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ABSTRACT

Background: Cardiac resynchronization therapy (CRT) has emerged as a treatment
option for patients with end-stage heart failure and a QRS duration =120 ms. None-
theless, many patients with a prolonged QRS do not demonstrate left ventricular
(LV) mechanical dyssynchrony and discrepancies between electrical and mechanical
dyssynchrony have been observed. In addition, several studies demonstrated that su-
perior benefits after CRT could be achieved when the LV pacing lead was positioned

at the most delayed myocardial segment.

Methods: A total of 248 heart failure patients scheduled for CRT were included. In all
patients, a 12 lead ECG and 2D echocardiogram were obtained. Patients were divided
into five QRS configuration sub-groups: narrow, left bundle branch block (LBBB), right
bundle branch block (RBBB), intraventricular conduction delay (IVCD) and right ven-
tricular (RV)-pacing. With speckle-tracking radial strain analysis, we evaluated time to
peak radial strain. Next, the segments with the least and with the most mechanical
activation delay were identified and LV dyssynchrony was defined as the time delay
between the two.

Results: Mean QRS duration was 16431 ms. Mean LV dyssynchrony in all patients
was 186+122 ms. Site of latest activation was predominantly located in the lateral
(27%), posterior (26%) and inferior (20%) segments. Furthermore, extent of LV dys-
synchrony was comparable between QRS configuration sub-groups. An unequal
distribution of LV segments with the most mechanical delay was observed in the
LBBB and RV-pacing sub-groups (p<0.001 for both), while in the narrow, RBBB and
IVCD sub-groups, a more heterogeneous distribution was noted. No differences in
distribution pattern or in extent of LV dyssynchrony were observed between ischemic

and non-ischemic heart failure patients.

Conclusions: The lateral, posterior and inferior segments take up 73% of total latest
activated segments in heart failure patients eligible for CRT. Presence of LV dyssyn-
chrony can be observed in all QRS configurations. The site of latest activation may be
outside the lateral or posterior segment, making echocardiographic assessment of LV
dyssynchrony and site of latest activation a valuable technique to optimize patient
outcome after CRT.
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INTRODUCTION

In recent years, cardiac resynchronization therapy (CRT) has emerged as an effective treat-
ment option for patients with drug-refractory heart failure.! Multiple single- and multi-center
studies have demonstrated an improvement in clinical symptoms and left ventricular (LV)
systolic function.®* Moreover, significant reductions in mortality and morbidity have been
noted in heart failure patients after CRT implantation.’* Although results of large clinical
trials support the role of CRT as an important therapeutic option in selected heart failure
patients, around 30% of individual patients do not improve clinically after CRT. In an effort to
optimize patient selection criteria and to improve response to CRT, numerous studies have
used echocardiography for the detection of mechanical dyssynchrony.*¢°

More recently, further improvements in the success of CRT have been related to the
position of the LV pacing lead. Several studies demonstrated that superior benefits of CRT
could be achieved when the LV pacing lead was positioned at the latest activated myocardial
segment, as assessed with echocardiography. In these patients, with so-called concordant LV
lead position, greater reduction in LV volumes could be achieved™™; conversely, in patients
with a discordant LV lead position (LV lead positioned outside the most delayed myocardial
segment) less reduction in LV volumes was observed.

However, LV mechanical activation patterns may vary between patients, depending on
QRS configuration, heart failure etiology and other pathophysiological factors, complicat-
ing LV lead positioning. Consequently, the aim of the current study was 1) to evaluate LV
dyssynchrony, and 2) to identify the site of latest mechanical activation in ischemic and non-
ischemic heart failure patients with different QRS configurations, being potential candidates
for CRT.

METHODS

Patient cohort and study protocol

Two hundred and forty-eight consecutive heart failure patients scheduled to undergo CRT
were included. Patients were in New York Heart Association (NYHA) class Ill or IV, despite
optimal medical therapy. In all patients, a 12-lead ECG was obtained and two-dimensional
(2D) and Doppler echocardiography was performed to measure left ventricular (LV) volumes,
LV ejection fraction (LVEF), LV dyssynchrony and the site of latest mechanical activation in all
patients prior to device-implantation. Based on the 12-lead ECG, patients were divided into 5

different QRS configuration sub-groups:

193



Chapter 11

1)narrow QRS (defined as a QRS duration <120 ms)
2)left bundle branch block (LBBB)

3)right bundle branch block (RBBB)

4)other intraventricular conduction delays (IVCD)
5)right ventricular (RV) pacing

Subsequently, extent of dyssynchrony and the distribution of the site of latest mechanical
activation were evaluated in the 5 different QRS configuration sub-groups. Finally, differences
between patients with ischemic and non-ischemic etiology of heart failure were assessed.

Echocardiographic evaluation

All patients underwent echocardiography in the left lateral decubitus position. Studies were
performed using a commercially available system (VIVID 7, General Electric Vingmed Ultra-
sound, Milwaukee, USA). Images were obtained using a 3.5 MHz transducer, at a depth of 16
cm in the parasternal (long- and short-axis) and apical (2- and 4-chamber) views. Standard
2D and color Doppler data, triggered to the QRS complex, were saved in cineloop format. A
minimum of 3 consecutive beats were recorded from each view and the images were digitally
stored for off-line analysis (EchoPac 108.1.5, General Electric Vingmed Ultrasound, Milwau-
kee, USA). LV end-systolic volume (LVESV), LV end-diastolic volume (LVEDV) and LVEF were
measured from the apical 2- and 4-chamber images, using the modified biplane Simpson’s

rule.”?

2D Speckle-tracking radial strain analysis

To determine LV dyssynchrony and the site of latest mechanical activation within the left
ventricle, 2D speckle-tracking radial strain analysis was performed on the LV short-axis im-
age at the level of the papillary muscles.” ™ From 2D gray-scale images, the software detects
the myocardial speckles, stable natural acoustic markers that result from scattering of the
ultrasound beam. These speckles are tracked frame to frame along the cardiac cycle, allowing
tagging of the myocardial motion and direct calculation of myocardial strain.”* The change in
length compared to the initial length of the speckle pattern of a myocardial segment provides
the dimensionless amount of myocardial deformation. From the short-axis view of the LV,
the change in thickening of the myocardial segments along the cardiac cycle estimates the
amount of radial strain or deformation. Conventionally, myocardial thickening is represented
as positive strain whereas myocardial thinning is presented as negative strain.
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From an end-systolic frame, a region of interest is manually drawn at the endocardial-cavity
boundary of the LV and, subsequently, the software automatically creates a second larger re-
gion of interest at the epicardial level, such that the region of interest spans the LV myocardial
wall. The width of the region of interest can be adjusted manually by the operator, depending
on the thickness of the LV wall. Next, the region of interest is automatically divided into 6
standard segments: septal, anteroseptal, anterior, lateral, posterior, and inferior, respectively,
using the insertion points of the right ventricle into the LV as anatomical landmarks. The
tracking quality of each LV segment is scored by the software which permits manual overrid-
ing in order to assure good quality tracking. Finally, the time-strain curves for all 6 segments
are displayed and time from QRS complex onset to peak radial strain can be measured (Figure
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Figure 1. Two examples of 2D speckle-tracking radial strain curves.
Panel A: A synchronous contraction pattern; no difference in time to peak radial strain exists between the 6 segments.
Panel B: A dyssynchronous contraction pattern; a marked delay in time to peak radial strain of 280ms between the 6 segments is present.
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1A). Consequently, the location of the earliest and latest activated segment as well as the
time difference between them can be determined (Figure 1B). Time of segment activation
was defined as the time between onset of the QRS complex to peak radial strain. From these
regional timings, the extent of dyssynchrony was derived, defined as the absolute difference
in time to peak radial strain between the earliest and the latest activated segment.

Previously reported intra- and inter-observer reproducibility for 2D speckle-tracking radial
train dyssynchrony measurements were —3+23ms (r = 0.98) and 0.3+24ms (r = 0.97), respec-
tively.”

Statistical analysis

Continuous data are presented as mean+SD, and categorical data are presented as frequen-
cies and percentages. Comparison of continuous data between patient groups was performed
using the Student t test or one-way analysis of variance (ANOVA), as appropriate. Fisher’s
exact tests or x* tests were used as appropriate to compare categorical data. All analyses
were performed with SPSS for Windows, version 16.0 (SPSS, Chicago, IL). A p-value <0.05 was
considered statistically significant.

RESULTS

Clinical and echocardiographic characteristics

The study comprised 248 patients (mean age 66+11 years, 191 male) who were scheduled
for CRT implantation. The cause of heart failure was ischemic in 55% of patients and non-
ischemic in 45%. Patients had severely depressed LV function, with a mean LVEF of 23+7%.
In all patients, a 12-lead ECG was obtained and 2D and Doppler echocardiography was per-
formed successfully. Mean QRS complex duration was 164+31ms and the majority of patients
(58%) had LBBB configuration (Table 1). Using 2D speckle-tracking radial strain analysis, time
to peak radial strain was assessed for the 6 segments: septal, anteroseptal, anterior, lateral,
posterior and inferior. Of all 1488 attempted segments, 1369 (95%) provided reliable time-
strain curves. In the total study population, a heterogeneous distribution in mean time to
peak radial strain between segments was observed (p<0.001, Figure 2). Next, the earliest
and latest activated segments could be identified, and subsequently, the extent of LV dys-
synchrony was calculated. Mean LV dyssynchrony in the study population was 186+122 ms.
Finally, when identifying the latest activated segment per individual, an unequal distribution
of latest activated segments was observed. The lateral segment was latest activated in 27%
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of patients, posterior in 26%, inferior in 20%, anteroseptal in 13%, anterior in 8% and finally,

septal in 6% of patients (p<0.001, Figure 3).

Table 1. Patient characteristics (n = 248)

Age (years)

Men /Women

NYHA class (n)

1l
%

Etiology of HF (n)
Ischemic
Non-ischemic

Rhythm (n)

Sinus rhythm
Atrial fibrillation
Paced

QRS duration (ms)

QRS configuration (n)
Narrow
LBBB
RBBB
IVCD
Paced

LVEDV (ml)
LVESV (ml)
LVEF (%)

Medication (n)
Diuretics
ACE-inhibitors
B-blockers
Spironolactone
Digoxine
Ca-antagonists
Nitrates

66+ 11
191/57

215
33

137 (55%)
111 (45%)

207 (83%)
27 (11%)
14 (6%)
164 +31

34(14%)
145 (58%)
14.(6%)
22 (9%)
33(13%)
246 + 86
193+77
23+7

59 (24%)
14 (6%)
77 (31%)

ACE = angiotensin-converting enzyme; HF = heart failure; IVCD = Intraventricular Conduction Delay; LBBB = Left Bundle Branch Block; LVEDV
= left ventricular end-diastolic volume; LVEF = left ventricular ejection fraction; LVESV = left ventricular end-systolic volume; NYHA = New York

Heart Association; RBBB = Right Bundle Branch Block
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Figure 2. Time to peak radial strain for the 6 basal segments in all patients (p<0.001, mean time to peak radial strain between segments).
Antsep = Anteroseptal; Ant = Anterior; Lat = Lateral; Post = Posterior; Inf = Inferior; Sep = Septal.
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Figure 3. Distribution of site of latest mechanical activation in all patients (p<0.001, frequencies of segments).Antsep = Anteroseptal; Ant
= Anterior; Lat = Lateral; Post = Posterior; Inf = Inferior; Sep = Septal.
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Distribution of latest activated site vs. QRS configuration

After patients were divided in the 5 QRS sub-groups, the extent of LV dyssynchrony and
distribution of the site of latest mechanical activation was again determined. No significant
differences in the extent of LV dyssynchrony between the different QRS sub-groups were
observed (Figure 4).

Conversely, distribution of the latest activated segments per QRS configuration showed
a significant heterogeneity in the LBBB and RV-pacing sub-groups (p<0.001 and p = 0.001
respectively), with maximum delay in mechanical activation being predominantly located
in the posterolateral region in both groups (Table 2). In the narrow QRS, RBBB and IVCD sub-
groups, the latest activated segments were more homogeneously distributed (Table 2).

400

300 -

200 -

100 -

LV Dyssynchrony (ms)

Narrow LBBB RBBB IVCD RV-pacing
34 145 14 22 33

QRS configuration (N)

Figure 4. Mean extent of LV dyssynchrony between different QRS sub-groups (p = NS). LBBB = Left Bundle Branch Block; RBBB = Right
Bundle Branch Block; IVCD = Intraventricular Conduction Delay; RV = Right Ventricular.

Table 2. Site of latest activation versus QRS configuration (n = 248)

QRS configuration (n) Antsep (%)  Ant (%) Lat (%) Post (%) Inf (%) Sep (%) p-value
Narrow (33) 15 6 15 29 20 15 0.284
LBBB (145) 1 10 29 27 17 6 <0.001
RBBB (14) 29 14 21 15 21 - 0.910
IVCD (22) 23 - 14 18 4 4 0.092
Paced (33) 6 - 46 27 18 3 0.001

Antsep = Anteroseptal; Ant = Anterior; Lat = Lateral; Post = Posterior; Inf = Inferior; Sep = Septal; LBBB = Left Bundle Branch Block; RBBB =
Right Bundle Branch Block; IVCD = Intraventricular Conduction Delay
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Ischemic vs. non-ischemic etiology of heart failure

In addition to LV dyssynchrony between different QRS configurations, it was also investigated
whether extent of LV dyssynchrony, and distribution pattern of the site of latest activation
were different between patients with ischemic etiology of heart failure and patients with
non-ischemic heart failure. When mean time to peak radial strain for each segment was
compared between ischemic and non-ischemic patients, a heterogeneous distribution of
time to activation between the 6 segments was observed in both sub-groups (Table 3). More
importantly, similar time to peak radial strain per segment was noted in ischemic vs. non-
ischemic patients (Table 3). Of note, the extent of LV dyssynchrony was comparable between
patients with non-ischemic heart failure and ischemic heart failure (201£135 ms vs. 174+109
ms, p = 0.09). Finally, no significant differences were noted between the distributions of
latest activated segments. In both groups, the lateral segment was most frequently the latest

activated segment, followed by the posterior segment (Figure 5).

Table 3. Time to peak radial strain for each segment, ischemic versus non-ischemic etiology (n = 248)

Heart failure etiology (n) Antsep (ms)  Ant(ms) Lat (ms) Post(ms)  Inf(ms) Sep (ms) p-value

Ischemic (137) 352+ 159 395+144  425+131 432+127 41112141 365+ 144  <0.001

Non-ischemic (111) 331171 393+£152  427+130  433+121 387+148  340+162  <0.001
NS NS NS NS NS NS

Antsep = Anteroseptal; Ant = Anterior; Lat = Lateral; Post = Posterior; Inf = Inferior; Sep = Septal
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Figure 5. Distribution of site of latest mechanical activation in patients with ischemic versus non-ischemic heart failure
(p=NS).Antsep = Anteroseptal; Ant = Anterior; Lat = Lateral; Post = Posterior; Inf = Inferior; Sep = Septal.
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DISCUSSION

In this comprehensive study of patients scheduled for CRT implantation, 2D speckle-tracking
strain was used to analyze LV dyssynchrony and to indentify the site of latest mechanical
activation. Time to peak radial strain was heterogeneously distributed, with the longest time
to peak radial strain observed for the lateral and posterior segments.

Furthermore, while total extent of LV dyssynchrony was comparable between different
QRS configurations, distribution of latest activated segments varied significantly. Finally, no
differences in distribution pattern of LV dyssynchrony or in extent of LV dyssynchrony were
observed between ischemic and non-ischemic heart failure patients.

LV dyssynchrony among different QRS configurations

To date, there are only a few studies that investigated the prevalence and extent of LV dyssyn-
chrony in heart failure patients with different QRS configurations and these studies mainly
used tissue Doppler imaging (TDI) for dyssynchrony assessment, whereas the current study
used the more robust speckle-tracking method.’*'® Badano et al investigated 103 heart fail-
ure patients with a normal QRS duration (<100 ms), RBBB and LBBB, using pulsed-wave TDI."6
Time to peak systolic velocities were measured in the basal part of 6 LV segments (inferopos-
terior, lateral, anteroseptal, posterior, anterior and inferior) and LV dyssynchrony was defined
as the time difference between the segment with shortest time to peak systolic velocity and
the longest time to peak systolic velocity. The authors found significant LV dyssynchrony (>41
ms) in all QRS sub-groups, including the normal QRS group. More importantly, although the
mean value of LV dyssynchrony (the extent) was slightly higher in the LBBB group, significant
LV dyssynchrony (>41 ms) was equally observed in the LBBB group, the RBBB group and the
normal QRS group. It was therefore concluded that echocardiographic LV dyssynchrony can
be observed in all groups, regardless of QRS configuration or QRS duration.

Another study on LV mechanical dyssynchrony in comparison to QRS configuration was
performed by Haghjoo et al.”® The authors investigated extent and prevalence of several
dyssynchrony parameters in 200 heart failure patients with LBBB, RBBB with left fascicular
hemiblock (RBBB-LFG) and pure RBBB. Significant LV mechanical dyssynchrony was defined
as a >100 ms time difference in peak systolic velocity between 6 mid and 6 basal segments
using color-coded TDI. Patients with LBBB had a slightly (but significantly) higher mean value
of LV dyssynchrony as compared to patients with RBBB-LFG and patients with pure RBBB
(101 ms vs. 79 ms vs. 76 ms respectively, p<0.001). In the current study, no significant dif-
ference in extent of LV dyssynchrony was observed between patients with RBBB and LBBB.
Possible explanations to this opposing finding can be the different methods used for dys-
synchrony assessment (color-coded TDI vs. speckle-tracking radial strain in the current study)

201



Chapter 11

or the direction of dyssynchrony assessment (longitudinal vs. radial in the current study).
This discrepancy between extent and prevalence of radial and longitudinal dyssynchrony
in CRT candidates has been described previously.” ' Gorcsan et al investigated both radial
and longitudinal dyssynchrony in 190 patients undergoing CRT, and found a discrepancy
between radial and longitudinal dyssynchrony in 54 patients (31%). Nineteen patients had
significant longitudinal dyssynchrony but no significant radial dyssynchrony, and 35 patients
had significant radial dyssynchrony but no significant longitudinal dyssynchrony.

Site of latest activation and LV lead position in CRT

Assessment of LV dyssynchrony and identification of the site of latest (mechanical) activation
should resultin clinical benefit for patients undergoing CRT. Where early studies already dem-
onstrated that pacing the LV free wall resulted in better results (systolic function) after CRT as
compared to pacing the anterior wall,?> more recent studies have related the success of CRT
to the LV lead position in relation to the site of latest mechanical activation.'®?"22The largest
study investigating the interaction between LV lead concordance and outcome after CRT was
performed by Ypenburg etal.' In 257 heart failure patients undergoing CRT, LV dyssynchrony
and the site of latest mechanical activation were assessed using 2D speckle-tracking radial
strain. At 6 months follow-up, a larger decrease in LVESV (from 189+83 ml to 13471 ml,
p<0.001) was observed in patients with the LV lead positioned at the site of latest mechanical
activation (“concordant LV lead”), while in patients with the LV lead placed outside the area
of latest mechanical activation (discordant LV lead”), no significant changes in LVESV were
observed (172+61 ml to 162+63 ml, p = NS). More importantly, long-term follow-up of these
patients revealed that the 2-year mortality rate in patients with a concordance between
the LV lead position and the site of latest mechanical activation was lower as compared to
patients with a discordance between the LV lead position and the site of latest mechanical
activation (15% vs. 21%, p<0.05). These results suggest an important interplay between the
site of latest mechanical activation and the LV lead position and the. A“concordant”LV pacing
lead may result in more extensive LV reverse remodeling and greater long-term survival after
CRT.

In the present study, the site of latest activation was predominantly located in the lateral
and posterior segments. It is this region that is traditionally targeted by the LV pacing lead.
Since this practice will result in a concordance between the site of latest activation and the
location of the LV pacing lead in most cases, it makes targeting a postero-(lateral) vein for
the LV pacing lead an acceptable approach. However, our results demonstrate that even
in patients with LBBB, the latest activated segment may be located outside the lateral or
posterior region. Consequently, evaluation of LV dyssynchrony and assessment of the site of
latest activation before CRT implantation may yield better outcome after CRT.
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Study limitations

Some limitations of this study should be addressed. 2D speckle-tracking has overcome many
obstacles of “conventional” TDI such as angle dependency and the inability to discriminate
between active motion [myocardial contraction] and passive motion [tethering of scar seg-
ments by adjacent segments]. However, this novel technique may be limited by low frame
rate or poor acoustic windows. Finally, as this is a single-center observational study, no defini-
tive conclusion can be drawn on whether pre-implantation assessment of LV dyssynchrony
and site of latest activation, followed by targeted LV pacing lead placement, will improve
outcome after CRT.

Conclusions

The present study provides novel insight in the extent and distribution of LV dyssynchrony
in a variety of heart failure patients being potential candidates for CRT. Total extent of LV
dyssynchrony was comparable between the different evaluated QRS configurations. Further-
more, the current observations demonstrate that the area with maximum delay in mechani-
cal activation is predominantly located in the lateral and posterior segments. This makes the
current practice of targeting a postero-(lateral) vein for LV pacing lead deployment during
CRT implantation an acceptable approach. However, the latest activated segment may be
located outside this region and this can be not easily depicted from the surface ECG before
device implantation. Since superior results after CRT may be achieved by targeting the lat-
est activated segment, evaluation of LV dyssynchrony and identification of the site of latest
mechanical activation by echocardiography may be of great value to increase response rate
in patients undergoing CRT.
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