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Echocardiography plays an evolving and important role in the care of heart failure patients treated with
biventricular pacing, or cardiac resynchronization therapy (CRT). Numerous recent published reports have utilized
echocardiographic techniques to potentially aide in patient selection for CRT prior to implantation and to optimized
device settings afterwards. However, no ideal approach has yet been found. This consensus report evaluates the
contemporary applications of echocardiography for CRT including relative strengths and technical limitations of
several techniques and proposes guidelines regarding current and possible future clinical applications. Principal
methods advised to qualify abnormalities in regional ventricular activation, known as dyssynchrony, include
longitudinal velocities by color-coded tissue Doppler and the difference in left ventricular to right ventricular
ejection using routine pulsed Doppler, or interventricular mechanical delay. Supplemental measures of radial
dynamics which may be of additive value include septal-to-posterior wall delay using M-mode in patients with
non-ischemic disease with technically high quality data, or using speckle tracking radial strain. A simplified
post-CRT screening for atrioventricular optimization using Doppler mitral inflow velocities is also proposed. Since
this is rapidly changing field with new information being added frequently, future modification and refinements in

approach are anticipated to continue.
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large number of clinical reports have utilized echocardiography
before CRT implantation to assess abnormalities of mechanical acti-
vation, known as dyssynchrony, to potentially improve patient selec-
tion or guide lead placement. In addition, echocardiography has been
advocated to optimize the CRT device settings afterward. The pur-
pose of this consensus report is to evaluate the contemporary state-
of-the-art applications of echocardiography for CRT and to propose
guidelines regarding current and potential future clinical applications.
We acknowledge that this is a relatively young and rapidly changing
field with new information being discovered continually. Because no
optimal approach has yet been clearly defined, the strengths and
limitations of the principal current techniques will be discussed along
with practical recommendations.

CLINICAL BENEFITS OF RESYNCHRONIZATION
THERAPY

CRT has had a major favorable impact on the care of patients with
heart failure, left ventricular (LV) systolic dysfunction, and mechani-
cal dyssynchrony, routinely identified by electrocardiography (ECG)
as abnormal electrical activation. CRT, also referred to as biventricular
pacing, has been shown in several randomized clinical trials to
improve heart failure functional class, exercise capacity, and quality of
life, in addition to reducing hospitalizations and prolonging survival'”
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Table 1 Summary of important clinical trials of cardiac resynchronization therapy
MUSTIC PATH-CHF MIRACLE MIRACLE-ICD
Inclusion criteria NYHA I NYHA 1II, NYHA I, IV NYHA I, IV
LVEF < 35% IV QRS = 120 ms LVEF = 35% LVEF = 35%
EDD > 60 mm EDD = 55 mm EDD = 55 mm
6-min walk < 450 m QRS = 130 ms QRS = 130 ms ICD
QRS = 150 ms indication
Sample 58 40 453 369
End points QOL, 6-min walk, Acute hemodynamics QOL, NYHA class, QOL, NYHA class,
peak VO,, HF QOL, 6-min walk, 6-min walk, 6-min walk
hospitalization HF hospitalization composite
Study design Single-blind, Single-blind, Double-blind, Double-blind,
randomized, randomized, randomized, randomized,
crossover crossover parallel- parallel-controlled
controlled

Treatment arms
Major findings

CRT vs no pacing
CRT improved all

CRT vs no pacing
CRT improved acute

CRT vs no pacing
CRT improved all

CRT-D vs ICD
CRT improved QOL

end points, hemodynamics and end points; and NYHA class
reduced chronic end points reduced HF only, and did not
hospitalization hospitalization impair ICD
function
CONTAK COMPANION CARE-HF
Inclusion criteria NYHA II-IV NYHA I, IV NYHA III, IV
LVEF = 35% LVEF = 35% LVEF = 35%
QRS = 120 ms ICD indi- QRS = 120 ms QRS > 150 ms or QRS =
cation 120-150 with  dyssyn-
chrony
Sample 333 1520 819
End points Composite of mortality, Primary: all-cause mortality or All-cause mortality or

HF hospitalization and
VT/VF

hospitalization; secondary: all-
cause mortality

unplanned hospitalization

Double-blind, randomized,
parallel-controlled

CRT-D vs ICD

CRT improved secondary
end points; primary end
points did not improve

Study design

Treatment arms
Major findings

Randomized, parallel-controlled

CRT vs CRT-D vs no pacing

CRT and CRT-D improved primary
end point; CRT-D; reduced
mortality

Randomized, parallel-
controlled

CRT vs no pacing

CRT improved primary end
point and reduced all
cause mortality

CRT, Cardiac resynchronization therapy; CRT-D, cardiac resynchronization therapy-defibrillator; EDD, left ventricular end-diastolic diameter; HF,
heart failure, ICD, implantable cardioverter defibrillator; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; QOL, quality of
life score, VF, ventricular fibrillation; VO,, maximal oxygen consumption; VT, ventricular tachycardia.

(Table 1). Furthermore, CRT is associated with reductions in mitral
regurgitation (MR) and improvements in LV function.>®!2 Currently
approved recommendations for CRT include patients with severe
heart failure: New York Heart Association (NYHA) functional class I1I
or IV, widened QRS greater than or equal to 120 milliseconds, and
LV ejection fraction (EF) less than or equal to 35%."* Despite the great
success of randomized clinical trails, approximately 25% to 35% of
patients undergoing CRT do not respond favorably. Echocardiographic
and Doppler imaging techniques have emerged to play a potential role in
the care of the patient with CRT. Although there are several potential
reasons for nonresponse to CRT, it has been suggested that the ECG
widened QRS is a suboptimal marker for dyssynchrony, and that
echocardiographic quantification of dyssynchrony may potentially play a
role in improving patient selection for CRT.!%!*1¢ The PROSPECT
study (predictors of responders to CRT) was a recent observational
multicenter study from Europe, the United States, and Hong Kong.!”/!8
Although final data from this study are not yet available, the preliminary

findings highlighted the complexity of technical factors that influence
dyssynchrony analyses and the importance of training and expertise of
individual laboratories to achieve reliable results. The PROSPECT study
suggested that there are technical issues related to variability that are not
yet resolved, and that future work is needed to improve reproducibility
of dyssynchrony analysis.

OVERVIEW OF MECHANICAL DYSSYNCHRONY

Electrical activation in the normal heart typically occurs quickly
within 40 milliseconds via conduction through the Purkinje network
and is associated with synchronous regional mechanical contraction.
A variety of myocardial diseases induce alterations in cardiac struc-
ture and function that result in regions of early and late contraction,
known as dyssynchrony.'® Although other authors have used the
term “asynchrony” interchangeably, we will use the term “dyssyn-
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chrony” in this report to describe this phenomenon. Mechanical
dyssynchrony is usually associated with a prolonged QRS duration on
the surface ECG, although it may also exist in a subset of patients with
heart failure and depressed LV function and narrow QRS by
ECG.2%2! This report will focus on patients with wide QRS duration,
because this is the current clinical practice for CRT.

Three types of cardiac dyssynchrony may occur: intraventricular,
interventricular, and atrioventricular (AV). Abnormalities of timing of
regional mechanical LV activation, known as intraventricular dyssyn-
chrony, appear to be the principal factor associated with contractile
impairment and affected by CRT. Accordingly, many echocardiographic
Doppler parameters focus on intraventricular dyssynchrony, and we will
use the term “dyssynchrony” throughout this report when referring to
“intraventricular dyssynchrony,” unless otherwise stated. The classic type
of dyssynchrony resulting from abnormal electrical activation is seen with
left bundle branch block. The typical pattern seen with left bundle
branch block is early activation of the interventricular septum and late
activation of the posterior and lateral LV walls.'® The early septal
contraction occurs before normal ejection when LV pressure is low and
does not contribute to ejection. This process generates heterogeneous
stress and strain in the LV, with one wall exerting forces on the
contralateral wall. Typically early septal contraction causes posterior-
lateral stretching or thinning, followed by late posterior-lateral contrac-
tion causing septal stretching or thinning> Dyssynchrony results in
inefficient LV systolic performance, increases in end-systolic volume and
wall stress, and delayed relaxation that is thought to affect biological
signaling processes involved in regulating perfusion and gene expres-
sion.2®> Improvements in LV synchrony are associated with LV func-
tional improvements and reduction in MR 82428

GENERAL APPROACH TO QUANTIFYING MECHANICAL
DYSSYNCHRONY

Because the vast majority of patients with wide QRS appear to have
mechanical dyssynchrony, an important goal of imaging is to improve
patient selection for CRT by identifying the subset of patients with
wide QRS but no mechanical dyssynchrony. The pathophysiologic
reason for this scenario is unclear, but it appears that patients with
minimal to no dyssynchrony have a lower probability of response to
CRT and appear to have a poor prognosis after CRT.!®> There are
other reasons for not responding to CRT, including ischemic disease
with too much scar to reverse remodel, subsequent infarction after
CRT, suboptimal lead placement, and other factors not yet de-
fined.?#?°33 Accordingly, the absence of dyssynchrony is only one
factor for nonresponse, but one that potentially can be identified
prospectively by echocardiographic Doppler methods.

Results from the PROSPECT study illustrated that technical factors
of individual echocardiographic Doppler methods, such as feasibility
and reproducibility, affect results in a multicenter setting.' ”'® Quan-
tifying mechanical dyssynchrony in a series of patients with heart
failure is complex, and no single ideal method currently exists.
However, a practical approach that considers several factors is cur-
rently recommended to assist in determining that a patient has or
does not have significant dyssynchrony. Ambiguities that may occur
in analysis using different approaches must be adjudicated on a
case-by-case basis. A reasonable starting point is to examine the
routine 2-dimensional (2D) echocardiographic images. Trained ob-
servers can often assess dyssynchrony visually as an early septal
in-and-out motion described as septal flash or bounce in typical left
bundle branch block dyssynchrony. Because the presence or absence
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of dyssynchrony may be subtle in many patients with severe heart
failure, visual assessment should not stand alone and the use of
quantitative echocardiographic Doppler tools is advocated.

M-MODE

The technically simplest approach to quantify LV dyssynchrony is
with conventional M-mode echocardiography that records septal-to-
posterior wall-motion delay (Figure 1, A).

Step 1: Select either the parasternal long-axis or short-axis views.

Step 2: Position the M-mode cursor at the midventricular level
(papillary muscle level).

Step 3: Set sweep speed to 50 to 100 mm/s.

Step 4: Identify the time delay from peak inward septal motion to
peak inward posterior wall.

Pitzalis et al reported a cut-off value of greater than or equal to 130
milliseconds as a marker of LV dyssynchrony in a pilot series of 20
patients principally with nonischemic cardiomyopathy with a sensi-
tivity of 100% and specificity of 63% to predict a greater than or
equal to 15% decrease in LV end- systolic volume index, and
improvements in clinical outcome>*3> Longer delays in septal to
posterior wall-motion delay were associated with greater reverse remod-
eling. Measurement of the septal-to-posterior wall-motion delay by
M-mode may be difficult in many patients because of complex septal
motion that is both active and passive—wall-motion abnormalities involv-
ing the septum or posterior wall. Marcus et al highlighted these limita-
tions in an analysis of M-mode data from 79 patients in the
CONTAK-CD trial>¢ They found the reproducibility of M-mode mea-
surements to be unsatisfactory, with responders (defined as =15%
reduction in LV end-systolic volume) having septal-to-posterior wall-
motion delays similar to nonresponders. The PROSPECT study also
identified a high degree of variability in analysis.'”"'® Therefore, M-mode
is not advocated to be used in isolation to quantify dyssynchrony, but
may be considered as supplemental to other approaches, such as tissue
Doppler (TD). In particular, the utility of M-mode in patients with
ischemic cardiomyopathy has not been well demonstrated.

COLOR TD M-MODE

The addition of color TD M-mode is a useful adjunct to M-mode
determination of LV dyssynchrony (Figure 1, B). Changes in direction
are color coded, which may aid in identifying the transition from
inward to outward motion in the septum and posterior wall. The
same septal-to-posterior wall-motion delay greater than or equal to
130 milliseconds is considered to be significant dyssynchrony, al-
though this method is affected by similar limitations with routine
M-mode as described above.

LONGITUDINAL TD VELOCITY

The largest body of literature to quantify dyssynchrony is represented
by the assessment of longitudinal LV shortening velocities using TD
from the apical windows.'*!'%37* This is the principal method
currently in clinical use, although it has limitations discussed subse-
quently. There are two basic approaches: color-coded or pulsed TD.

COLOR TD DATA ACQUISITION

Color TD data acquisition is simpler and more practical than pulsed
TD and is the preferred method by consensus of this committee if
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Figure 1 Routine M-mode (A) at midventricular level and color-coded tissue Doppler M-mode (B) demonstrating septal to posterior
wall delay of 180 milliseconds, consistent with significant dyssynchrony (=130 milliseconds).

high frame rate color TD echocardiographic equipment is available.
High frame-rate color TD, usually greater than 90 frames/s, is
available in several major equipment vendors with recent hardware
and software. Individual variations in color TD between ultrasound
systems may exist, but these details have not yet been elucidated.

Step 1: Adjust the ECG to be noise free with a delineated QRS
waveform.

Step 2: Optimize 2D imaging to insure maximal apical-to-near
field left atrial imaging, with overall gain and time gain control settings
adjusted for clear myocardial definition.

Step 3: Position the LV cavity in the center of the sector and
aligned as vertically as possible, to allow for the optimal Doppler
angle of incidence with LV longitudinal motion.

Step 4: Set the depth to include the level of the mitral annulus.

Step 5: Activate color TD and adjust the sector to include the
entire LV with a goal of achieving high frame rates (usually >90
frames/s). Decrease depth and sector width to focus on the LV to
increase frame rates, as needed. Adjust overall color gain for clear
delineation of the myocardium. If available, the online color coding of
time to peak velocity data may be activated.
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Figure 2 Determination of left ventricular ejection interval from pulsed Doppler of outflow tract. AVC, Aortic valve closure; AVO,

aortic valve opening.

Step 6: Suspend patient breathing. Because low velocity TD data
are affected by respiratory motion, we recommend that patients be
instructed to hold their breath transiently if they are able, while a 3- to
5-beat digital capture is performed. This is usually at end expiration,
but may be the phase with the optimal image quality. The number of
beats captured should be increased if atrial or ventricular premature
complexes are present.

Step 7: Record 3 standard imaging planes: apical 4-chamber view,
apical 2-chamber view, and apical long-axis view.

Step 8: Determine the LV ejection interval. This is usually done
using pulsed Doppler from an apical 5-chamber or apical long-axis
view where the LV outflow tract is seen and velocity recorded
(Figure 2).

COLOR TD DATA ANALYSIS

A major advantage of color DTl is the ability to analyze time-velocity
data offline. The details for analysis vary by ultrasound vendor, but
the general steps are similar.

Step 1: Determine the timing of LV ejection, usually from the
beginning to the end of pulsed Doppler flow of the LV outflow tract.
The details vary according to ultrasound system used, but timing
usually is performed using the ECG as a time marker. The timing of
beginning ejection to end ejection is then superimposed as the
ejection interval on the subsequent time-velocity curve analysis.

Step 2: Size and place regions of interest (a2 minimum of 5 X 10
mm to 7 X 15 mm) in the basal and midregion of opposing LV walls
(4 regions/view) to determine time-velocity plots.

Step 3: If possible, identify components of velocity curve, as a
check for physiologic signal quality. These include isovolumic con-
traction velocity (usually <60 milliseconds from the onset of the
QRS), the systolic wave, or S wave, moving toward the transducer
and the early diastolic, or E wave, and late diastolic, or A wave,
moving away from the transducer (Figures 3 and 4).

Step 4: Manually adjust the regions of interest within the segment
both longitudinally and side-to-side within the LV wall to identify the
site where the peak velocity during ejection is most reproducible. This
is an important step to search for the most reproducible peak of

greatest height, in particular where there is more than one peak or
signal noise. If fine tuning of the region of interest fails to produce a
single reproducible peak during ejection, the earlier peak is chosen if
there are two or more peaks of the same height.

Step 5: Determine time from onset of the QRS complex to the
peak systolic velocity for each region: 4 segments per view, for each
of 3 views, for a total of 12 segments. An alternative is to determine
the difference in the time to peak S wave from opposing walls, as
described in the opposing wall delay method below. This is simply the
time from the S wave of one wall to the S wave of the opposing wall
on the same cineloops, and does not require measuring the onset
from the QRS.

Step 6: Average the time to peak values in captured beats to
improve reproducibility, because beat-to-beat variability may occur. A
minimum of averaging 3 to 5 beats is recommended, with the
number of averaged beats increased if beat-to-beat variability is
encountered, excluding sequences with atrial or ventricular prema-
ture complexes. Analysis of TD data in atrial fibrillation is especially
complex and problematic, and no data are currently available to
support dyssynchrony analysis in this scenario.

POSTSYSTOLIC SHORTENING VELOCITIES

Some previous studies have included postsystolic shortening (positive
myocardial velocity after aortic valve closure, which may be greater
than the ejection peak) in their dyssynchrony analysis.*” The greatest
sensitivity and specificity for predicting response to CRT appears to
be attained when limiting peak longitudinal velocities for dyssyn-
chrony analysis to the interval from aortic valve opening to aortic
valve closure.>”#> Notabartolo et al*” measured the maximal differ-
ence in the time to peak systolic velocity including postsystolic
shortening from the 6 basal segments. An average cut-off value
greater than 110 milliseconds has a high sensitivity at 97%, but
decreased specificity at 55% to predict LV reverse remodeling.
Although the optimal approach has not yet been completely clarified,
the current weight of evidence favors analysis of peak velocities
during the ejection interval.
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Figure 3 Color-coded tissue Doppler study from 3 standard apical views of patient who responded to resynchronization therapy.
Time-velocity curves from representative basal or midlevels are shown. Maximum opposing wall delay was seen in apical long-axis
view of 140 milliseconds between septum and posterior wall, consistent with significant dyssynchrony (=65 milliseconds).
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Figure 4 Color-coded tissue Doppler study from 3 standard apical views of patient who did not respond to resynchronization
therapy. Time-velocity curves from both basal and midlevels show no significant opposing wall delay less than 65 milliseconds.
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Figure 5 Tissue Doppler study from 3 standard apical views demonstrating color coding of time to peak velocity data from patient
with dyssynchrony who responded to resynchronization therapy. Lateral wall (4-chamber view) and posterior wall (apical long-axis
views) are color-coded yellow-orange, indicating delay in time to peak velocity.

CLINICAL STUDIES USING COLOR TD

The majority of studies have used color-coded TD to assess
LV dyssynchrony and predict outcome, and it is the con-
sensus of this writing group that this is currently the pre-
ferred approach. The simplest TD approach to identify LV dyssyn-
chrony by color-coded TD uses the basal segments of the apical
4-chamber view to measure the septal-to-lateral delay, known as the
two-site method.'> Subsequently, a 4-segment model was applied
that included 4 basal segments (septal, lateral, inferior, and anterior).
An opposing wall delay greater than or equal to 65 milliseconds
allowed prediction of both clinical response to CRT (defined by an
improvement in NYHA class and 6-minute walking distance) and
reverse remodeling (defined as a =15% reduction in LV end-systolic
volume).'® In addition, patients with LV dyssynchrony greater than
or equal to 65 milliseconds had a favorable prognosis after CRT.!>48
An extension of this opposing wall delay method has included data
from the 3 standard apical views: 4-chamber, 2-chamber, and long-
axis. The maximum difference in time-to-peak velocity values among
the 4 sites from each of the 3 apical views is determined as the
maximal opposing wall delay. An important feature of this 3-view
model is that it includes the anterior-septum and posterior walls seen
in the apical long-axis view, which often has dyssynchrony. Yu et al
developed a 12-segment SD model using color TD that also inte-
grates information from the same 3 apical views (4-chamber, 2-cham-
ber, and long-axis).>!'** The mechanical dyssynchrony index, also
known as the Yu index, was derived from calculating the SD of the
time-to-peak systolic velocity in the ejection phase 12-site standard
deviation.> 4349 A 12-site standard deviation cut-off value of greater
than or equal to 33 milliseconds was derived from the healthy
population to signify mechanical dyssynchrony. To predict LV re-
verse remodeling (defined as a =15% reduction in LV end-systolic
volume) in patients with a QRS duration greater than 150 millisec-
onds, this cut-off value has a sensitivity of 100% and specificity of
78%. For patients with a borderline prolongation of QRS duration of
120 to 150 milliseconds, the sensitivity is 83% and specificity is
86%.*° An alternate method is to calculate the maximal difference

in the time to peak systolic velocity among all segments, where a
cut-off value of greater than or equal to 100 milliseconds predicts
response to CRT.2!"*3 The PROSPECT study reported that the
1 2-site time-to-peak SD had a lower yield and higher variability
than more simple approaches, which illustrates its disadvantage as
a more technically demanding approach.'®

An extension of TD is automated color coding of time-to-peak
velocity data. One method is known as tissue synchronization imaging
(TSI) (Figure 5). This technology adds a color-coded overlay onto 2D
images for a visual identification of regional mechanical delay. Timing
should focus on the ejection period and exclude early isovolumic
contraction and late postsystolic shortening. Gorcsan et al used TSI color
coding to guide placement of regions of interest and assess an antero-
septal-to-posterior wall delay greater than or equal to 65 milliseconds
from time-velocity curves to predict acute improvement in stroke vol-
ume after CRT.'? Yu et al also used TSI in 56 patients and found the
Ts-SD derived by TSI from 12 LV segments had a highest receiver
operating characteristic curve area of 0.90. Inclusion of postsystolic
shortening in the model significantly reduced the receiver operating
characteristic curve area to 0.69. Furthermore, all of the TSI parameters
showed a slight, but consistently lower, predictive value than data
derived directly from the time-velocity curves.>® Thus, it is recom-
mended that myocardial time-velocity curves be examined with adjust-
ment of regions of interest as described above to ensure the accuracy of
the true peak velocities when TSI is used.

PULSED TD

Pulsed TD has been described as a means to assess dyssynchrony
and is available on most echocardiography systems (Figure 6).
Briefly, pulsed TD presets must be optimized on the echocardio-
graphic system as recommended by the individual manufacturers.
The general approach is as described above in the step-by-step
color TD data acquisition and analysis sections, with modifications.
The pulsed sample volume is set to approximately 1-cm length,
the velocity scale set to maximize the time-velocity curve, and the
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Figure 6 Pulsed tissue Doppler demonstrating dyssynchrony with delayed time to onset systolic velocity in lateral wall, as
compared with septum in patient with left bundle branch block before resynchronization therapy.

sweep speed set to 50 to 100 mm/s. Unlike offline color TD data
analysis, the step where the sample volume is moved within the
segment to search for a reproducible time-velocity signal must be
done online. This is a major disadvantage of pulsed TD because it
is time-consuming and susceptible to influences of breathing,
patient movement, and alterations in heart rate. In addition, the
timing of the ejection interval must be transferred manually.
Furthermore, the peak velocity may be difficult to identify because
of a broad spectral display with a plateau during systole. Because
of these technical limitations, color-coded TD is the approach
preferred by this writing group. Currently, clinical studies of pulsed
TD to predict response to CRT are less numerous than those using
color TD. Penicka et al used pulsed wave TD to measure the time
of onset of the systolic signal of basal segments from the apical
4-chamber and long-axis views and the lateral right ventricular
(RV) wall.>! Using a composite index of interventricular and
intraventricular dyssynchrony longer than 100 milliseconds, they
achieved 88% accuracy in identifying all but 6 patients who
responded to CRT.

TD LONGITUDINAL STRAIN, STRAIN RATE,
AND DISPLACEMENT

Strain and strain rate imaging have the theoretic advantage of differenti-
ating active myocardial contraction or deformation from passive transla-
tional movement and have been utilized to identify dyssyn-
chrony.#04252 | ongitudinal strain is calculated linearly from TD velocity
data as percent shortening (Figure 7). However, TD longitudinal strain
can be technically challenging because strain is calculated along scan
lines, is Doppler angle dependent, and is difficult in patients with
spherical LV geometry, often encountered in severe heart failure. Com-
paring myocardial velocities and strain rate, Breithardt et al found an
association between regional myocardial motion (expressed by velocity
parameters) and deformation (expressed by strain rate imaging parame-
ters).>> They concluded that the degree of dyssynchrony was not
completely represented by the timing of myocardial velocity, particularly
in ischemic heart disease, and that the timing of deformation should be
the preferred modality. Sogaard et al found that the extent of delayed
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Figure 7 Doppler tissue images demonstrating longitudinal strain in healthy synchronous patient (A) and in patient with left bundle

branch block before (B) resynchronization therapy.

longitudinal contraction at the base predicted improvement in EF after
CRT.*!*2 However, Yu et al demonstrated that parameters of strain rate
imaging are not useful to predict reverse remodeling response.*>44>3
Currently, TD strain rate is restricted by a poor signal-to-noise ratio,
which adversely affects reproducibility. On the other hand, improve-
ments in strain analysis, including software developments such as strain
determined by speckle tracking of routine gray-scale images, are prom-
ising as useful markers of systolic dyssynchrony.>*

Displacement imaging uses TD data to calculate the distance of
myocardial movement, and is typically color coded and overlaid onto
2D images. The signal-to-noise ratio is more favorable than strain or

strain rate imaging, but displacement is also affected by passive
motion, and the Doppler angle of incidence. Improvements in dis-
placement or tissue tracking have been described after CRT, how-
ever, cut-off values for predicting response and clinical outcomes after
CRT have not yet been established.**

RADIAL STRAIN

Because radial thickening is a major vector of LV contraction, and
short-axis dynamics are important markers of dyssynchrony,® it is
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Figure 8 Speckle-tracking images demonstrating synchrony of peak segmental radial strain in healthy individual (A) and severe
dyssynchrony in patient with heart failure and left bundle branch block (LBBB) referred for resynchronization therapy (B).

reasonable to utilize this information in a comprehensive examina-
tion. Strain has an advantage over M-mode of differentiating active
from passive motion and identifying radial mechanical activation.>®
Dohi et al first used TD strain to quantify radial mechanical dyssyn-
chrony in 38 patients who underwent CRT.>” Radial strain was
calculated from TD velocity data from the anteroseptum and poste-
rior wall in the mid LV short-axis view.>® Disadvantages of TD radial
strain included signal noise without adequate image quality and the
effect of the Doppler angle of incidence.

A more recent approach is application of a speckle-tracking pro-
gram that is applied to routine gray-scale echocardiographic images,
which is not limited by Doppler angle of incidence. Suffoletto et al
studied 64 patients undergoing CRT.>* Speckle tracking applied to
routine midventricular short-axis images determines radial strain from
multiple points averaged to 6 standard segments (Figure 8). Baseline
speckle-tracking radial dyssynchrony (defined as a time difference in
peak septal to posterior wall strain = 130 milliseconds) predicted a
significant increase in LV EF, with 89% sensitivity and 83% specific-
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Figure 10 TEE. Transgastric short-axis view before (left) and after (right) the injection of ultrasound contrast (arrows) demonstrating
the site of perfusion of the selected septal perforator. Ultrasound contrast is used not only to define the desired perfusion area of the
target septal perforator but also to exclude perfusion of unwanted areas, such as the papillary muscles, the distal (apical) portion of
the ventricular septum, and the right ventricle. This transgastric short-axis view is particularly useful to delineate the papillary muscles.

LV, Left ventricle.

inflated balloon catheter under continuous TTE or TEE. The echocar-
diographic contrast agent should be diluted with normal saline to op-
timize myocardial opacification and to minimize attenuation. Details
of the dilution vary with the contrast agent used. Agitated radio-
graphic contrast can be used instead of an ultrasound contrast agent
(Figure 9).

The optimal target territory of the basal septum should include the
color Doppler—estimated area of maximal flow acceleration and the
area of systolic anterior motion—septal contact without contrast opa-
cification of any other cardiac structures (Figures 9-11). After myocar-
dial contrast echocardiography confirms that the presumed target
septal perforator perfuses the desired region of the basal septum, al-
cohol can be administered.

If TTE is used, apical 4-chamber and 3-chamber (long-axis) views
should be used. These views may be supplemented with parasternal
long-axis and short-axis views. If TEE is used, the apical 4-chamber
view (at 0°) and the longitudinal view (usually 120°-130°) should
be used. These views may be supplemented by the transgastric
short-axis view to help ensure that no erroneous perfusion of the pap-
illary muscles occurs. The deep transgastric view, which resembles an
apical 4-chamber transthoracic view, is useful for measuring the intra-
cavitary gradient with TEE.

C. Immediate Assessment of Results

Intraprocedural echocardiography is also useful for evaluating the re-
sults of the procedure in the catheterization laboratory.'9319>19¢ The
region of the basal septum, which is infarcted by the infused alcohol, is
typically intensely echo dense. In addition, this region of the septum
should have reduced thickening and contractility.'®® There should
also be resolution or improvement of the degree of systolic anterior
motion of the anterior mitral leaflet and usually reduction in the de-

Figure 11 TEE. Midesophageal 4-chamber view after the injec-
tion of contrast (arrows), demonstrating that the site of perfusion
of the selected septal perforator is too apical and therefore not
related to the point of septal contact of the mitral valve. LA,
Left atrium; LVOT, left ventricular outflow tract.

gree of MR. In addition, there should be elimination or reduction of
the intracavitary gradient. This is readily measured by TTE and can of-
ten be measured by TEE with a deep transgastric view or midesopha-
geal long-axis view.

D. Outcome Data

Several studies have suggested a favorable impact of echocardio-
graphic monitoring during this procedure.'0%19%197 Echocardio-
graphic monitoring of percutaneous transluminal septal myocardial
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ablation has resulted in the reduction of the amount of injected alco-
hol and the number of occluded septal branches.!°? Online echocar-
diography may also reduce the need for repeat interventions with
occlusions of several septal branches, thus avoiding unnecessary en-
largement of the septal scar with all of the associated potential nega-
tive consequences for left ventricular systolic and diastolic function.

Another important advantage of myocardial contrast echocardiog-
raphy during the procedure is that opacification of myocardium dis-
tant from the intended target septal area can prevent erroneous
instillation of alcohol into unwanted territory, such as the papillary
muscle, left ventricular free wall, or right ventricle (Figure 11).

A recent American College of Cardiology and European Society of
Cardiology consensus document on HOCM stated that “myocardial
contrast echocardiography guidance...is important in selecting the
appropriate septal perforator branch.”'%81%? Nevertheless, a random-
ized multicenter study with respect to this issue does not exist.

Echocardiography is recommended in selecting the ap-
propriate septal perforator during alcohol injection during
septal ablation for HOCM. Both TTE and TEE can be used.
They provide an assessment of immediate procedural re-
sults and allow monitoring for complications.

X. INTRACARDIAC ECHOCARDIOGRAPHY AND CARDIAC
ELECTROPHYSIOLOGY

A. Anatomy-Dependent Arrhythmias

Catheter-based ICE has been applied extensively in cardiac electro-
physiology laboratories to guide ablative procedures. To a large de-
gree, this early adoption has occurred because of the critical
dependence of specific cardiac arrhythmias on underlying anatomy.
For example, accessory atrioventricular pathways bridge from atrial
to ventricular tissue across the mitral or tricuspid annulus, requiring
selective energy delivery at a specific anatomic location to successfully
eliminate related supraventricular tachycardias. In addition, clarifica-
tion of the pathophysiology of typical atrial flutter demonstrated
that the cavotricuspid isthmus was a critically important component
of the underlying reentrant circuit.!'%!!! Because of this, the nomen-
clature of this arrhythmia was changed to “isthmus-dependent, coun-
terclockwise atrial flutter.” It follows that the ability to visualize specific
anatomic structures should be of substantial importance in the non-
pharmacologic treatment of these arrhythmias.

B. Phased-Array Imaging

The application of phased-array technology with a transesophageal
probe was shown in early studies to be useful for imaging during
VT ablation''? and the treatment of accessory pathway—mediated
tachycardias.'">"'> The miniaturization of this technology and appli-
cation via intracardiac catheters allowed deeper penetration and stan-
dard 2D visualization and Doppler imaging of both right-sided and
left-sided structures from within the right heart.''® Long-axis imaging
with phased-array technology has been particularly suited for the
electrophysiology laboratory environment. Within the context pro-
vided by forward imaging, intracardiac ultrasound frequently has
been used to guide the insertion of catheters into specific cardiac
chambers, across the cardiac valves into the ventricles, and to guide
transseptal catheterization into left-heart structures, from a single im-
aging viewpoint or with minimal catheter rotation. Intracardiac ultra-
sound has been preferable to transesophageal imaging because it does
not require prolonged esophageal intubation, accompanying patient
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Figure 12 ICE. Phased-array ICE of long-axis view of the left
atrium (LA) from the right atrium (RA). Shown is the catheter-tis-
sue contact of a 20-electrode catheter positioned along the pos-
terior mitral annulus (arrow).

discomfort, or the risk for aspiration. It is also routinely performed
by a single interventionist, without the need for other personnel for
further image acquisition and interpretation.

C. Ultrasound-Guided Anatomic Ablation

Intracardiac ultrasound has been applied to guide the positioning of
ablation catheters near specific cardiac structures for ablation of the
related arrhythmia, as seen in Figure 12. The value of such intracardiac
echocardiographic imaging extends to establishing a clear-cut rela-
tionship between the catheter tip and underlying tissue, a critically im-
portant determinant of ablation success. In many cases, the lesion
produced in the delivery of ablation energy can be visualized in tissue
adjacent to the catheter tip. This observation is of theoretical impor-
tance, because the identification of each individual lesion could facil-
itate the juxtaposition of subsequent energy deliveries, as required in
linear ablation. This utility has also been documented in linear ablation
studies from several centers.2"!"”"1"” However, the visualization of an
evolving lesion is a function of the imaging frequency, the distance of
the ablation site from the transducer, the catheter tip—tissue contact,
the delivered energy, and the thickness of the underlying tissue. There-
fore, the lesions formed by the ablation of ventricular myocardium are
more readily seen than with atrial ablation.'*%"'?? Furthermore, contin-
ued energy delivery in the ablation of atrial tissue to the point of lesion
visualization is not necessary for a successful outcome and may be ex-
cessive. In short, lesion visualization with B-mode imaging is insuffi-
ciently sensitive for establishing an end point for ablation. Other means
of enhancing lesion detection are currently being studied.'*>

Avariety of studies have tested the utility of intracardiac ultrasound
in the setting of atrial tachycardias,'** atrioventricular nodal reentrant
tachycardia,'®° sinus tachycardia,'%° ventricular arrhythmias,'?” atrial
flutter, 10121128129 54 AR 18212224130 Apation of the cavotricuspid
isthmus has been found to be 95% to 98% successful in eliminating
atrial flutter simply through the identification of the anatomic site of
origin of that arrhythmia.!'%!"!! Recent studies'>""'*2 have also shown
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Figure 13 ICE. Phased-array ICE from the right ventricle. Imag-
ing through the interventricular septum (IVS) to display the left
ventricle (LV) and left atrium (LA) demonstrates an emerging
pericardial effusion (arrow) during an ablation procedure. MR
is also shown by color Doppler mapping.

the utility of imaging the left ventricular scar that results from myocar-
dial infarction in ablation of postinfarct VT. Typically, stable VT arises
within the border zone of an infarct. In such cases, intracardiac ultra-
sound can be used to guide ablation and create lesion bridges from
the center of the scar, across the infarct border zone, on to a neighbor-
ing electrically inert cardiac structure such as the mitral annulus. Such
lesions interrupt the VT circuit that passes through the spared tissue
immediately around the infarct, such as the submitral valve isthmus
in the setting of inferior wall infarction.'** Linear ablation along the
border of an infarction, such as is required for ablation of fast, unstable
VT, has also been facilitated by direct imaging.">' Such left ventricular
imaging is best conducted from below the tricuspid valve from
a venue near the right ventricular outflow tract. From this position,
both long-axis and short-axis images of the left ventricle can be
created."'®

D. Ablation of AF

ICE has been used most consistently for the guidance of ablation of
AF. This approach establishes the number and position of pulmonary
veins and determines whether a left pulmonary vein antrum, formed
by the confluence of the left superior and inferior pulmonary veins, is
present. ICE also clarifies the branching patterns of the right pulmo-
nary vein, guides the positioning of interventional catheters, verifies
catheter tip—tissue contact, assesses underlying pulmonary vein phys-
iology, helps in the positioning of balloon-type catheters for ablative
interventions, and monitors for excessive tissue heating as manifested
by the occurrence of microbubbles. Furthermore, ultrasound estab-
lishment of the venoatrial junction has recently been shown in prelim-
inary studies to be more accurate than is possible with contrast
venography.>*!3> Given its position in relationship to the left pulmo-
nary veins, the location of the vein of Marshall, relevant in AF ablation,
can also be identified from imaging of the “Q-tip” ridge, seen between
the LAA and those pulmonary veins.'>®

Not only does the ultrasound beam allow identification of the un-
derlying pulmonary vein and other relevant structures, it also enables
positioning of guidance catheters, such as the circular Lasso catheter,
to a position immediately at the orifice of the pulmonary vein. This is
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particularly critical because these catheters have a tendency to drift
into the vein, providing a false sense of the true orifice of the vessel.'>”
Ablation too far into a vein increases the risk for pulmonary vein ste-
nosis and decreases the efficacy of AF ablation.'*® Several stud-
jes!822130.139,140 have shown the utility of intracardiac ultrasound
to guide ablation at or outside the pulmonary vein orifice, which re-
sults in increased efficacy for AF ablation.

E. Monitoring for Ablation-Related Complications

Microbubble formation has also been widely observed with intracar-
diac ultrasound imaging.2""'*"'*2 This phenomenon may be even
more accurate than catheter-tip temperature monitoring for the as-
sessment of heat generation during the ablation of cardiac tis-
sue.'*2143 Nevertheless, although this finding has been proposed as
an end point to guide ablation, recent studies have demonstrated
that microbubble appearance frequently reflects excess tissue heating
to substantially greater temperatures than reflected by catheter-tip
temperature monitoring.13 %141 This inadvertent tissue overheating,
in turn, may lead to clot, char, or crater formation; intracardiac throm-
bus; or even pulmonary vein stenosis. Therefore, ultrasound visualiza-
tion of microbubbles is most useful for prompting discontinuation of
energy delivery when microbubbles are seen.

Along this same line, intracardiac ultrasound is useful in monitoring
for potential complications of ablative intervention. In addition to the
observation of the untoward results of tissue overheating, several
studies have recently demonstrated the utility of ultrasound for de-
tecting thrombus formation on the interventional catheter, which
could lead to either a stroke or a peripheral thromboembolic
event."**!*> Ongoing surveillance of the pericardium during an inter-
ventional case is useful for the early detection of an effusion
(Figure 13), before its physiological relevance is manifested by tampo-
nade physiology. Imaging from an intracardiac venue also facilitates
the catheter-based treatment of the effusion.

Doppler imaging likewise has contributed in the surveillance pro-
cess. Pulsed-wave Doppler imaging, available with phased-array imag-
ing over the course of an ablation, reveals an increase in flow velocity
with pulmonary vein narrowing. An increment to a level in excess of
1.6 m/s has been found to be predictive of subsequent stenosis.'*® In
contrast, veins with lower flow velocities, =1.0 m/s, are unlikely to
progress to any significant degree.'” It is noteworthy, however, that
these intracardiac Doppler flows are highly dependent on the pres-
ence of AF or catecholamines.'*®

ICE is recommended for radiofrequency ablation for AF. It
is used to guide transseptal catheterization, as well multiple
aspects of the procedure, to monitor for complications, and
to assess pulmonary vein flow before and after ablation.

Xl. FUTURE DIRECTIONS

A. Echocardiography in Complex Mitral Valve Procedures
(Investigational Devices)

Newer investigational percutaneous mitral valve repair systems are
being developed as an alternative to surgical repair for MR, either us-
ing the concepts of the edge-to-edge repair technique developed by
Alfieri et al'**""®! but performed with a percutaneous endovascular
repair system'>>1°® or by the performance of a percutaneous mitral
annuloplasty repair with a device placed in the coronary sinus or at
the level of the mitral annulus. A variety of delivery approaches for
these devices have been proposed. For example, an endovascular
mitral repair system uses a steerable guide catheter to precisely
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manipulate and position a clip that approximates the middle anterior
and posterior leaflet scallops of the mitral valve, thus reducing or elim-
inating MR.!>* This system is currently being investigated in humans
in phase | and I trials. Additional percutaneous mitral repair devices
that use the concept of edge-to-edge repair are also being developed.

The delivery of the percutaneous edge to edge mitral valve repair
system has 5 steps that require echocardiographic guidance: transsep-
tal catheterization, alignment of the clip delivery system perpendicu-
lar to the plane of the mitral valve and centered with reference to the
line of coaptation, alignment of the clip with the open arms perpen-
dicular to the coaptation line of the mitral valve, closing of the arms
and approximation of the tips of the mitral valve, and release of the
implant device. A combination of TEE and supplemental TTE has
been used to guide the procedure.

Other coronary sinus and mitral annular devices are also being
developed to perform percutaneous mitral annuloplasty repair,
thereby reducing MR by enhancing mitral coaptation. TEE or ICE
can be used to guide cannulation of the coronary sinus ostium, place
the device, monitor for procedural complications, and assess the de-
gree of MR and transmitral gradients before and after the procedure.

B. Role of Echocardiography in the Placement of LAA
Occluders (Investigational Devices)

The majority of thromboemboli in AF arise in the LAA.">*'°! That
observation led to the hypothesis that functional obliteration of the
LAA could prevent stroke. For this reason, surgeries for several indi-
cations often include prophylactic intraoperative ligation of the
LAA, 2163 3nd some have recommended LAA ligation in all patients
having cardiac surgery, regardless of the indication.'®*

A percutaneous transcatheter approach for the prevention of car-
dioembolic stroke in patients with AF has been proposed, by the
placement of an implantable prosthetic device that seals that the com-
munication between the LAA and the left atrium. Initial testing in an-
imals®’ and humans'® and, more recently, anatomic and
hemodynamic data 166 have suggested successful occlusion and stroke
prevention. A percutaneous LAA transcatheter occlusion device was
the first device tested in humans; ultimately, the trials of this first de-
vice were halted because of increased morbidity and mortality. TEE
had been used in all published human trials of this device. A newer
device has been described.'®” This nitinol metal device is designed
to be placed in the LAA via a percutaneous transcatheter approach
by a standard transseptal approach with fluoroscopic and TEE guid-
ance. TEE is important in sizing the ostium of the LAA and selecting
an appropriately sized device for implantation.

After device release, TEE is repeated to confirm the proper de-
ployment of the device and to assess for procedural complications.
The device is examined for stability and leakage. Atrial septal exam-
ination is performed to look for an ASD; a small residual defect is
common after the procedure. The pericardium is reevaluated for
effusion.

C. 3D Echocardiography

A new application of echocardiography, 3D imaging, offers the po-
tential to contribute significantly to interventional procedures. For ex-
ample, myocardial biopsy has been performed with 3D imaging as
a guide for bioptome position (as opposed to the standard approach
with fluoroscopy). In one study of 63 routine right ventricular biopsy
procedures in cardiac allograft recipients, 3D imaging was deemed
feasible, and improved localization of the bioptome was observed,
with the potential to improve cardiac biopsy efficacy and safety.'®®
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Figure 14 TEE. Reconstructed 3D image of the left atrial surface
of the mitral valve in a patient with severe MR originating from
nearly the entire mitral coaptation surface (arrow indicating red
flow into the left atrium on color mapping). Anatomic coordi-
nates are indicated for reference.

Mitral valve anatomy may be better studied with 3D imaging than
with 2D imaging (Figure 14), and therefore, 3D imaging can play a sig-
nificant role in the planning of surgical or percutaneous approaches to
mitral valve repair'®®”! (Figure 15). Human studies with intraopera-
tive 3D TEE have shown excellent correlation with surgical findings
(94% [34 of 36 patients]) in the correct identification of scallop or
segment prolapse.'”!

Others have found incremental value from 3D TEE and TTE over
2D echocardiography for the selection of appropriate patients and the
accurate visualization of postprocedural commissural splitting and
leaflet tears in patients undergoing PBMV."7%!73 Similarly, it is ex-
pected that 3D echocardiography will play a role in the planning of
percutaneous mitral repair of MR, such as that shown in Figure 16."7*

The use of percutaneously delivered devices for ASD or PFO re-
pair is increasing. Three-dimensional imaging allows for accurate an-
atomic assessment before the procedure and can localize the closure
device during the procedure in relation to other cardiac structures,
potentially enhancing success and possibly decreasing the complica-
tion rate."” In 40 of 41 patients (98%) undergoing device ASD clo-
sure, 3D images of defects were obtained, and these images more
accurately assessed ASD size (using balloon sizing as the “gold
standard”) than did 2D TEE. Additionally, device position was
more accurately assessed with 3D imaging.!”® Real-time 3D echo-
cardiography has also been used for accurate assessment of the mor-
phology and efficacy of transcatheter devices used for ASD and
PFO closure.'”” In 4 patients who underwent percutaneous closure
of ASDs or PFO (3 ASDs, 1 PFO), real-time 3D echocardiography
provided comprehensive anatomic assessment of ASD and PFO clo-
sure devices.!””

Interventional approaches for the treatment of patients with
HOCM are also increasing.'®' Realtime 3D echocardiography has
also been successfully used to guide the surgical approach to myec-
tomy and mitral valve repair in 10 patients in whom a “surgeon’s
view” by 3D echocardiography allowed refinement of the planned
surgical approach.
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Mitral Valve:
Prosthesis

Figure 15 Three-dimensional TEE. (A) Three-dimensional image of a mitral bioprosthesis (black arrow) and two closure devices
(white arrows) used to close paravalvular MR. (B) Explanatory overlays added. The perspective is from the left atrium. It is often dif-
ficult to identify the exact site of regurgitation and also to guide interventional devices to the correct location when repairing para-
valvular regurgitation using occluder devices. In this case, real time 3D imaging was critical in positioning the closure devices and
defining the location and extent of the paravalvular jet.
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Figure 16 Three-dimensional TEE. Percutaneous edge-to-edge repair of MR using a clip. (A) Percutaneous clip being aligned over
the mitral valve in the left atrium. The large arrow indicates a clip prior to opening, and the smaller arrow indicates a guide catheter tip.
(B) The open “arms” of the prosthesis (arrow) as they are aligned perpendicularly to the line of coaptation prior to grasping of the
leaflets. (C) Imaging from the left ventricle perspective demonstrates a closed clip (arrow) creating a double-orifice mitral valve repair.
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D. Echocardiography in Percutaneous Aortic Valve
Replacement

Recently, percutaneous transcatheter aortic valve replacement has
been described, and initial studies are presently being performed
with two distinct biologic valves mounted on stents, which are
crimped onto a balloon and delivered using a valvuloplasty tech-
nique.'”® '8! These valves can be percutaneously placed via a retro-
grade transaortic approach or via a surgical direct transapical
approach.'®%18% Echocardiography plays a critical role in patient se-
lection, particularly in choosing the appropriate size of the prosthesis
to be implanted. In particular, the aortic annular diameter is important
in determining prosthesis size.'8? Small differences in aortic annular
diameter and geometry have been demonstrated between TTE and
TEE. During the procedure, TEE has been used to help ensure appro-
priate positioning of the prosthesis and to assess for paravalvular re-
gurgitation after the valve has been implanted. Real-time 3D TEE
has also been described during this procedure, but its role and incre-
mental value compared with standard TEE are not fully known at this
time.
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