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Heart Failure after Transcatheter Aortic Valve
Implantation: Application of the Most Impactful

Strain Imaging Techniques
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Massachusetts
VIDEO HIGHLIGHTS

Video 1: Pre-TAVI 2D TTE apical 4-chamber view demon-

strating underlying atrial fibrillation, increased left ventricular

end-diastolic dimension (5.9 cm), moderately reduced LVEF

(38%), mildly reduced right ventricular systolic function, and

severe biatrial enlargement.

Video 2: Pre-TAVI 2D TTE apical 4-chamber view longitudinal

strain analysis with segmental strain values and corresponding

strain curves. The absolute strain values in this view are severely

reduced with an average longitudinal strain of –9.0. The strain

curves demonstrate synchronous deformation with similar TPLS

among all segments.

Video 3: Post-TAVI 2D TTE apical 5-chamber view with color

Doppler demonstrating mild paravalvular leak of the aortic valve
INTRODUCTION

The volume of transcatheter aortic valve implantations (TAVIs) now
exceeds the volume of isolated surgical aortic valve replacements
(SAVRs) in the United States.1 The increase in TAVI volume has
been attributed to several factors including decreasing mortality rates
associated with TAVI and expanding indications for TAVI among
lower-risk patients.1 However, certain procedure-related complication
rates are higher among TAVI compared with SAVR including TAVI-
induced left bundle branch block (T-LBBB) and right ventricular
paced rhythm.2 Reported rates of new-onset T-LBBB vary from
19% to 55%, and rates of new right ventricular paced rhythm require-
ment vary from 2% to 51%.2 Currently, there is a lack of evidence to
guide clinical management of these complications.2 We demonstrate
how current speckle-tracking strain imaging techniques can determine
the etiology of post-TAVI complications and identify patients most
likely to benefit from cardiac resynchronization therapy (CRT).
bioprosthesis with some visualization of moderate-to-severe

mitral regurgitation and mild-to-moderate tricuspid regurgita-

tion.

Video 4: Post-TAVI 2D TTE apical 4-chamber view after

developing a T-LBBB demonstrating septal flash, apical rocking,

underlying atrial fibrillation, top-normal left ventricular end

diastolic dimension (5.7 cm), severely reduced LVEF (25%),

moderately reduced right ventricular systolic function, and se-

vere biatrial enlargement.

Video 5: Post-TAVI 2D TTE apical 4-chamber view longitudi-

nal strain analysis with segmental strain values and corre-

sponding strain curves. The absolute strain values in this view are

very severely reducedwith an average longitudinal strain of –6.7.

The strain curves demonstrate the classic LBBB pattern.
CASE PRESENTATION

A 91-year-old man with severe aortic stenosis, moderate-to-severe
mitral regurgitation, heart failure with reduced ejection fraction, and
atrial fibrillation was undergoing workup for elective TAVI after expe-
riencing mild dyspnea on exertion. While waiting for elective TAVI,
the patient experienced an acute progression of dyspnea and lower
extremity edema. The patient subsequently presented to the emer-
gency room and was admitted for acute heart failure decompensa-
tion. The etiology of the patient’s heart failure decompensation was
believed to be primarily driven by progression of the severe aortic ste-
nosis. During this admission, the patient underwent TAVI complicated
by new-onset T-LBBB. Within 1 month following discharge, the pa-
tient required 2 additional hospitalizations for heart failure.
Video 6: Post-CRT 2D TTE apical 4-chamber view demon-

strating underlying atrial fibrillation with biventricular pacing,

normal left ventricular end-diastolic dimension (5.3 cm),

moderately reduced LVEF (36%), mildly reduced right ventric-

ular systolic function, and severe biatrial enlargement.

Video 7: Post-CRT 2D TTE apical 4-chamber view longitudi-

nal strain analysis with segmental strain values and corre-

sponding strain curves. The absolute strain values in this view are

severely reduced with an average longitudinal strain of –10.3.

The strain curves demonstrate very synchronous deformation

with mostly overlapping strain curves and very similar TPLS

among all segments.

Viewthevideocontentonlineatwww.cvcasejournal.com.
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Figure 1 Pre-TAVI TTE apical 5-chamber continuous-wave (CW) Doppler across the aortic valve demonstrating severe stenosis with a
peak aortic velocity of 4.6 m/sec, peak gradient of 83 mm Hg, and mean gradient of 50 mm Hg.

Table 1 Pre-TAVI, Post-TAVI, and post-CRT 2D TTE and ECG findings

Pre-TAVI Post-TAVI Post-CRT

Aortic valve

Peak velocity, m/sec 4.6 1.2 1.3

Peak gradient, mm Hg 83 6 7

Left ventricular end-diastolic dimension, cm 5.9 5.7 5.3

LVEF, % 38 25 36

GLS, % –9.1 –7.1 –9.6

MD, msec 51 101 36

Mitral regurgitation Severe Moderate-severe Moderate

Effective regurgitant orifice, cm2 0.39 0.33 0.27

Regurgitant volume, mL 59 52 42

Tricuspid regurgitation Mild-moderate Mild-moderate Mild-moderate

Right ventricular systolic pressure, mm Hg 34 36 26

Right ventricular systolic function Mildly reduced Moderately reduced Mildly reduced

Tricuspid annular plane systolic excursion, cm 1.4 1.2 1.5

Biatrial size Severely enlarged Severely enlarged Severely enlarged

QRS duration, msec 106 148 144

CASE: Cardiovascular Imaging Case Reports
Volume 8 Number 1

Burke et al 5
The patient was regularly followed as an outpatient prior to under-
goingTAVI. Thepatient’s cardiacmedications included aspirin, atorvas-
tatin, furosemide, lisinopril, metoprolol, spironolactone, and warfarin.
The patient’s pre-TAVI transthoracic echocardiogram (TTE) demon-
strated severe aortic stenosis (peak velocity, 4.6 m/sec; peak gradient,
83mmHg; Figure 1), mild left ventricular cavity dilation (end-diastolic
dimension, 5.9 cm), moderate global left ventricular systolic dysfunc-
tion with a left ventricular ejection fraction (LVEF) of 38% (Video 1),
severe mitral regurgitation, mild-to-moderate tricuspid regurgitation,
estimated right ventricular systolic pressure of 34 mm Hg, mildly
reduced right ventricular systolic function, and severe biatrial enlarge-
ment (Table 1). The patient’s pre-TAVI electrocardiogram (ECG) was
notable for atrial fibrillation, intermediate QRS duration of 106
msec, and nonspecific ST changes (Figure 2A). The etiology of the pa-
tient’s mitral regurgitation was a result of left ventricular dilation from
multivalvular disease and annular dilation from long-standing atrial
fibrillation. Strain assessment of the pre-TAVI TTE demonstrated a
global longitudinal strain (GLS) of –9.1 and a mechanical dispersion
(MD), calculated as the SD of the time to peak longitudinal strain
(TPLS) values, of 51 msec (Table 1, Video 2, Figure 2B, C, and D).

The patient had undergone a nuclear pyrophosphate scan as part of
the pre-TAVI evaluation that showed no evidence of transthyretin



Figure 2 (A) Pre-TAVI ECG is notable for underlying atrial fibrillation and an intermediate QRS duration of 106 msec. (B) Two-dimen-
sional TTE apical 4-chamber view segmental strain curves. (C)Global longitudinal strain polar map with a GLS of –9.1 consistent with
severely reduced systolic function. (D) Time to peak longitudinal strain polar map with an MD of 51 msec. The strain curves (B), TPLS
polar map (D), and low MD demonstrate synchronous systolic function consistent with an absence of focal myocardial scar from
ischemia.
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cardiac amyloidosis. The patient received a 29 mm self-expanding
valve. There was mild paravalvular leak visualized during the intrapro-
cedural transesophageal echocardiogram and on post-TAVI TTE
(Video 3). The post-TAVI TTE demonstrated normal transvalvular gra-
dients across the aortic valve bioprosthesis (peak velocity, 1.2 m/sec;
peak gradient, 6 mm Hg; Figure 3). The patient denied any chest pain
following the procedure, and subsequent hospitalizations did not
meet conventional criteria for an acute coronary syndrome.

Following discharge from the TAVI hospitalization, the patient was
readmitted 3 days later for heart failure. The patient received intrave-
nous diuretics and was later discharged on a higher dose of oral
diuretic. However, the patient’s heart failure symptoms returned,
and the patient required hospitalization again 4 days later.

After developing a T-LBBB, the ECG was notable for a QRS dura-
tion of 148 msec (Figure 4A), and the TTE demonstrated a decline in
left ventricular systolic function with an LVEF of 25%, GLS of –7.1,
and MD of 101 msec (Table 1, Videos 4 and 5, Figure 4B, C, and
D). The segmental strain curves, GLS polar map, and TPLS polar
map (Figure 4B, C, and D) demonstrate the decline in myocardial
deformation and dyssynchronous activation sequence caused by the
T-LBBB consistent with the markedly elevatedMD. Also, the patient’s
post-TAVI TTE demonstrated a slight decrease in left ventricular cavity
size (end-diastolic dimension, 5.7 cm), right ventricular systolic func-
tion (moderately reduced), and mitral regurgitation (moderate-to-se-
vere) with continued mild-to-moderate tricuspid regurgitation and
estimated right ventricular systolic pressure of 36 mm Hg (Table 1).

Despite intensification of the patient’s cardiac medications, the pa-
tient required a second hospitalization within 1 month post-TAVI for
recurrent heart failure. During this hospitalization, the patient was
evaluated for possible invasive therapies and underwent CRT implan-
tation prior to discharge. Following CRT implantation, the patient’s
ECG demonstrated a QRS duration of 144 msec (Figure 5A), and
the patient’s TTE showed an improvement in systolic function with
an LVEF of 36%, GLS of –9.6, and MD of 36 msec (Videos 6 and
7, Figure 5B, C, and D). The segmental strain curves and TPLS polar
map (Figure 5B and D) demonstrate the homogeneous activation
sequence of the left ventricle post-CRT and the resultant reduction
in MD. The patient’s post-CRT TTE also demonstrated further



Figure 3 Post-TAVI TTE apical 5-chamber continuous-wave Doppler across the aortic valve bioprosthesis demonstrating normal
hemodynamic profile with peak aortic velocity of 1.2 m/sec, peak gradient of 6 mm Hg, and mean gradient of 3 mm Hg.
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decrease in left ventricular cavity size (end-diastolic dimension
5.3 cm), mitral regurgitation (moderate), and estimated right ventric-
ular systolic pressure (26 mmHg) with improved right ventricular sys-
tolic function (mildly reduced) and continued mild-to-moderate
tricuspid regurgitation (Table 1).
DISCUSSION

Patients with left bundle branch block (LBBB) are often considered a
single cohort of patients. However, the underlying pathophysiology
and resultant left ventricular activation sequence among patients
with LBBB varies widely and, as a result, poses challenges when trying
to provide generalized recommendations regarding the evaluation
and treatment of this patient population. Although heterogenous
based upon underlying left ventricular pathology, evidence from
endocardial catheter mapping among patients with LBBB has demon-
strated that the initial site of left ventricular activation generally occurs
at or adjacent to the septum, and the latest site of left ventricular acti-
vation generally occurs at or adjacent to the lateral segments, with
more variability among patients with a history of coronary artery dis-
ease.3 In addition, endocardial catheter mapping data have demon-
strated that patients with a history of coronary artery disease
have the longest left ventricular activation sequence and longest
QRS duration.3

Transcatheter aortic valve implantation–induced LBBB is a rela-
tively common complication of TAVI, occurring in 19% to 55% of pa-
tients.2 The clinical implications of T-LBBBs are unclear as some
studies have demonstrated higher rates of mortality, while others
have shown no increase in rates of hospitalization or mortality.2

Current clinical guidelines in the United States highlight the lack of
available data to support surveillance and management of T-LBBBs
and state ‘‘further investigation in this area is needed.’’2
The discrepancies in reported outcomes among patients with T-
LBBB are likely due to a combination of factors including the hetero-
geneity of baseline clinical characteristics, mechanisms of T-LBBB, and
definitions of T-LBBB. Pre-TAVI clinical characteristics associated with
increased risk of T-LBBB include prolonged QRS duration and prior
coronary artery bypass graft surgery.4 Several mechanisms during
the TAVI procedure can contribute to a T-LBBB, which most
frequently occurs during expansion of the bioprosthesis (especially
during overexpansion) but may occur while passing the guidewire
into the left ventricle and during balloon predilation.4 Valve type,
model, and size as well as procedural techniques also impact the likeli-
hood for T-LBBB.4 When T-LBBB was defined as present on ECG at
discharge or 7 days post-TAVI, these patients had a higher rate of per-
manent pacemaker implantation and lack of LVEF improvement but
no difference in cardiovascular mortality or heart failure hospitaliza-
tion compared with those without T-LBBB at 12-month follow-up.5

However, new-onset T-LBBB resolves among 36.6% to 42.2% of pa-
tients at 1 year.5,6 Patients with a persistent T-LBBB at 1-year follow-
up demonstrated an increase in mortality compared with those with
no LBBB or a temporary LBBB.6

In general, strain imaging patterns should reflect left ventricular
function, which is often reduced among patients with severe symp-
tomatic aortic stenosis.7 Investigators have postulated that certain im-
aging techniques, such as strain imaging, may detect earlier, reversible
stages of diffuse fibrosis of the left ventricle prior to symptom onset
and may assist in optimizing timing of TAVI.7

In addition to GLS, there are regional longitudinal strain patterns
commonly found among patients with aortic stenosis. There is often
a mild gradient of increasing absolute values of longitudinal strain
from base to apex.8 This increasing gradient of absolute longitudinal
strain values from base to apex is often associated with the ‘‘apical
sparing’’ pattern seen in cardiac amyloidosis, but it can be seen in other
disease states involving left ventricular hypertrophy including aortic



Figure 4 (A) Post-TAVI ECG is notable for underlying atrial fibrillation and T-LBBB with a prolonged QRS duration of 148 msec. (B)
Two-dimensional TTE apical 4-chamber view segmental strain curves. (C) Global longitudinal strain polar map with a GLS of –7.1
consistent with very severely reduced systolic function. (D) Time to peak longitudinal strain polar map with a significantly increased
MD of 101 msec. Segmental strain curves (B) demonstrate early peak contraction (arrows) followed by rebound stretch and delayed
second contraction of the septal segments and early stretching (arrowheads) with delayed peak contraction of the lateral segments
consistent with the classic LBBB pattern. Asterisks (D) and arrows (B) indicate early septal activation consistent with septal flash seen
in the classic LBBB pattern.
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stenosis and hypertrophic cardiomyopathy.8 Using a cutoff value of at
least 1.0 for relative apical longitudinal strain, defined as the average
apical longitudinal strain divided by the sum of the average mid longi-
tudinal strain and average basal longitudinal strain, can differentiate
cardiac amyloidosis from other causes of left ventricular hypertrophy.8

The pre-TAVI relative apical longitudinal strain in our patient was 0.94,
consistent with the absence of cardiac amyloidosis.

There are several different imaging methods that have been vali-
dated among patients with LBBB as predictors regarding clinical
response to CRT. This can be demonstrated using a variety of imaging
techniques that confirm the presence of certain interactions among
the septal/anteroseptal walls with the lateral/inferolateral walls as
these are, respectively, the sites of earliest and latest left ventricular
activation in LBBB in the absence of coronary disease.3 The presence
of nonviable myocardium, particularly scar from ischemia, is associ-
ated with a poor response to CRT.9
One method to evaluate for the potential response to CRT
among patients with LBBB includes qualitative visual assessments
of two-dimensional (2D) TTE videos to determine the presence
of septal flash and apical rocking.10 Septal flash refers to the
rapid motion of the septum toward the center of the left ventric-
ular cavity, and apical rocking refers to early motion of the apical
septum transitioning to slower motion of the lateral segments.10

However, subsequent studies have demonstrated considerable
variability regarding assessment of septal flash and apical rocking,
suggesting challenges in the generalizability of these visual charac-
teristics.9

Strain imaging has identified different LBBB patterns of left ventric-
ular activation and their associated responses to CRT. The description
of a ‘‘classic’’ LBBB pattern using strain imaging involves early peak
contraction of the basal septal wall, representing septal flash, occurring
simultaneously with early stretch of the basal lateral wall.11,12 The



Figure 5 (A) Post-CRT ECG is notable for underlying atrial fibrillation and biventricular pacing with a QRS duration of 144 msec. (B)
Two-dimensional TTE apical 4-chamber view segmental strain curves. (C) Global longitudinal strain polar map with a GLS of –9.6
consistent with severely reduced systolic function. (D) Time to peak longitudinal strain polar map with an MD of 36 msec. The strain
curves (B), TPLS polar map (D), and lowMD demonstrate a highly synchronous activation sequence of the left ventricle indicative of a
favorable response to CRT.
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septal wall then demonstrates rebound stretch during lateral wall
contraction. The lateral wall demonstrates delayed peak contraction
occurring after aortic valve closure. The septal wall demonstrates a
second, smaller contraction around the time of or after aortic valve
closure.11,12 This classic LBBB pattern is associated with a favorable
response to CRT.11 Our patient displayed septal flash, apical rocking,
and the classic LBBB pattern post-TAVI (Videos 4 and 5; Figure 4B and
D). Of note, these imaging findings vary slightly from the classic de-
scriptions in this case on account of the patient’s significant cardiac co-
morbidities including permanent atrial fibrillation and resultant loss of
effective atrial contraction, reduced left ventricular systolic function,
and significant multivalvular disease.

In addition to the qualitative appearance of the strain curves,
certain quantitative strain measures provide important prognostic
value. Among patients withmoderate or severe left ventricular systolic
dysfunction, an MD of$75 msec is an independent predictor of ven-
tricular arrhythmias and an MD of <75 msec correlates with lower
ventricular arrhythmias irrespective of LVEF.13 In addition, a signifi-
cant decrease inMD after CRT implantation correlates with improved
clinical outcomes.14

Similar techniques associated with a positive clinical response to
CRT using cardiac magnetic resonance imaging include demon-
strating the presence of septal viability, increased lateral wall work,
and decreased septal wall work.9 These imaging findings are analo-
gous to the early systolic stretch followed by an uninterrupted and
dominant contraction of the lateral wall in concert with the less domi-
nant and interrupted contraction of the septal wall demonstrated in
the classic LBBB pattern on strain imaging.11,12

Six weeks after TAVI, the patient underwent CRT implantation and
did not require hospitalization for over 1 year thereafter. Despite a
modest improvement in LVEF and decrease in QRS duration post-
CRT, evaluation using strain imaging—specifically, in this case, the
appearance of the strain curves, appearance of the TPLS polar
maps, and the MD values—most accurately characterized the etiology
of the patient’s clinical decline post-TAVI and significant improvement
in clinical status post-CRT. The patient’s comorbidities, particularly the
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long-standing history of permanent atrial fibrillation, likely contributed
to the somewhat atypical appearance of systolic function post-CRT.
The patient’s systolic function post-CRT lacks an effective atrial load
of the left ventricle, resulting in a somewhat abrupt appearance at
the onset of systole with a subsequent highly synchronous activation
of the left ventricle (Videos 6 and 7).

Certain strain measures may be more clinically relevant depending
on a patient’s comorbidities, the cardiac pathology of interest, and the
available strain vendor used in clinical practice. In our experience,
different strain and other imaging assessments may provide more
valuable clinical insight on a case-by-case basis. In general, we have
found that incorporating changes in strain and other imaging assess-
ments over time often indicates which findings are most germane to
a particular clinical question or concern. Consistent with the recom-
mendations from the European Association of Cardiovascular
Imaging, American Society of Echocardiography, and industry ven-
dors task force, we recommend emphasizing the appearance of
segmental strain curves over segmental strain values given the high in-
tervendor variability.15

CONCLUSION

Transcatheter aortic valve implantation is a safe and effective therapy
in the treatment of severe aortic stenosis, but it comes with unique
complications including higher rates of LBBB. Utilization of strain im-
aging can improve clinical management of patients with T-LBBBs
particularly in terms of providing more insight into which patients
would derive the most benefit from CRT implantation. Comparison
of strain assessments, particularly the appearance of segmental strain
curves, before and after TAVI can better clarify the underlying patho-
physiology among patients with a change in clinical status compared
with routine imaging assessments, guide subsequent clinical decision-
making for providers, and improve clinical outcomes for patients.
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