrophy, which may be a result
of preexisting cardiac or lung disease, then needs to be cau-
tiously interpreted with reference to absolute, population-
based standards.
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B4%

valve; the mass is relatively immobile with a broad base, and based on
the geometry in panel (d) is likely related to catheter trauma and resul-
tant thrombus-in-situ. Panels (e, f) show a similar finding in another
patient who had a central catheter for leukemia chemotherapy; the mass
also exhibits generally homogenous echotexture, but has an echodense
spot which may indicate calcification and thus suggest chronicity

The presence of a free-floating heart thrombus or CIT
portends higher risk for overall PE mortality. While rela-
tively rare among acute PE patients, CIT has also been iden-
tified as an independent predictor of hemodynamic collapse
and mortality in initially apparently stable patients with
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Fig.11.7 Additional TEE views to evaluate the right heart. This fig-
ure depicts additional TEE views to evaluate the right heart and
sources of intracardiac emboli. (Panel a) is an upper esophageal short
axis view of the main and right pulmonary artery; the superior vena
cava is also visible in cross section (arrow). Panel (b) is a mid-
esophageal four chamber with the probe inserted more distally and
rotated so as to track from the right atrium into the inferior vena cava;
the Eustachian valve is visible (arrow) and this is a location where
intracardiac masses migrating from the inferior vena cava into the

PE. Data from the International Cooperative Pulmonary
Embolism Registry (ICOPER) showed that for PE patients
treated with heparin alone between January 1995 and
November 1996, there was a threefold increase in 14 day
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right atrium may be caught or appear attached (See associated Movie
11.5). Panel (c¢) shows the results of further interrogation of the intra-
hepatic inferior vena cava with hepatic vein branches. Panels (d—f) are
transgastric views of the right heart; panels (d, e) represent right ven-
tricle outflow views with the tricuspid valve en face (arrow) visible in
(d) and the pulmonic valve visible in (e) (arrow). Panel (f) shows the
right ventricle inflow/right atrium view with a focus on the inferior
vena cava, superior vena cava (arrowhead), and right atrial appendage
(asterisk)

mortality with CIT (23.5 %) versus those who did not have
CIT (8.0 %) [3]. These patients presented with shorter dura-
tion of symptoms (2.2 versus 4.3 days), lower systolic blood
pressure, and 50 % higher incidence of RV hypokinesis on




Fig. 11.8 TEE assessment for patent foramen ovale. Patent foramen
ovale must be excluded when evaluating patients for percutaneous
interventions in pulmonary emboli and clot-in-transit. This can be done
with two-dimensional, color Doppler, and contrast enhanced tech-
niques, from windows in the mid-esophageal short axis aortic valve
view (depicting the interatrial septum in an anteroposterior orientation)
and the bicaval view (depicting the interatrial septum in superoinferior
orientation). Panel (a) shows a color Doppler picture from the bicaval

echocardiography [3]. Although the overall prevalence of
right heart thrombus in PE was low at 4 % in ICOPER, the
prevalence has been cited as high as 18 % in hemodynami-
cally unstable patients with PE [17]. This higher prevalence
may be related to higher pulmonary artery pressures and
decreased cardiac output with relative right heart stasis and
consequent slower peripheral clot migration to the pulmo-
nary vasculature. Accordingly, echocardiographic examina-
tions performed earlier in the disease course may be more
likely to identify the presence of right heart thrombi in hemo-
dynamically unstable patients. Thus, the presence of CIT in
suspected PE may correlate with the degree of hemodynamic
compromise.
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view, excluding a color communication between the right atrium (where
blue flows are located) and left atrium (where red flows are located) in
this picture. Panel (b) shows a venous thrombus in the right atrium pro-
jecting through the foramen ovale resulting in a portion of the venous
thrombus in the left atrium (arrow). Panel (¢) shows that in the same
patient in the mid-esophageal four chamber view, the left atrial portion
of the thrombus that had embolized across the foramen ovale is visible
along the interatrial septum (arrow)

Echocardiography as an Adjunct in Acute
Catheter-Based Management of Pulmonary
Embolism and Intracardiac Thrombi

Guidelines review multiple options for management of PE
and CIT depending on the severity of cardiopulmonary and
hemodynamic insult, size and location of clot, patient
comorbidities, and institutional expertise [9, 10]. Lower risk
PE and those cases without CIT are generally managed with
systemic anticoagulation without need for further interven-
tion. Systemic fibrinolysis can be considered in submassive
and massive PE patients [9, 10, 18], but the risks of bleed-
ing, in particular intracerebral hemorrhage, has driven
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development of alternative approaches for removal of intra-
cardiac thrombi. Catheter-based intervention and surgical
embolectomy are available to address those scenarios
because they offer rapid debulking and removal of
CIT. Multiple classes of catheter-based interventions are
available, including thrombus fragmentation, suction throm-
bectomy, rheolytic thrombectomy, and rotational thrombec-
tomy [profiled in 9], though often catheter-based therapies
are paired with some intravenous thrombolytic (so called
pharmacomechanical therapy). For such catheter directed
therapies, clinical success rates defined as hemodynamic
stabilization, resolution of hypoxemia, and improvement in
hospital survival has been reported to exceed 86 % [19,
19A]. Additional techniques in the armamentarium for
treatment of PE and CIT include surgical pulmonary embo-
lectomy and ultrasound-assisted thrombolysis (USAT).
Surgical pulmonary embolectomy is available as a therapy
for patients with severe RV dysfunction [20, 21], for patients
with PFO, for patients with contraindications to systemic
fibrinolytic therapy, or for those undergoing percutaneous
therapy when echocardiographic disappearance of the
thrombus occurs [22]. USAT uses local 2.2 MHz ultrasound
pulses to distort the clot’s fibrin structure and expose plas-
minogen binding sites, and has been shown to improve
echocardiographic measures of RV strain [23, 24].

No single therapeutic approach for CIT has been shown to
be superior, and that in part is due to the difficulty in plan-
ning prospective, controlled comparative trials. Retrospective
reviews of patients with right heart thrombi have suggested
lower in hospital mortality when treated with surgical inter-
vention (24 %) or thrombolysis (11 %) than anticoagulation
alone (29 %) [25]. This may be because of the potential sig-
nificant morbidity particularly of CIT and risk of urgent
decompensation, especially for those patients who may not
have the cardiopulmonary reserve required to withstand
additional distal pulmonary emboli, and who thus may ben-
efit from intervention to prevent the embolization of intracar-
diac thrombus into the pulmonary circulation [25].

At our institution there is aggregate expertise in using a
large bore suction thrombectomy device (AngioVac,
AngioDynamics, Latham, New York) [26]. This device is a
reinforced cannula with a balloon supported expandable fun-
nel-shaped tip (Fig. 11.9). It is designed for “en bloc removal
of undesirable intravascular material” [26], including throm-
bus, tumor, or vegetation, while patient is on veno-venous
extracorporeal bypass to return blood to the patient [27]
(Figs. 11.10 and 11.11). In the initial Massachusetts General
Hospital series of consecutive patients treated with this
device, 73 % had intracardiac masses (some uses of the ther-
apy were for caval thrombi or tumors), and complete
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evacuation was achieved in 73 %, with only 7 % conversion
to surgical embolectomy, and 87 % survival to hospital dis-
charge, and no report of cardiac perforations [26].

Real-time intraprocedural guidance of the suction throm-
bectomy cannula requires transesophageal echocardiography.
The device can be introduced from either femoral vein or
internal jugular vein, with access plan determined in part by
the location of the target intravascular material. Percutaneous
steering and manipulating the suction thrombectory device
can be challenging, in part due to the large size and relative
inflexibility of the catheter. While the device can relatively
easily be introduced into the cava, expert interventionalists
are needed to access the right atrium and maneuver the cath-
eter across the tricuspid valve into the RV, with increasing
difficulty encountered in traversing the pulmonic valve into
the pulmonary artery and its branches (Fig. 11.9). In the
Massachusetts General Hospital case series, technical success
was lower when trying to address intravascular material in the
pulmonary arterial tree [26]. In addition, because stiff guiding
wires may be needed, risk of cardiac (particularly right atrial)
perforation is a significant concern [26]. Accordingly, real-
time visualization with transesophageal echocardiography is
an essential part of the procedure. Mapping intracardiac
masses and thrombi can be difficult given deformation and
apparent changes in length and shape with cardiac contrac-
tion (e.g. Fig. 11.2). The echocardiographer should try to map
continuously along any visualized mass, to identify proximal
and distal ends, with three-dimensional techniques where
possible, so as to accurately gauge overall length (Fig. 11.12);
this exercise will help corroborate that the entire mass has
been retrieved. During and after the extraction procedure, the
echocardiographer must attempt to comprehensively image
the relevant field, using slight gradations of transducer imag-
ing plane angle, probe depth, and rotation, so as to ensure
complete mass removal and exclude residual debris attached
to cardiac walls or valvular structures (Fig. 11.13).

Percutaneous en bloc removal of intracardiac thrombi
overall has been reported with varying degrees of success.
Other case reports of TEE guided removal of a mobile
right atrial thrombus with a basket retrieval device sug-
gest technical success at thrombus extraction [28, 29].
Complete extraction was technically challenging with a
limited ability to prevent distal clot fragmentation with
basket manipulation. To minimize the risk of basket
devices fragmenting thrombus, percutaneous catheter
aspiration of intracardiac thrombi under TTE guidance
has also been reported [30]. Percutaneous removal of
intracardiac thrombi is further limited by an inability to
appreciate fully the basket retrieving the entire thrombus
by echocardiography. The technical challenges and



N. Mihatov and D.M. Dudzinski

Fig. 11.9 TEE visualization and guidance of large bore suction throm-
bectomy device. These TEE images show the echocardiographic appear-
ance of a large bore suction thrombectomy catheter (AngioVac). The
device is visible as two parallel echodense lines with a balloon supporting
a funnel shaped-tip (panel a). Panels (b, ¢) show the ability to maneuver
the device from the right atrium into the superior vena cava (panel b, See

associated Movie 11.6), and toward the right atrial appendage (panel c).
The image in panel (c) is taken after aspiration of intracardiac debris, and
note that the lumen of the catheter no longer appears to be echolucent. In
both panels (b, ¢) the tricuspid valve is located at approximately 7
o’clock; given the reinforced nature of the cannula device, maneuvering
this catheter across the tricuspid valve is challenging

Fig.11.10 Clot extraction via suction thrombectomy device. Panels (a,
b), taken from mid-esophageal RV inflow views, represent the migration
of intracardiac material with large bore suction thrombectomy over a

time span of a few seconds. Panel a) shows the catheter (arrow)
approaching the mass (asterisk); after suction is activated, the intracar-
diac mass moves into the suction catheter (See associated Movie 11.7)
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Fig.11.11 Gross specimen of venous thrombus extraction via suction
thrombectomy device. This is a photograph of a gross specimen of clot-
in-transit retrieved en bloc from the right atrium (Reprinted with per-
mission of John Wiley & Sons, from Donaldson et al. [27]

Fig.11.12 Assessment of overall length of thromboembolic material.
Akin to Fig. 11.2b, cardiac motion will render difficult a true ascertain-
ment of the length of venous thromboemboli. Accurate determinations
of the distal and proximal ends are useful to gauge overall length so that
extraction can be deemed complete or incomplete. Panels (a—c) show

limited experience suggest percutaneous removal of
intracardiac thrombi may be reserved for patients with
contraindications to surgery or thrombolysis.

Echocardiography in Follow-Up
of Pulmonary Embolism

Follow-up echocardiographic evaluation of patients after
PE demonstrates normalization of RV dysfunction within
3 months in treatment responders [31]. Organized residual
thromboemboli may however affect the pulmonary circula-
tion and prevent complete RV recovery. The long-term
sequelae of persistent RV dysfunction or elevated pulmo-
nary artery pressures post treatment remains poorly defined
in the absence of robust population and longitudinal stud-
ies. While routine follow-up echocardiography is not pres-
ently recommended, patients with a history of PE and
clinical symptoms of dyspnea suggestive of pulmonary

PEC _ qp
inlklh_mn

representative right atrium-right ventricle mid-esophageal views that
depict motion of the clot with the cardiac cycle; in panel (a) the mass
appears to be “floating” in the right atrium, but the proximal end lies
more superior in the right atrium (panel b) and the distal end has pro-
lapsed across the tricuspid valve into the right ventricle (panel c)
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Fig.11.13 Post-thrombectomy echocardiographic surveillance. These
images show results suction thrombectomy of a clot-in-transit from a
post-orthopaedic surgery female. Panel (a) a mid-esophageal right ven-
tricle inflow view, shows the clot in the right atrium and right ventricle.
Panel (b) taken in the same view and same omniplane angle, shows the
result of what appears to be complete extraction of the mass after suc-
tion thrombectomy. Panel (c) also taken from the same view and same
omniplane angle, shows that with slight rotation of the probe, an inde-
pendently mobile echodensity (arrow) is visible and that is may be
associated with the sub-tricuspid valve apparatus; see associated Movie

11.8. The echocardiographer must obtain comprehensive imaging dur-
ing percutaneous guidance of clot-in-transit removal procedures, by
using probe rotation, advancement/withdrawal, and omniplane angle
changes in small discrete increments so as to not miss residual clot-in-
transit or pieces of debris caught in trabeculations or valve chordae.
Panel (d) shows the result of suction thrombectomy from the same
patient in the mid-esophageal right ventricle inflow-outflow view. Panel
(e) shows a similar window as panel (d) but note that with the slightly
lower ominplane angle there is visualized a mobile echodense mass
(arrow) on the atrial side of the tricuspid valve
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hypertension merit close follow-up and reevaluation for
new thromboembolism.

Conclusion

PE represents the third most common cause of death from
cardiovascular disease after heart attack and stroke.
Echocardiography provides immediate noninvasive bed-
side information to aid in diagnosis and risk stratification
of PE and CIT. Transesophageal echocardiography also
serves an invaluable role in real-time guidance of novel
percutaneous therapies used in the management of sub-
massive and massive PE and for CIT.
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David L. Ain, Robert Gallagher, and lk-Kyung Jang

Abstract

Optical coherence tomography (OCT) is an imaging modality that utilizes back-reflection
of near-infrared light. Superior resolution intra-coronary imaging, including assessment of
plaque morphology and characteristics as well as imaging stents and post-stent complications
have made OCT a powerful research tool, and more recently a clinical tool for guidance of
PCI. Visualization of coronary lesions with OCT and their characterization as lipid-rich,
fibrous, or fibro-calcific plaque can influence percutaneous coronary intervention (PCI)
procedural planning. OCT has contributed significantly to the understanding of culprit
lesion pathophysiology in acute coronary syndromes (ACS). ACS culprit lesions have been
categorized by OCT features as resulting from plaque rupture, calcific nodule, or plaque
erosion. Finally, OCT has proven to be an ideal imaging modality for ensuring optimal
results after PCI. OCT can be used to assess for appropriate stent expansion and apposition
of the stent with the vessel wall, and is an effective modality for the detection and assessment
of stent-edge dissection, incomplete stent apposition, and in-stent tissue protrusion. The
resolution of OCT allows for detection and assessment of in-stent neointima proliferation
and neoatherosclerosis. A demonstrated safe and effective research instrument, OCT has
shown great potential in this clinical role as an adjunctive imaging modality for PCI.
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Background

Optical coherence tomography (OCT) is an imaging modal-
ity that utilizes back-reflection of near-infrared light. OCT
was initially developed at the Massachusetts Institute of
Technology, and demonstrated ex vivo imaging of the ret-
ina as well as atherosclerotic plaque in 1991 [1]. Its intra-
vascular use was subsequently developed in the late 1990s.
For coronary imaging, OCT is performed using an intra-
coronary catheter that directs near-infrared light toward the
coronary arterial walls and then measures the magnitude
and echo time delay of the reflected light signal to generate
an image. This is analogous to intravascular ultrasound
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(IVUS), which is being widely utilized in intracoronary
imaging, except that OCT generates images by measuring
the echo time delay and magnitude of backscattered light
instead of sound [1]. OCT imaging has superior spatial
resolution compared with IVUS, with current OCT systems
providing an axial resolution of 10—15 um and lateral reso-
lution of 20—-30 pm, but with tissue depth limited to 2—-3 mm
[2]. By comparison, IVUS has a spatial resolution of
approximately 150-250 um with tissue depth up to 10 mm
[3]. A recently introduced Ilumien Optis OCT system uti-
lizes a rapid automated pullback to image up to 75 mm
coronary segments at a rate of 35 mm/s. OCT has been
safely incorporated into cardiac catheterization procedures
with low rates of complications [4]. Superior resolution
coronary imaging, including assessment of plaque mor-
phology and characteristics as well as imaging stents and
post-stent complications have made OCT a powerful
research tool, and more recently a clinical tool for guidance
of percutaneous coronary interventions (PCI).

OCT of Coronary Atherosclerosis

Practical application of OCT during coronary angiography
in current cardiac catheterization procedures involves
tracking of the OCT catheter into the coronary artery over a
standard 0.014 in. coronary guidewire with image acquisi-
tion then performed during automated pullback of the
imaging transducer within the OCT catheter. Because intra-
luminal blood produces significant scatter artifact on OCT
images, image acquisition must be performed simultane-
ously with catheter injection of contrast, dextran, or saline
to fully displace blood from the imaged coronary segments.
For this reason, careful guiding catheter engagement for
injection is critical to ensuring adequate image quality.
Similarly, aorto-ostial segments of the left main and right
coronary arteries are often difficult to adequately image
with OCT, as imaging these locations prohibits full engage-
ment of the guiding catheter, making displacement of blood
by injection of these segments difficult. Once acquired,
images are recorded and can be reviewed and manipulated
in axial and longitudinal views to allow for analysis of the
coronary anatomy and pathology, also facilitating measure-
ments for guidance of PCI.

OCT has proven useful in identifying plaque character-
istics with more accuracy and detail than other modalities,
including IVUS [5-10]. Visualization of coronary lesions
with OCT and their characterization as lipid-rich, fibrous,
or fibro-calcific plaque (Figs. 12.1, 12.2, and 12.3) can
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Fig. 12.1 Lipid-rich plaque (L) is characterized by a signal-poor
region with diffuse borders. The OCT catheter (C) and coronary guide-
wire (arrow) can be seen within the artery lumen. The guidewire causes
a backscatter imaging artifact (A) at the top of the image

Fig.12.2 Fibrous plaque (F) is characterized by a homogenous signal-
rich region. Again, the OCT catheter (C) and coronary guidewire
(arrow) can be seen within the artery lumen, with the guidewire causing
characteristic backscatter imaging artifact (A)



12 Optical Coherence Tomography: Role in Percutaneous Coronary Intervention 141

Fig. 12.3 Fibrocalcific plaque (Ca) is characterized by well-delin-
eated, signal-poor regions with sharp borders. Circumferential calcifi-
cation is seen in this image. Again, the OCT catheter (C) and coronary
guidewire (arrow) can be seen within the artery lumen, with the guide-
wire causing characteristic backscatter imaging artifact (A)

A: Red Thrombus

Fig.12.4 Thrombus is clearly visible by OCT. (a) Red thrombus (RT)
is erythrocyte-rich, platelet-poor and has a high degree of backscatter-
ing and attenuation (a). (b) White thrombus (WT) is platelet-rich and

influence PCI procedural planning. Furthermore, OCT has
contributed significantly to the understanding of culprit
lesion pathophysiology in acute coronary syndromes
(ACS). ACS culprit lesions have been categorized by OCT
features as resulting from plaque rupture, calcific nodule,
or plaque erosion. Thrombus associated with culprit
lesions is well visualized by OCT and can be characterized
as platelet rich white thrombus or platelet poor red throm-
bus based on backscatter and attenuation characteristics
(Fig. 12.4). Other non-traditional causes of ACS culprit
lesions can also be well characterized by OCT. These
include spontaneous coronary artery dissection, mural
hematoma, and recanalized thrombus.

Although still primarily an area of research with a yet
undefined clinical role, OCT imaging of vulnerable coro-
nary plaques has been a vibrant area of research and discov-
ery. Vulnerable plaques are those that have a high risk of
rupture and resultant ACS. Histologic features of such vul-
nerable plaques include thin fibrous caps (<65 um), large
lipid cores (more than 40 % of overall plaque volume), and
increased macrophage infiltration. OCT, with its resolution
of 10-15 pm, is the only modality capable of visualizing the
thin fibrous cap for identification of a thin cap fibroatheroma
(TCFA) (Fig. 12.5). OCT identification of TCFA has been

10/19/2010 08:52:49
0156 (32 mm)

B: White Thrombus

has homogenous backscatter and low attenuation. Structure including
stent struts is visible behind thrombus. Metallic stent struts (arrows) are
clearly visible and produce characteristic attenuation artifact (a)
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m) 4mm Fibrous cap
E. thickness 45um

Fig.12.5 Thin-cap fibroatheroma is characterized by a large lipid core
(L) under a thin fibrous cap of <65 pm thickness

shown to correlate well with histology [11, 12]. Clinically
correlated, patients with ACS are significantly more likely
to have disrupted thin fibrous caps overlying their culprit
lesions and thinner mean cap thickness compared with
patients presenting with stable angina [9, 13].

OCT-Guided PCI

Before PCI, OCT can be used to accurately determine tar-
get vessel and lesion dimensions and characteristics to
inform optimal stent sizing and procedural execution. If
possible, OCT imaging can be performed prior to any
manipulation of the target lesion, other than guidewire pas-
sage. In the event of a very severe stenosis or occlusive
thrombus precluding OCT catheter passage, gentle balloon
angioplasty pre-dilation can be performed to allow passage
of the OCT catheter without gross disruption of the lesion
if possible. Pre-PCI imaging is used to measure reference
vessel diameter both proximal and distal to the target lesion,
as well as lesion length (Fig. 12.6). These measurements
are used to determine stent sizing, and a phantom-con-
trolled study comparing OCT to IVUS for measurement of
luminal dimensions found that OCT was more accurate and
more reproducible than IVUS for making these measure-
ments [14]. Lesion and reference vessel measurements are
then used to select optimal stent diameter and length as
well as appropriately size pre-dilation and post-dilation
angioplasty balloons.

D.L.Ainetal.

Plaque characteristics such as fibrous, lipid content and
degree of calcification can also be determined on pre-PCI
OCT imaging. These characteristics, as defined by OCT
correlate with the risk of post-PCI complications [15-18].
These features may further influence choices regarding
lesion preparation prior to stenting (i.e. use of pre-dilatation,
cutting balloon, rotational atherectomy, etc.).

Minimal luminal area (MLA) of the target lesion can also
be determined by OCT prior to any intervention (Fig. 12.6).
OCT-derived MLA is moderately accurate, using fractional
flow reserve (FFR) as the gold standard, in determining
lesion severity, and similar in accuracy to IVUS [19]. OCT,
although sensitive in this regard, has lower specificity and
therefore limited positive predictive value for defining severe
stenoses [20].

OCT for the Detection of Post-PCl
Complications

While steady advances in PCI techniques and
stent technology—including composition, design, and
pharmacology—have made the field of interventional cardi-
ology remarkably safe and effective, complications related to
stent placement continue to limit procedural success in cer-
tain cases [21]. Understanding the mechanisms behind stent
thrombosis and restenosis provides a potential opportunity to
alter procedural elements in order to prevent adverse events.
Intracoronary imaging has emerged as a key element in both
defining stent complications and attempting to prevent
untoward outcomes related to stenting. Research utilizing
IVUS has laid the groundwork for this understanding, and
IVUS has been the predominant mode of this type of imag-
ing in clinical practice [22-27]. With its higher resolution
and sensitivity, OCT has however emerged as an attractive
modality for the characterization of both acute and chronic
complications of intracoronary stenting.

Over the past decade, several studies have examined
the feasibility of OCT for the detection of complications
that arise post-PCI [28-31], and additional work has
explored the connection between OCT-identified compli-
cations and adverse cardiac events [32]. OCT has proven
to be an ideal imaging modality for ensuring appropriate
stent expansion and evaluating apposition of the stent
with the vessel wall [33, 34]. In addition to being an accu-
rate tool for the evaluation of stent expansion and stent-
vessel apposition, OCT has been demonstrated to be an
effective modality for the detection and assessment of
stent-edge dissection (disruption of the intima) (Fig. 12.7)
[28, 30, 31, 35], incomplete stent apposition [28, 34]
(Fig. 12.8), and in-stent tissue protrusion (protrusion of
tissue between stent struts) [32, 36] (Fig. 12.9). More
recent work has focused on the clinical implications of
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10 20
A Length (18.9mm)

Fig.12.6 OCT-guided PCI: lesion length is measured using the longitu-
dinal view (bottom) and proximal (right) and distal (/eft) reference vessel
diameters as well as MLA (center) are measured in the axial views. In
this case the mean proximal reference vessel diameter is 3.37 mm and

OCT-identified complications that arise after PCI [37],
and sought to identify stent complications that are associ-
ated with increased rates of adverse outcomes [32].
Measurement of minimal stent area is an important
assessment that can be made with intravascular imaging.
Accurate stent area measurements have been made with
greater ease using OCT due to its high resolution and some
system features such as automatic edge detection. There

<< 54.0 mm, 20.0 mm/sec

mean distal reference vessel diameter is 2.79 mm, with an MLA of
1.41 mm? Lesion length is 18.9 mm. Based on these OCT measurements,
appropriate PCI for this lesion consisted of deployment of a 2.75x20 mm
stent, followed by post-dilation to 3.5 mm in the proximal segment

appears to be a clear association between small minimal
stent area and restenosis [22-24], and stent underexpan-
sion has been found to be an independent predictor of
major adverse cardiac events and target lesion revascular-
ization [32]. Research done with IVUS led to a range of
cutoff values of 5.0-5.7 mm? to predict restenosis. A recent
study of OCT-defined acute stent complications, the larg-
est to date, found the best minimal lumen cutoff to predict
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target lesion revascularization by OCT is 5.0 mm?, and
smaller values were independent predictors of both major
adverse cardiac events (MACE) and target lesion revascu-
larization (TLR) [32].

Malapposition of the stent with the arterial wall is seen
by OCT in anywhere from 10 % to 70 % of stents post-
implantation [31-33], and incomplete apposition has been
associated with late stent thrombosis [38—40]. OCT per-
mits visualization of individual stent struts and determina-
tion of the distance of each strut from the vessel [33].
Research using OCT has demonstrated that reendothelial-
ization occurs more slowly when stent struts are malap-
posed with the vessel wall [41]. Given what is known
about the role of endothelialization in reducing exposure
of the thrombogenic surface of the stent polymer and
thereby preventing stent thrombosis, the effect of malap-
position on late stent thrombosis may be a crucial one.
Fortunately new stent scaffolds and enhanced antiplatelet
therapy have drastically decreased the rate of serious
adverse events after PCI; this will, however, make identi-
fying technical factors that contribute significantly to clin-

. o o ~ical outcomes more difficult.

Fig 127 Dissionfap ety lied b 0Tt e it 6 OCT'shigh mage resolution allows fo identiication
Groups of stent struts (¥) are clearly seen in both views, with their char-  Of dissections at the stent edge and within the stented
acteristic attenuation artifact segment. Because of the higher resolution, stent-edge

3 mm

05/23/2011 12:30:57
0180 (36 mm)
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. 'y Lengﬁh (4.3mm)

0 - C Length (25.1mm)
B Length (4.3mm)

<< 54.0 mm,20:0 mm/sec

Fig.12.8 (Left) A well-apposed stent with all struts in contact with the coronary intima. (Rightr) Malapposed stent struts with significant distance
from the intima. Struts >320-350 pm from the intima are unlikely to become endothelialized and may be associated with adverse coronary events
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2 mm

02/01/2011 10:34:43
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Fig.12.9 In-stent tissue protrusion (7P) between stent struts (*)

dissection (SED) is found at least twice as often by OCT
compared with IVUS [28, 31, 35]. OCT-detected SED is
less likely to occur when the stent is expanded with its
edge in a normal segment of artery compared with in an
atherosclerotic plaque [42]. Additional research suggests
that the type of plaque that the stent edge is placed in
directly affects the risk of SED, with lipid and calcified
plaques posing a much higher risk than fibrous plaques
[29, 32]. While several studies have not shown a relation-
ship between SED or in-stent dissection and clinical events
[31, 32, 37, 43], the amount of lipid at the proximal stent
edge has been shown to correlate with post-PCI creatinine
kinase-MB elevation [44].

One under-investigated application of OCT is the
detection and characterization of in-stent tissue prolapse
or protrusion. Recent work suggests that when tissue pro-
trusion is evaluated by OCT, the appearance of the protru-
sion correlates with the severity of vessel injury. Irregular
protusion, suggesting moderate to severe vessel injury,
was found to be an independent predictor of MACE
and TLR.

Finally, OCT has the ability to identify thrombus within
stents [45] (Fig. 12.4b). While the clinical significance of
incidentally-discovered thrombus is unclear, it was found to
be associated with longer stent length, smaller stent diame-
ter, and absence of neointimal formation over stent struts. In
general, small amounts of incidentally discovered in-stent
thrombus need not prompt thrombus aspiration in the setting
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of good angiographic flow, but may influence the intensity of
anti-thrombotic therapy.

Neointimal Hyperplasia
and Neoatherosclerosis

The tendency of a neointima—composed of smooth mus-
cle cells and extracellular matrix—to form within stents
has been appreciated for years; indeed its presence is a
surrogate for stent failure and vessel loss. The resolution
of OCT allows for detection of neointima below the
threshold of IVUS (Fig. 12.10). Three patterns of
neointima have been described, based on the appearance
by OCT: homogeneous (Fig. 12.11), heterogeneous
(Fig. 12.12), and layered (Fig. 12.13) [46]. Small case
series and case reports suggest that these OCT patterns of
neoitima have histopathologic correlates, with the homog-
enous pattern identifying tissue with abundant smooth
muscle cells and the other patterns signalizing extracel-
lular matrix [47, 48].

In the last several years, post-mortem examination
of coronary stents has demonstrated that atherosclerotic
change within the neointima is a frequent occurrence,
and it occurs earlier and nearly twice as often, in drug-
eluting (DES), compared with bare metal stents (BMS)
[49]. Neoatherosclerosis is a discrete pathologic process
in which, months or years after stent implantation, foamy
macrophages coalesce in the neointima around stent struts
[31, 32]. When this process takes hold, these areas of
neoatherosclerosis appear to be subject to the same fates
as atherosclerotic plaques in native vessels. Calcium
deposition occurs, as does formation of necrotic cores,
leading to regions vulnerable to rupture and thrombosis
[52]. This is a key mechanism underlying very late stent
failure. Work has shown that neoatherosclerosis can be
detected by OCT, and OCT has demonstrated that over
time the neointima transforms into a lipid-rich tissue
[50, 51] (Fig. 12.14). OCT-based research has corrobo-
rated the pathologic findings of earlier neoatherosclero-
sis with drug-eluting stents, but found that after 2 years,
its frequency was the same in both drug-eluting and bare
metal stents [53]. While evidence implicates incomplete
endothelialization in late stent thrombosis, plaque rup-
ture in the neointima has emerged as another mechanism.
In the modern era of PCI, late stent thrombosis is a rare
event, but a complete understanding of its pathogenesis
may help avert this catastrophic occurrence. The degree
of resolution afforded by OCT makes it an ideal modal-
ity for examining neointimal formation and assessing
neoatherosclerosis.
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Fig.12.10 Neointimal hyperplasia (NIH) within a stent is more clearly visualized by OCT (right) vs. IVUS (left), allowing more detailed tissue

characterization as well as luminal and stent measurements (bottom)

OCT Evaluation of Bioabsorbable Vascular
Scaffolds

Ongoing research has focused on the potential for a bioab-
sorbable vascular scaffold (BVS) to replace DES for intra-
coronary stenting. Because it is eventually absorbed, leaving
no foreign body in the artery, BVS may reduce the risk of
late stent thrombosis and other complications of PCI. Both

animal and human outcomes studies have used intravascular
imaging, including OCT, to evaluate the absorption of the
polymer and the repopulation of BVS sites with cells. BVS
currently under investigation appear different from metallic
stents when imaged with IVUS; the struts are translucent,
and OCT can completely image the strut thickness as well as
the arterial wall behind the scaffold [54]. While BVS struts
were no longer recognizable by IVUS after 2 years, some
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Fig.12.11 Homogeneous neointimal hyperplasia

Fig.12.12 Hetergeneous neointial hyperplasia

strut signals appeared to persist on OCT imaging in two
thirds of cases. OCT was able to demonstrate a homogenous
vessel wall at the site of the scaffold, suggesting endothelial
healing [55]. Recent investigation employing serial OCT

Fig. 12.13 Layered neointimal hyperplasia. The inner layer has high
intensity signal, whereas the outer layer shows low signal material

2 mm

03/08/2011 16:40:43
0187 {40 mm)

Fig. 12.14 Neoatherosclerosis within a coronary stent as character-
ized by OCT appears as a signal-poor regions (lipid laden) within stent
struts

evaluation showed that, unlike BMS, self-expanding BVS
expand over time, resulting in larger vessel diameters and
preserved lumen size [56]. Potential applications of OCT
continue to evolve with advances in both OCT technology
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and stent design. Work with three-dimensional OCT has
demonstrated the ability of reconstructions using this tech-
nology to evaluate vessel side branches jailed by
BVS [57].

Conclusions

OCT is a safe and easily employed intravascular imaging
modality with unmatched resolution and image quality of
the coronary arteries. It has generated significant interest
as a research tool for the evaluation of coronary vascular
biology and atherosclerosis pathophysiology, but only
recently has started to emerge into routine clinical prac-
tice for optimization of PCI. OCT shows great potential in
this clinical role as an adjunctive modality for PCI, but is
currently limited by the lack of clinical outcomes data
supporting its routine clinical use. Similarly, routine
IVUS-guided PCI had not been shown to improve hard
clinical endpoints until recent meta-analysis of IVUS-
guided DES implantation demonstrated significantly
fewer adverse end points including death and MI in the
IVUS-guided PCI group [40]. As OCT provides similar
and possibly superior structural information upon which
to guide PCI it may be reasonable to hypothesize that
OCT-guided PCI may have similar clinical benefit. This
has, howeyver, yet to be rigorously studied and further out-
come studies of OCT-guided PCI will be needed to dif-
ferentiate the role of this promising technology in our
clinical practice.
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Abstract

Echocardiography is the front line modality in the evaluation of advanced heart failure
patients requiring mechanical circulatory support. The use of continuous-flow left
ventricular assist devices (LVADs) continues to expand across numerous centers in the
country, as both a bridge to transplantation and as destination therapy. Patients being
evaluated for LVAD therapy require thorough pre-operative cardiac evaluation by
echocardiography of biventricular function, the aortic, tricuspid and mitral valves, the
ascending aorta, the atria and atrial septum. After LVAD implantation, echocardiography
can effectively evaluate flow velocities into the apical inflow cannula and from the ascending
aorta outflow cannula, left ventricular decompression, frequency of aortic valve opening,
right ventricular function and degree of aortic, mitral and tricuspid regurgitation. Patients
with suspected LVAD malfunction should undergo urgent echocardiography to help identify
possible causes, including hypovolemia, valvular dysfunction, tamponade, thrombosis and
cannula malposition. Echocardiography also plays a key role in the evaluation and
management of patients with percutaneous catheter devices that provide temporary
mechanical support in cardiogenic shock and during high risk cardiovascular procedures. It
is important to become competent in the echocardiographic assessment of patients who are
being evaluated for and receiving mechanical circulatory support, as they can develop
critical complications that can be managed successfully if promptly diagnosed.

Keywords
Mechanical circulatory support * Left ventricular assist device (LVAD) ¢ Percutaneous ven-
tricular assist device * LVAD pump thrombosis * LVAD cannula malposition * Ramp study

Introduction

Echocardiography is the front line modality in the evaluation
of advanced heart failure patients requiring mechanical cir-
culatory support (MCS). It is portable, noninvasive and
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inexpensive, without exposure to radiation or nephrotoxic
agents. Continuous-flow left ventricular assist devices
(LVADs) are rapidly growing as therapy in patients for whom
heart transplantation is not appropriate or not immediately
available [1]. Temporary mechanical support therapies are
also available for patients in cardiogenic shock, including
percutaneous catheter devices and extracorporeal membrane
oxygenation (ECMO). The International Society for Heart
and Lung Transplantation (ISHLT) recommends the use of
echocardiography in MCS patients [2], but there are cur-
rently no evidence-based guidelines to standardize its use.
Significant variation in utilization and expertise continues to
exist across hospitals nationwide. In this chapter, we will
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provide a clinically-focused review of the applications of
echocardiography in the evaluation and management of
patients receiving MCS therapy.

Anatomical Considerations Prior to LVAD
Implantation

Prior to LVAD implantation, patients must undergo a thor-
ough echocardiographic assessment of baseline anatomical
characteristics that could potentially lead to poor outcomes
and a protracted post-operative course. These include eval-
uation of the left ventricle (LV), right ventricle (RV), aortic
valve, mitral valve, tricuspid valve and atrial septum. The
LV should be assessed for signs of aneurysm, scar, hyper-
trabeculation and apical thrombus that could hinder place-
ment of the inflow cannula or create dynamic inflow
cannula obstruction. Presence or absence of aortic

Adult Echo
591

Lens Temp: 37.6° C

Fig. 13.1 (a) Parasternal long-axis TTE view during diastole with
color Doppler sector over the LVOT, Mitral Valve and Left atrium,
demonstrating the absence of Aortic Regurgitation and Mitral stenosis.
It shows a dilated LV. (b) Parasternal long-axis TTE view showing a
dilated and dysfunctional right ventricle. RV dysfunction is an important
relative contraindication to LVAD therapy. (¢) Mid-esophageal TEE
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regurgitation (AR) and mitral stenosis (MS) must be char-
acterized (Fig. 13.1a). Similarly, the ascending aorta needs
to be examined in anticipation of placement of the outflow
cannula. Aortic aneurysms, tortuosity, calcification and
atheroma are common pathologies that can lead to post-
operative complications.

RV dysfunction is an important relative contraindica-
tion to LVAD therapy. Post-LVAD RV failure results in
substantial morbidity and mortality [3-5], with post-oper-
ative complications secondary to RV failure occurring in
13-40 % of LVAD implantations [6] (Fig. 13.1b). In the
setting of pre-operative RV dysfunction, biventricular
support has led to improved outcomes [7], provided RV
pathology is recognized early. Although LVAD decom-
pression improves RV afterload, greater venous return is
believed to worsen preexisting RV dysfunction and tricus-
pid regurgitation by increasing RV volume [8—12].

Left atrial and left atrial appendage thrombi should be
carefully ruled out on pre- and peri-operative TEE

ORECHOPRE
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1/2 CD
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view at 53° focused on the left atrium and left atrial appendage,
demonstrating a thrombus. This was discovered during the pre-operative
assessment of a candidate for LVAD implantation. (d) Mid-esophageal
TEE view at 70° focused on the inter-atrial septum with color Doppler
demonstrating evidence of left to right shunting. All intra-cardiac
shunts should be repaired at the time of LVAD implantation
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(Fig. 13.1c). Intravenous contrast can help discriminate
between LAA thrombi and prominent pectinate muscle.

All intra-cardiac shunts should be repaired at the time
of LVAD implantation to prevent right to left shunting in
the supported heart [13] (Fig. 13.1d). In acute decompen-
sated heart failure, many atrial septal defects can predom-
inantly shunt left to right by color Doppler and agitated
saline contrast. Even after Valsalva maneuvers, a high left
atrial pressure may prevent passage of agitated saline
across a patent foramen ovale (PFO). After LVAD decom-
pression, however, lower left atrial pressure and increased
right ventricular preload can potentially open a previously
unidentified PFO and create right to left shunting [14, 15].
Meticulous search for elusive PFOs is therefore important
prior to LVAD implantation [2, 16] and should be repeated
in the OR at the time of surgery [15].

134 m

PATT 370
TEE T 387C

Fig. 13.2 (a) Parasternal RV inflow TTE view with color Doppler
during systole demonstrating a moderately severe regurgitant tricuspid
jet on the pre-LVAD assessment. There is evidence of PISA flow accel-
eration at an aliasing velocity of 0.6 m/s. (b) Apical four-chamber TTE
view during systole with color Doppler sector over the mitral valve and
left atrium demonstrating a moderately-severe regurgitant mitral jet
with PISA flow acceleration at an aliasing velocity of 0.54 m/s. Severe
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Pre-LVAD Implantation Valvular Assessment

Although LVAD decompression improves RV afterload,
higher venous return is believed to worsen preexisting RV
dysfunction and tricuspid regurgitation (TR) [8-12].
Therefore, repair or replacement of the tricuspid valve in
moderate to severe TR should be strongly considered at the
time of LVAD implantation [2, 17] (Fig. 13.2a).

Severe mitral regurgitation (MR) tends to improve with
mechanical unloading of the left ventricle; therefore, mitral
repair or replacement is not routinely required at time of
LVAD implantation [2, 14] (Fig. 13.2b).

AR can be underestimated in end-stage heart failure with
low systemic pressures and high LV diastolic pressures, as the
aortic-to-LV pressure gradient may be artificially decreased
[18-20]. AR can significantly worsen after LVAD implanta-

Fitr High

MR tends to improve with mechanical unloading of the left ventricle.
(¢) Mid-esophageal long-axis TEE view at 134° focused on the aortic
valve during diastole with the mitral valve open, demonstrating mild to
moderate regurgitant flow by color Doppler. (d) Mid-esophageal long-
axis TEE view at 120° with continuous wave Doppler cursor placed
through the mitral valve inflow, demonstrating moderately-severe
stenosis with high peak and mean gradients across the mitral valve
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tion, due to negative pressure generated by the LVAD inflow
cannula and the aortic diastolic pressure increase from blood
flow return to the ascending aorta from the outflow cannula
[21-23]. Therefore, AR that is moderate or greater in severity
is considered an indication for valve replacement or oversew-
ing at the time of surgery [2] (Fig. 13.2c¢). Similarly, aortic
stenosis (AS) that is moderate or greater in severity should
also be addressed at the time of implantation, as it can prevent
adequate aortic valve opening. This can create increased risk
of thrombus formation over the aortic valve leaflets.

MS that is moderate or greater in severity should be treated
surgically at the time of implantation (Fig. 13.2d). Mechanical
valves should be avoided given their thrombogenic potential.

Physiologic Changes Post-LVAD Implantation

While the LV in patients with end-stage systolic heart failure
can be severely LV dilated with high sphericity index and
rightward septal deviation, an appropriately functioning
LVAD decompresses the ventricle by negative suction of

J. Betancor et al.

blood into the inflow cannula implanted at the apex,
decreasing LV dilatation. This can also cause a slight left-
ward septal shift (Fig. 13.3a, b).

After LVAD implantation, patients can experience
decrease in MR, increase in AR, and increase in RV volume
in setting of improved cardiac output. This increase in RV
volume, however, can worsen RV function and TR
(Fig. 13.3¢) [3, 4, 6, 24-27].

Aortic regurgitation can be underestimated in end-stage
heart failure with low systemic pressures and high LV
diastolic pressure, as the aortic-to-LV pressure gradient may
be artificially decreased [18-20]. AR can significantly
worsen after LVAD implantation [21-23] (Fig. 13.3d). The
presence of moderate or greater aortic regurgitation is
considered an indication for valve replacement or oversewing
at the time of surgery [2]. Similarly, moderate or greater
aortic stenosis should also be treated surgically at the time of
implantation, as can prevent adequate aortic valve opening.
This increases risk of thrombus formation over the aortic
valve leaflets.
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Fig. 13.3 (a) Apical four-chamber TTE view in a pre-LVAD patient
during end diastole, demonstrating severe LV dilation, high sphericity
index, and rightward septal deviation. (b) Parasternal short-axis TTE
view of the LV at the mitral level in the same patient after LVAD
implantation. RV appears moderately dilated on direct comparison; LV
appears adequately decompressed with slight leftward septal shift. (c)

Parasternal RV inflow TTE view in the same patient demonstrating
worsening TR (maximum velocity 3.3 m/s) after LVAD implantation,
with concomitant reduction in RV function and moderate RV dilation.
(d) Mid-esophageal long-axis TEE view at 134° focused on the aortic
valve during diastole with the mitral valve open, demonstrating mild to
moderate regurgitant flow by color Doppler
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Assessment of LVAD Cannulae Function

There are several important components to LVAD function
assessment by echocardiography. The LVAD inflow cannula
should be aligned with the mitral valve opening and oriented
away from excessive trabeculations and ventricular walls
(Fig. 13.4a, b). There should be laminar flow with normal
filling velocities between 1 and 2 m/s. Partial inflow cannula
obstruction will lead to increases in inflow pulse wave
velocities and aliasing of color flow.

Cannula obstruction caused by malposition can manifest
as leftward septal bowing due to excessive negative suction
of the septum toward the inflow cannula and increased left
ventricular end-diastolic volume caused by inadequate LV
decompression. Current LVAD flow monitors trigger alarms
when possible malfunction occurs. Echocardiography plays
an important role in evaluating for causes of malfunction
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Fig. 13.4 (a) Mid-esophageal long-axis TEE view at 135° during dias-
tole showing laminar flow across the mitral inflow tract and into the LV
inflow cannula. The cannula orientation is slightly deviated towards the
interventricular septum. (b) Parasternal Long-axis TTE view of an LVAD
inflow cannula during diastole demonstrating adequate cannula orienta-
tion, which faces the mitral inflow tract directly across. (¢) Mid-esophageal
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(e.g., hypovolemia, RV dysfunction, tamponade, pulmonary
embolism, and pump thrombosis).

The outflow cannula is often difficult to image by TTE
and is best visualized from right parasternal or upper left
parasternal views or with TEE (Fig. 13.4c). Partial obstruc-
tion can lead to increases in outflow pulse wave velocity
and color flow aliasing. Flow across the outflow cannula
should be laminar with velocity between 1 and 2 m/s
(Fig. 13.4d).

Assessment of Chamber and Valvular
Function in LVAD Patients

Figure 13.5a—d show the ventricular size, aortic valve func-
tion and ventricular septal position with a normally func-
tioning LVAD. The RV is often mildly dilated. The presence

d
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modified long-axis TEE view at 134° with color Doppler sector focused
on the ascending aorta, demonstrating laminar unobstructed flow within
the outflow cannula. (d) Mid-esophageal modified long-axis TEE view at
134° with continuous wave Doppler cursor across the outflow cannula that
was implanted in the anterior aspect of the ascending aorta, demonstrating
normal flow velocities (approximately 1.5 m/s)
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Fig. 13.5 (a) Parasternal long-axis TTE view at end diastole and
LVAD pump rate of 9,000 RPMs, demonstrating mild RV dilation,
adequate placement of LV apical inflow cannula, and optimal septal
position with LV end diastolic dimension measured at 5.89 cm. (b)
Apical four-chamber TTE view at end diastole showing mild RV
dilation in an LVAD patient. LV apical inflow cannula is not well
visualized in this image. (¢) Parasternal long-axis TTE view during

and degree of aortic valve opening represents the degree of
flow through the native circuit. Both native and biopros-
thetic cusp fusion are recognized complications in LVAD
patients [28-30]. There is a risk of thrombus formation
when the aortic valve opens minimally [31]. M-mode and
planimetry have been used to quantify degree of cusp sepa-
ration. Aortic valve opening can be maintained by reducing
LVAD RPMs. LVAD programming should aim to achieve
an appropriate balance between adequate physiologic sup-
port by the LVAD and aortic valve opening. It may be pos-
sible that the risk of de novo aortic regurgitation is greater
with persistent aortic valve closure [21, 32].

J. Betancor et al.

TiSO.4 MI1.0

RPH 9000 |

systole in an LVAD patient with pump set at 9,000 RPMs. Aortic valve
appears to open with every ventricular contraction as demonstrated by
this still frame and the M-mode Doppler in D. (d) Parasternal long-axis
TTE view with M-mode Doppler cursor across the aortic valve in
patient with LVAD programmed to 9,000 RPMs, demonstrating
adequate opening and closing of the aortic valve with every LV
contraction

Complications After LVAD Implantation:
Hypovolemia

If an LVAD is deployed in a patient who is hypovolemic, the
LV cavity can become reduced to the point of obliteration.
This can occur in the setting of major bleeding. Abnormal
mitral lealflet position and persistent opening can also be
noted (Fig. 13.6a, b). In such conditions the continuous
wave Doppler velocity in the LVAD inflow cannula can be
elevated if the LVAD cannula is partially obstructed by the
distal septum in the collapsing LV (Fig. 13.6¢c, d). Repeat
imaging after volume repletion and optimizing LVAD pump
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Fig.13.6 (a) Parasternal long-axis TTE view demonstrating a reduced
LV intracavitary size, resulting in anterior mitral leaflet “pulling”
towards the interventricular septum in a hypotensive ICU patient who
had recently undergone LVAD implantation. The patient was volume
depleted, resulting in LV cavitary obliteration in setting of LVAD-
mediated ventricular decompression. (b) Color Doppler sector over the
mitral inflow tract demonstrating persistent opening of the anterior
mitral leaflet during systole and diastole in setting of an intracavitary
obliteration from hypovolemia in this same patient. (¢) Continuous wave
Doppler signal across the LVAD inflow cannula showing elevated peak
velocities (4.65 m/s) in the same patient. The LVAD cannula is partially

rate can demonstrate normalization of LV size and inflow
cannula function (Fig. 13.6e) [33].

Complications After LVAD Implantation:
Right Ventricular Failure, Aortic
Regurgitation and Tamponade

Although LV decompression by LVAD therapy improves RV
afterload, higher venous return and leftward septal motion in
setting of LVAD negative suction are believed to alter RV shape
and efficiency of contraction, which in turn can worsen preex-
isting RV dysfunction and TR (Fig. 13.7a) [3, 4, 6, 24-27].

obstructed by the distal septum in the setting of hypovolemia and cavi-
tary obliteration. The patient’s hypotension and LV cavitary obliteration
resolved with administration of intravenous fluids. Once euvolemic, the
cannula was determined to be malpositioned on subsequent imaging,
with persistently elevated peak inflow cannula velocities. (d) Parasternal
long-axis TTE view in an LVAD patient who developed hypotension
from major bleeding. The LV has the “suck-down” appearance, in which
the anterior mitral valve leaflet lies in close proximity to the interven-
tricular septum, the LV intra-cavitary size is diminished and the inflow
cannula obstructs due to septal contact. (e) Parasternal long-axis TTE
view in the same LVAD patient after volume resuscitation

Aortic regurgitation can increase after LVAD deployment
due to negative suction created by the LV apical inflow can-
nula and flow directed toward the aortic valve from the out-
flow cannula (Fig. 13.7b).

Pericardial hematoma and tamponade due to post-
operative bleeding is also a complication of deployment
of mechanical circulatory assist devices (Fig. 13.7c, d).
Imaging of the effects of tamponade on cardiac structure
can be difficult since the blood collections can be local-
ized and only cause focal chamber compression or col-
lapse. In addition, the functioning LVAD prevents
Doppler assessment of respiratory variation in transmi-
tral inflow velocities.
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Fig. 13.7 (a) Parasternal short-axis TTE view of both ventricles,
demonstrating severe right ventricular dilation in a patient who
underwent LVAD implantation. Although LV decompression by LVAD
therapy improves RV afterload, higher venous return and the leftward
septal motion in setting of LVAD negative suction are believed to alter
RV shape and efficiency of contraction, which in turn can worsen
preexisting RV dysfunction and TR. B. Mid-esophageal four-chamber
TEE view at 0° during diastole in a patient who developed moderately
severe aortic regurgitation after LVAD implantation, in the setting of
negative suction created by the apical inflow cannula. Color Doppler

Ramp Study to Assess LVAD Pump
Thrombosis

Ramp studies, which involve serial monitored adjustment of
LVAD flow rates, are performed to optimize LVAD flow,
targeting maximal reduction in left ventricular dilatation
while maintaining intermittent aortic valve opening. Ramp
studies often involve assessment of LV function and aortic
valve opening at different RPMs. Change in AR, MR, RSVP
and RV dilatation are also assessed. In a normally functioning
LVAD, higher speeds should reduce left ventricular size,
decrease aortic valve opening, decrease MR and increase the
transmitral Doppler deceleration time.

Pump failure from thrombosis is a common and high
risk complication that occurs in LVAD patients, who often

J. Betancor et al.
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sector demonstrates an eccentric regurgitant jet in the LVOT that is
directed posteriorly towards the anterior mitral valve leaflet. There is
laminar flow across the mitral inflow tract. (c—d) Mid-esophageal four-
chamber TEE view at 14° with and without color Doppler in an LVAD
patient who developed tamponade post-operatively. There is RA and
RV chamber collapse, caused by a large anterior pericardial hematoma.
The LA and LV are both visualized in the posterior plane. There is flow
acceleration at the junction of the IVC and RA, caused by compression
from the focal hematoma. This patient required emergent surgery to
evacuate the pericardial hematoma

initially present with decompensated heart failure. Pump
thrombosis can be challenging to diagnose, as there is
rarely direct imaging evidence of thrombus formation
[34]. Elevated LDH levels, high power “spikes” on LVAD
interrogation along with imaging evidence of worsening
LV dilatation, worsening MR, and increase in frequency
of AV opening suggest possible pump thrombosis [35].
Failure to decompress and keep the aortic valve closed
with increasing RPMs can also indicate pump obstruction
[36, 37]. However, low grade, gradual, non-occlusive
thrombus formation can be elusive, and small changes in
LV function associated with pump thrombosis may be
missed in ramp studies. Figure 13.8a—d display echocar-
diographic features observed during a ramp study in a
patient with pump thrombosis.
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Fig.13.8 (a—d) Serial parasternal long-axis TTE views in an LVAD pt
with increasing RPMs, from 8,600 to 11,000 RPMs. In a normal ramp
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decompression with increasing RPMs, with no significant change in
LVEDd. This finding suggests underlying pump thrombosis, which was
present in this patient with decompensated heart failure and elevated
LDH
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ECMO Weaning (“Turndown” Study)

Echocardiographic imaging is important in the determina-
tion of whether a patient can tolerate termination of
mechanical support. In “turndown” studies, LVAD, ECMO
or Impella mechanical support is gradually decreased and
echocardiography is used to identify physiologic changes
in cardiac and valvular function (Fig. 13.9a—d). In recov-
ered myocardium, turning down mechanical circulatory
flow increases preload and afterload, which can result in
improved LV systolic function via Starling mechanisms
while maintaining normal ventricular size. Conversely,
ventricles that depend on mechanical circulatory support
will dilate and fail after decreasing flows. During a suc-
cessful wean, LV end diastolic dimension and systolic
function do not worsen after decreasing LVAD or ECMO
flow. Stroke volume by Doppler assessment of LVOT time
velocity integral will also not significantly worsen in this
scenario. These features suggests that the patient may tol-
erate discontinuation of the support. This approach is used
to assess cardiac reserve prior to ECMO or Impella discon-
tinuation in patients who may have recovered after acute
cardiogenic shock and prior to LVAD explantation in the
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limited number of patients who experience significant
myocardial recovery. In LVAD patients, some protocols
propose the use of exercise or dobutamine stress testing
after a favorable turndown study to provide further evi-
dence of myocardial recovery [38].

Impella Percutaneous Ventricular Assist
Device

Percutaneous ventricular assist devices can be used for
short term support in patients undergoing high risk per-
cutaneous coronary intervention or with refractory car-
diogenic shock that is anticipated to be possibly reversed.
The Impella catheter-based device is introduced via the
femoral artery placed retrograde across the aortic valve
into the left ventricle. The device removes blood from a
distal port in the LV through the use of a miniaturized
pump and then delivers the blood back to the ascending
aorta through a more proximal port. The Tandem Heart
device, a second type of percutaneous ventricular assist
device, removes blood from the left atrium through a
catheter delivered from the femoral vein across the

Fig.13.9 (a—d) Apical four-chamber TTE views obtained in a patient
receiving extracorporeal membrane oxygenation (ECMO) therapy in
setting of cardiogenic shock. Serial images were obtained at decreasing
levels of ECMO support: 3 L/min, 2.6 L/min, 2 L/min and 1 L/min,

respectively. During this ECMO “turndown” study, LV end diastolic
dimension and systolic function did not worsen after decreasing ECMO
flow. This suggests patient may tolerate ECMO discontinuation
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interatrial septum by use of an external pump and then
delivers the blood back to the arterial circulation.
Echocardiographic imaging is critical for appropriate
positioning of each of these devices (Fig. 13.10a—f). For

161

example, the inflow port at the tip of the Impella device
should be 3—4 cm below the aortic valve and the outflow
port should be 1.5-2 cm above the sinuses of Valsalva.
The catheter should also be positioned in the mid LV

Fig. 13.10 (a) Mid-esophageal Long-axis TEE view at 133° during
early systole showing an Impella percutaneous assist device inflow port
in a suboptimal position in a patient with cardiogenic shock. The inflow
port at the tip of the Impella device should be 3—4 cm below the aortic
valve. The outflow port should be 1.5-2 cm above the sinuses of
Valsalva. (b) Mid-esophageal Long-axis TEE view at 151° at end
diastole showing the Impella inflow port disrupting the mitral valve
leaflets resulting in diastolic mitral regurgitation. The Impella device
can interfere with the chordal apparatus or the anterior mitral leaflet,
leading to worsening mitral regurgitation. (¢) Upper-esophageal Long-
axis TEE view at 107° showing the Impella inflow port at the level of
the aortic valve. (d) Mid-esophageal 4 chamber TEE view at 0° during

diastole showing the Impella inflow port at the level of the Mitral valve
without obstructing laminar flow at the mitral inflow. (e) Parasternal
long-axis TTE view displaying an Impella device that is inappropriately
positioned in a patient with non-ischemic cardiomyopathy who
developed cardiogenic shock. The device was directed posteriorly in
the ventricle with the inflow port abutting the mitral valve leaflets. The
patient was at risk for disruption of the mitral leaflets by the Impella
device. (f) Parasternal long-axis TTE view in the same patient after the
Impella device was repositioned under fluoroscopy in the cardiac
catheterization laboratory. The device is no longer abutting the mitral
valve leaflets. The inflow port is appropriately positioned below the
aortic valve and the outflow port is in the ascending aorta
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Fig.13.11 Mid-esophageal
four-chamber TEE view at 0°
during end diastole showing
a large mass with irregular
borders attached to the LVAD
inflow cannula consistent
with thrombus.
Anticoagulation had recently
been held in this patient due
to gastrointestinal
hemorrhage

cavity away from the mitral valve leaflets, papillary mus-
cles or ventricular wall. These can be assessed by TTE or
TEE. TEE imaging of the Tandem Heart can guide the
transeptal puncture and also insure that the catheter tip is
in the mid left atrium away from pulmonary veins, left
atrial appendage and mitral valve leaflets [39].

An Impella device can migrate after placement, which
can significantly impair mechanical circulatory support. If
a device migrates further into the ventricle, the outflow
port may become positioned below the aortic valve. In a
device that migrates into the aorta, the inflow port may
become positioned outside of the left ventricle in the
ascending aorta. In both examples, the Impella will not
provide adequate mechanical circulatory support. In addi-
tion, use of Impella devices is contraindicated in moderate
or greater aortic stenosis and regurgitation. The device
should be used cautiously in patients with aortic root
pathology, mitral stenosis, mitral regurgitation and ven-
tricular septal defect.
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Other Complications: Mobile Thrombus
on LVAD Inflow Cannula

Thrombus formation on the LVAD inflow cannula will most
often result in device malfunction (Fig. 13.11). Its presence
can be assessed by TEE and if large, by TTE.

Transcatheter Aortic Valve Replacement
for Severe Aortic Regurgitation in an LVAD
Patient

As discussed above, the degree of aortic regurgitation in the
patient with severe acute decompensated heart failure may be
difficult to assess. In addition, it may worsen following deploy-
ment of LVAD (Fig. 13.12a). In such situations, transcatheter
aortic valve replacement is an option to treat the significant aor-
tic regurgitation which can result in cardiogenic shock despite
the presence of mechanical circulatory support (Fig. 13.12b).



13 Echocardiography in Mechanical Circulatory Support

PAT T 37.0C
TEE T: 39.4C

Freq.: 1.7 MHz/3.3 MHzV

Proc.: 12. 0!1201’20!6‘!(1'.4

LA o

Fig. 13.12 (a) Mid-esophageal four-chamber TEE view at 0° during
diastole in a patient who developed moderately severe aortic regurgita-
tion post-LVAD implantation and cardiogenic shock. Laminar flow by
color Doppler is seen across the mitral valve. The aortic regurgitation jet
is eccentric and posteriorly-directed with increased turbulence, impact-
ing the anterior mitral valve leaflet. The inflow cannula appears to have
optimal orientation in reference to the adjacent myocardium and mitral

valve. (b) Parasternal long axis TTE view during diastole with color
comparison on the right demonstrating resolution of aortic regurgitation
with absence of diastolic flow into the LVOT after transcatheter aortic
valve replacement, which was performed via trans-femoral approach as
a salvage procedure in an LVAD patient who developed cardiogenic
shock from aortic regurgitation. Inflow cannula can be appreciated
directly across from the mitral valve




164

References

10.

11

12.

13.

14.

. Kirklin JK, Naftel DC, Pagani FD, Kormos RL, Stevenson LW,

Blume ED, Miller MA, Timothy Baldwin J, Young JB. Sixth
INTERMACS annual report: a 10,000-patient database. J Heart
Lung Transplant. 2014;33(6):555-64.

. Feldman D, Pamboukian SV, Teuteberg JJ, Birks E, Lietz K, Moore

SA, Morgan JA, Arabia F, Bauman ME, Buchholz HW, Deng M,
Dickstein ML, El-Banayosy A, Elliot T, Goldstein DJ, Grady KL,
Jones K, Hryniewicz K, John R, Kaan A, Kusne S, Loebe M,
Massicotte MP, Moazami N, Mohacsi P, Mooney M, Nelson T,
Pagani F, Perry W, Potapov EV, Eduardo Rame J, Russell SD,
Sorensen EN, Sun B, Strueber M, Mangi AA, Petty MG, Rogers
J. The 2013 International Society for Heart and Lung Transplantation
Guidelines for mechanical circulatory support: executive summary.
J Heart Lung Transplant. 2013;32(2):157-87.

. Slaughter MS, Pagani FD, Rogers JG, Miller LW, Sun B, Russell

SD, Starling RC, Chen L, Boyle AJ, Chillcott S, Adamson RM,
Blood MS, Camacho MT, Idrissi KA, Petty M, Sobieski M, Wright
S, Myers TJ, Farrar DJ. Clinical management of continuous-flow
left ventricular assist devices in advanced heart failure. J Heart
Lung Transplant. 2010;29(4 Suppl):S1-39.

. Rich JD. Right ventricular failure in patients with left ventricular

assist devices. Cardiol Clin. 2012;30(2):291-302.

. Patlolla B, Beygui R, Haddad F. Right-ventricular failure following

left ventricle assist device implantation. Curr Opin Cardiol.
2013;28(2):223-33. doi:10.1097/HCO.0b013e32835dd 12c.

. Hayek S, Sims DB, Markham DW, Butler J, Kalogeropoulos

AP. Assessment of right ventricular function in left ventricular assist
device candidates. Circ Cardiovasc Imaging. 2014;7(2):379-89.

. Fitzpatrick 3rd JR, Frederick JR, Hiesinger W, Hsu VM,

McCormick RC, Kozin ED, Laporte CM, O’Hara ML, Howell E,
Dougherty D, Cohen JE, Southerland KW, Howard JL, Paulson EC,
Acker MA, Morris RJ, Woo Y]J. Early planned institution of biven-
tricular mechanical circulatory support results in improved out-
comes compared with delayed conversion of a left ventricular assist
device to a biventricular assist device. J] Thorac Cardiovasc Surg.
2009;137(4):971-7.

. Chen JM, Levin HR, Rose EA, Addonizio LJ, Landry DW, Sistino

JJ, Michler RE, Oz MC. Experience with right ventricular assist
devices for perioperative right-sided circulatory failure. Ann
Thorac Surg. 1996;61(1):305-10; discussion 311-303.

. Ochiai Y, McCarthy PM, Smedira NG, Banbury MK, Navia JL,

Feng J, Hsu AP, Yeager ML, Buda T, Hoercher KJ, Howard MW,
Takagaki M, Doi K, Fukamachi K. Predictors of severe right ven-
tricular failure after implantable left ventricular assist device inser-
tion: analysis of 245 patients. Circulation. 2002;106(12 Suppl
1):1198-202.

Matthews JC, Koelling TM, Pagani FD, Aaronson KD. The right
ventricular failure risk score a pre-operative tool for assessing the
risk of right ventricular failure in left ventricular assist device can-
didates. J Am Coll Cardiol. 2008;51(22):2163-72.

. Farrar DJ, Compton PG, Hershon JJ, Fonger JD, Hill JD. Right

heart interaction with the mechanically assisted left heart. World
J Surg. 1985;9(1):89-102.

Maeder MT, Leet A, Ross A, Esmore D, Kaye DM. Changes in
right ventricular function during continuous-flow left ventricular
assist device support [corrected]. J Heart Lung Transplant.
2009;28(4):360-6.

Shapiro GC, Leibowitz DW, Oz MC, Weslow RG, Di Tullio MR,
Homma S. Diagnosis of patent foramen ovale with transesophageal
echocardiography in a patient supported with a left ventricular
assist device. J Heart Lung Transplant. 1995;14(3):594-7.
Rasalingam R, Johnson SN, Bilhorn KR, Huang PH, Makan M,
Moazami N, Perez JE. Transthoracic echocardiographic assessment

15.

16.

17.

18.

19.

20.

21

22.

23.

24

25.

26.

27.

28.

29.

30.

J. Betancor et al.

of continuous-flow left ventricular assist devices. J Am Soc
Echocardiogr. 2011;24(2):135-48.

Patangi SO, George A, Pauli H, O’Leary D, Roysam C, Butt T,
Schueler S, Prabhu M, MacGowan G. Management issues during
HeartWare left ventricular assist device implantation and the role of
transesophageal echocardiography. Ann Card Anaesth. 2013;
16(4):259-67.

Ferns J, Dowling R, Bhat G. Evaluation of a patient with left ven-
tricular assist device dysfunction. ASAIO J. 2001;47(6):696-8.
Robertson JO, Grau-Sepulveda MV, Okada S, O’Brien SM,
Matthew Brennan J, Shah AS, Itoh A, Damiano RJ, Prasad S,
Silvestry SC. Concomitant tricuspid valve surgery during implanta-
tion of continuous-flow left ventricular assist devices: a Society of
Thoracic Surgeons database analysis. ] Heart Lung Transplant.
2014;33(6):609-17.

Kirklin JK, Nafte]l DC, Kormos RL, Stevenson LW, Pagani FD,
Miller MA, Ulisney KL, Baldwin JT, Young JB. Second
INTERMACS annual report: more than 1,000 primary left ventric-
ular assist device implants. J Heart Lung Transplant. 2010;
29(1):1-10.

John R, Mantz K, Eckman P, Rose A, May-Newman K. Aortic
valve pathophysiology during left ventricular assist device support.
J Heart Lung Transplant. 2010;29(12):1321-9.

Samuels LE, Thomas MP, Holmes EC, Narula J, Fitzpatrick J,
Wood D, Fyfe B, Wechsler AS. Insufficiency of the native aortic
valve and left ventricular assist system inflow valve after support
with an implantable left ventricular assist system: signs, symptoms,
and concerns. J Thorac Cardiovasc Surg. 2001;122(2):380-1.

. Cowger J, Pagani FD, Haft JW, Romano MA, Aaronson KD, Kolias

TJ. The development of aortic insufficiency in left ventricular assist
device-supported patients. Circ Heart Fail. 2010;3(6):668-74.
Rajagopal K, Daneshmand MA, Patel CB, Ganapathi AM,
Schechter MA, Rogers JG, Milano CA. Natural history and clinical
effect of aortic valve regurgitation after left ventricular assist device
implantation. J Thorac Cardiovasc Surg. 2013;145(5):1373-9.
Chapman CB, Allana S, Sweitzer NK, Kohmoto T, Murray M,
Murray D, Johnson M, Rahko PS. Effects of the HeartMate II left
ventricular assist device as observed by serial echocardiography.
Echocardiography. 2013;30(5):513-20.

. Lee S, Kamdar F, Madlon-Kay R, Boyle A, Colvin-Adams M,

Pritzker M, John R. Effects of the HeartMate II continuous-flow left
ventricular assist device on right ventricular function. J Heart Lung
Transplant. 2010;29(2):209-15.

Kormos RL, Teuteberg JJ, Pagani FD, Russell SD, John R, Miller LW,
Massey T, Milano CA, Moazami N, Sundareswaran KS, Farrar
DJ. Right ventricular failure in patients with the HeartMate II continu-
ous-flow left ventricular assist device: incidence, risk factors, and effect
on outcomes. J Thorac Cardiovasc Surg. 2010;139(5):1316-24.

Dang NC, Topkara VK, Mercando M, Kay J, Kruger KH, Aboodi
MS, Oz MC, Naka Y. Right heart failure after left ventricular assist
device implantation in patients with chronic congestive heart fail-
ure. J Heart Lung Transplant. 2006;25(1):1-6.

Moon MR, Bolger AF, DeAnda A, Komeda M, Daughters 2nd GT,
Nikolic SD, Miller DC, Ingels Jr NB. Septal function during left
ventricular unloading. Circulation. 1997;95(5):1320-7.

Connelly JH, Abrams J, Klima T, Vaughn WK, Frazier
OH. Acquired commissural fusion of aortic valves in patients with
left ventricular assist devices. J Heart Lung Transplant. 2003;
22(12):1291-5.

Mudd JO, Cuda JD, Halushka M, Soderlund KA, Conte JV, Russell
SD. Fusion of aortic valve commissures in patients supported by a
continuous axial flow left ventricular assist device. J Heart Lung
Transplant. 2008;27(12):1269-74.

Baradarian S, Dembitsky WP, Jaski B, Abolhoda A, Adamson R,
Chillcot S, Daily PO. Left ventricular outflow tract obstruction


http://dx.doi.org/10.1097/HCO.0b013e32835dd12c

31.

32.

33.

34.

35.

Echocardiography in Mechanical Circulatory Support

associated with chronic ventricular assist device support. ASAIO
J. 2002;48(6):665-7.

Rose AG, Connelly JH, Park SJ, Frazier OH, Miller LW, Ormaza
S. Total left ventricular outflow tract obstruction due to left ven-
tricular assist device-induced sub-aortic thrombosis in 2 patients
with aortic valve bioprosthesis. J Heart Lung Transplant.
2003;22(5):594-9.

Deo SV, Sharma V, Cho YH, Shah IK, Park SJ. De novo aortic
insufficiency during long-term support on a left ventricular assist
device: a systematic review and meta-analysis. ASAIO J. 2014;
60(2):183-8.

Pagani FD, Miller LW, Russell SD, Aaronson KD, John R, Boyle
AlJ, Conte JV, Bogaev RC, MacGillivray TE, Naka Y, Mancini D,
Massey HT, Chen L, Klodell CT, Aranda JM, Moazami N, Ewald
GA, Farrar DJ, Frazier OH. Extended mechanical circulatory sup-
port with a continuous-flow rotary left ventricular assist device.
J Am Coll Cardiol. 2009;54(4):312-21.

Bartoli CR, Ghotra AS, Pachika AR, Birks EJ, McCants
KC. Hematologic markers better predict left ventricular assist
device thrombosis than echocardiographic or pump parameters.
Thorac Cardiovasc Surg. 2014;62(5):414-8.

Goldstein DJ, John R, Salerno C, Silvestry S, Moazami N,
Horstmanshof D, Adamson R, Boyle A, Zucker M, Rogers J,
Russell S, Long J, Pagani F, Jorde U. Algorithm for the diagnosis

36.

37.

38.

39.

165

and management of suspected pump thrombus. J Heart Lung
Transplant. 2013;32(7):667-70.

Uriel N, Morrison KA, Garan AR, Kato TS, Yuzefpolskaya M,
Latif F, Restaino SW, Mancini DM, Flannery M, Takayama H, John
R, Colombo PC, Naka Y, Jorde UP. Development of a novel echo-
cardiography ramp test for speed optimization and diagnosis of
device thrombosis in continuous-flow left ventricular assist devices:
the Columbia ramp study. J Am Coll Cardiol. 2012;60(18):
1764-75.

Estep JD, Vivo RP, Cordero-Reyes AM, Bhimaraj A, Trachtenberg
BH, Torre-Amione G, Chang SM, Elias B, Bruckner BA, Suarez
EE, Loebe M. A simplified echocardiographic technique for detect-
ing continuous-flow left ventricular assist device malfunction due
to pump thrombosis. J Heart Lung Transplant. 2014;33(6):575-86.
Khan T, Delgado RM, Radovancevic B, Torre-Amione G, Abrams
J, Miller K, Myers T, Okerberg K, Stetson SJ, Gregoric I, Hernandez
A, Frazier OH. Dobutamine stress echocardiography predicts myo-
cardial improvement in patients supported by left ventricular assist
devices (LVADs): hemodynamic and histologic evidence of
improvement before LVAD explantation. J Heart Lung Transplant.
2003;22(2):137-46.

Pretorius M, Hughes AK, Stahlman MB, Saavedra PJ, Deegan RJ,
Greelish JP, Zhao DX. Placement of the TandemHeart percutaneous
left ventricular assist device. Anesth Analg. 2006;103(6):1412-3.



A

Acute coronary syndrome (ACS), 139, 140

Alcohol septal ablation, 29, 41-46

Aortic regurgitation, 25, 63, 64, 69, 72-75, 77, 150, 152, 154-156,
160-161

Aortic stenosis, 13, 58, 64, 152, 160

Atrial fibrillation (AF), 1-5, 7-9, 11, 13, 14, 82, 105, 109-114

Atrial septal defect (ASD), 24, 47-55, 101, 106, 119, 151

B

Balloon, 36-39, 43, 44, 48, 54, 63-67, 69-74, 77, 108, 109,
131, 132, 140

C

Calcific nodule, 139

Closure, 8, 17, 47-55, 72, 74, 81-86, 90-92, 105-114, 117-120, 154
Clot-in-transit (CIT), 123-131, 133-135

Congenital heart disease, 48

Coronary artery disease, 118

D

Degenerative, 89, 91, 93, 98-100

Doppler, 2, 8,9, 11, 12, 24, 42, 43, 45, 48, 54, 55, 69, 70, 74-76,
82-85, 97, 100-102, 110, 114, 119, 120, 127, 130,
150-156, 158, 161

E

Echocardiographic guidance, 24, 25, 41-46, 54, 63-68, 106110,
118, 123-135

Echocardiography, 4, 23-39, 41, 42, 44-50, 53-55, 58, 59, 60, 61, 63,
69, 70, 75-77, 83, 90, 106, 108, 118-120, 123-135, 149-161

F
Flail, 42, 75, 76, 90, 91, 95, 98, 99, 101
Functional, 3, 36, 37, 46, 58, 64, 89, 91, 93, 98

H
Hypertrophic obstructive cardiomyopathy, 41-46

I

Instent restneosis, 1, 137

Intracardiac thrombi, 123, 130-133
Intra-coronary imaging, 137, 138, 140
Intravascular ultrasound, 137

© Springer International Publishing Switzerland 2016

K
Kirklin VSD classification, 117

L

Left atrial appendage (LAA), 2-17, 36, 38, 83, 84, 91, 93, 96-99,
105-114, 150, 151, 160

Left atrial appendage closure, 105-114

Left atrial thrombus, 36, 110

Left ventricular assist device (LVAD), 149-158, 160-161

LVAD cannula malposition, 153, 155

LVAD pump thrombosis, 153, 156-157

M

Mechanical circulatory support (MCS), 149-161

MitraClip, 89-102

Mitral regurgitation, 36, 42, 58, 63, 75-76, 82, 89-102, 151, 159, 160

Mitral valve (MV), 2, 5,7, 8, 32, 33, 35-39, 42, 49, 51, 62, 83, 89-98,
100-102, 108, 150-153, 155, 156, 159-161

Mitral valve prolapse, 42, 90, 91

N
Neoatherosclerosis, 143-145
Neointimal proliferation, 143

(0]
Optical coherence tomography, 137-146

P

Paravalvular regurgitation (PAR), 58, 60, 63, 64, 69-71, 75, 81-85

Percutaneous, 23-25, 33-39, 48, 54, 81, 82, 89, 106, 118, 123, 126,
127, 130, 131, 133-135, 149

Percutaneous closure, 17, 48, 49, 51, 53, 55, 81, 118-120

Percutaneous coronary intervention (PCI), 72, 137-146

Percutaneous ventricular assist device, 158—-160

Pericardial drainage, 27

Pericardial effusion, 23-26, 29, 31, 38, 45, 55, 58, 63, 75, 101, 108, 110

Pericardial tamponade, 23, 75

Plaque erosion, 139

Plaque rupture, 139, 143

Prosthetic valve, 5, 68, 71, 75, 81, 82, 84

Pulmonary embolism (PE), 123-135, 153

R
Ramp study, 156-157
Repair, 48, 50, 54, 81, 82, 89, 100, 102, 151

167

M.H. Picard et al. (eds.), Intraprocedural Imaging of Cardiovascular Interventions, DOI 10.1007/978-3-319-29428-5



168

Right heart, 70, 118, 124, 126, 127, 129-131
Right ventricle transthoracic echocardiography, 124, 126

S

Septal occluder, 50, 51, 53-55

Stenosis, 13, 33-36, 39, 42, 43, 58, 64, 90, 92, 101, 118, 140,
150-152, 160

Suction thrombectomy, 131-134

T

TMVR, 89

Transcatheter, 48, 50, 53, 58, 64-72, 74, 76, 77, 81-86, 89—-102, 106,
108-111, 114, 118, 160, 161

Transcatheter aortic valve replacement (TAVR), 13, 14, 57-77,
160-161

Index

Transesophageal, 3, 60, 63, 82-84

Transesophageal echocardiography (TEE), 2-5, 7-11, 13, 14, 17, 29,
36, 37, 39, 42, 48-51, 54, 55, 60, 61, 63-66, 68-70, 76, 77,
83, 89-102, 106-114, 118, 119, 124-132, 135, 150-153,
156, 159-161

Transseptal puncture, 38, 106-109, 111, 113

U

Ultrasound guidance, 23

A%
Valvulotomy, 33-39

Ventricular septal defect (VSD), 5, 63, 65, 75, 76, 117-120, 160



	Preface
	Contents
	Contributors
	1: Transesophageal Echocardiographic-�Guided Cardioversion
	 Introduction
	 Left Atrial Appendage Structure and Function
	 Transesophageal Echocardiography Evaluation of LA/LAA
	 Indications for TEE in AF
	 Performing TEE in AF

	 TEE Abnormalities in AF
	 Adjunctive TEE Techniques
	 Three-Dimensional TEE
	 Echocontrast Agents
	 Doppler
	 Additional Echo Assessment Techniques

	 Summary
	 TEE-Guided Direct Current Cardioversion Cases
	 Case 1: Thrombus (Fig. 1.5a–g)
	 Clinical Pearl

	 Case 2: SEC/Sludge/Thrombus (Fig. 1.6)
	 Clinical Pearl

	 Case 3: NOAC Case (Fig. 1.7)
	 Clinical Pearl

	 Case 4: Artifact (Fig. 1.8)
	 Clinical Pearl

	 Case 5: LAA Exclusion (Fig. 1.9)
	 Clinical Pearl


	References

	2: Echo Guided Pericardiocentesis
	 Historical Perspective
	 Indications for Pericardiocentesis
	 Pericardiocentesis Without Echocardiographic Guidance
	 Echocardiographic Guided Pericardiocentesis
	 Preparations Prior to Pericardiocentesis
	 The Pericardiocentesis Procedure

	References

	3: Percutaneous Mitral Valvulotomy
	 Introduction
	 Role of Echocardiography in Guidance of Percutaneous Mitral Valvotomy
	 Echocardiographic Features of Rheumatic Mitral Stenosis
	 Intraprocedure Guidance During PMV

	 Post PMV Imaging
	 Conclusion
	References

	4: Echocardiographic Guidance of Alcohol Septal Ablation for Hypertrophic Obstructive Cardiomyopathy
	 Introduction
	 Before the Procedure
	 During the Procedure
	 After the Procedure
	 Summary
	References

	5: Catheter-Based Atrial Septal Defect Closure
	 Background
	 Embryology and Pathology
	 Indications for ASD Closure
	 Approaches to ASD Repair
	 Role of Echocardiography
	 Device Selection
	 Intra-procedural Echocardiography
	 Echocardiography Following Percutaneous Closure
	References

	6: Transcatheter Aortic Valve Replacement
	Introduction
	 Background
	 Pre-implantation Echocardiographic Assessment
	 Aortic Valve Complex
	 Aortic Annulus
	 Left Ventricular Outflow Tract
	 Aortic Valve Anatomy and Morphology
	 Aortic Root

	 Intraprocedural Echocardiographic Guidance
	 Balloon-Expandable Transcatheter Heart Valves
	 Self-Expanding Transcatheter Heart Valves

	 Post-Deployment Assessment
	 Assessing Transcatheter Valve Function
	 Paravalvular Regurgitation

	 Complications
	 Aortic Complications
	 Coronary Artery Obstruction
	 Aortic Regurgitation
	 Cardiac Perforation and Tamponade
	 Mitral Regurgitation
	 Malpositioning of the Transcatheter Heart Valve

	 Future Perspectives
	 Minimalist Approach
	 Fusion Imaging

	References

	7: Transcatheter Closure of Paravalvular Regurgitation: Case-Based Learning
	 Introduction and Review
	 Case-Based Approach to Paravalvular Regurgitation Closure
	 Approach
	 Procedural Imaging

	References

	8: Transcatheter Treatment of Mitral Regurgitation
	 MitraClip Echocardiography Screening
	 MitraClip Procedure TEE Guidance
	 Left Atrium and Left Atrial Appendage Sweep
	 Interatrial Septum Puncture
	 Guidewire and Steerable Guide Catheter Positioning
	 MitraClip Positioning: Left Atrium
	 MitraClip Positioning: Mitral Valve Orifice/Left Ventricle
	 MitraClip Leaflet Grasping and Deployment
	 Additional MitraClip Deployment

	 Summary/Conclusions
	References

	9: Catheter-Based Left Atrial Appendage Closure
	 Introduction
	 Baseline TEE Evaluation Prior to LAA Closure
	 Alternative Sources of Thromboembolism
	 LAA Thrombus
	 Anatomic Eligibility

	 Procedural Guidance with TEE: Transseptal Puncture
	 Echocardiographic Guidance: Lariat Procedure and Follow-Up
	 Procedural Guidance for the Lariat
	 Echocardiographic Follow-Up After Lariat LAA Ligation

	 Echocardiographic Guidance: WATCHMAN Procedure and Follow-Up
	 Assessment for Anatomic Eligibility and Selection of Device Size
	 Procedural Guidance

	 Future Directions
	 Conclusions
	References

	10: Percutaneous Ventricular Septal Defect Closure
	 Echocardiography During Percutaneous VSD Closure
	 Follow-Up Echocardiography After Percutaneous VSD Closure
	References

	11: Echocardiographic Guidance for Catheter-Based Removal of Right-­Sided Intracardiac Thrombus
	 Introduction
	 Echocardiography in Diagnosis and Differential Diagnosis of Pulmonary Embolism and Clot-in-Transit
	 Echocardiography in Risk Stratification of Pulmonary Embolism
	 Echocardiography as an Adjunct in Acute Catheter-Based Management of Pulmonary Embolism and Intracardiac Thrombi
	 Echocardiography in Follow-Up of Pulmonary Embolism
	 Conclusion
	References

	12: Optical Coherence Tomography: Role in Percutaneous Coronary Intervention
	 Background
	 OCT of Coronary Atherosclerosis
	 OCT-Guided PCI
	 OCT for the Detection of Post-PCI Complications
	 Neointimal Hyperplasia and Neoatherosclerosis
	 OCT Evaluation of Bioabsorbable Vascular Scaffolds
	 Conclusions
	References

	13: Echocardiography in Mechanical Circulatory Support
	 Introduction
	 Anatomical Considerations Prior to LVAD Implantation
	 Pre-LVAD Implantation Valvular Assessment
	 Physiologic Changes Post-LVAD Implantation
	 Assessment of LVAD Cannulae Function
	 Assessment of Chamber and Valvular Function in LVAD Patients
	 Complications After LVAD Implantation: Hypovolemia
	 Complications After LVAD Implantation: Right Ventricular Failure, Aortic Regurgitation and Tamponade
	 Ramp Study to Assess LVAD Pump Thrombosis
	 ECMO Weaning (“Turndown” Study)
	 Impella Percutaneous Ventricular Assist Device
	 Other Complications: Mobile Thrombus on LVAD Inflow Cannula
	 Transcatheter Aortic Valve Replacement for Severe Aortic Regurgitation in an LVAD Patient
	References

	Index

