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ABSTRACT

In recent years, concerns have been raised about possible harmful effects of long-term right
ventricular (RV) apical pacing. These detrimental effects may be related to changes in left ven-
tricular (LV) mechanics during RV apical pacing. As a consequence, alternative RV pacing sites
have been proposed, and in selected patients an upgrade from RV to biventricular pacing may
be considered. Novel two-dimensional speckle tracking strain imaging allows detailed evalu-
ation of LV mechanics, including LV mechanical dyssynchrony, LV strain and LV torsion. In this
review, the role of speckle tracking strain imaging in the evaluation of LV function in patients
with RV apical pacing will be reviewed. The effects of RV apical pacing on LV mechanical dys-
synchrony, LV strain and LV torsion will be discussed. In addition, the role of speckle tracking
strain imaging in the selection of the optimal (alternative) RV pacing site and in the selection
of patients who may benefit from an upgrade from RV apical pacing to biventricular pacing
will be reviewed.
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INTRODUCTION

Cardiac pacing is the only effective treatment in patients with symptomatic sinus node dysfunction
or atrioventricular block.’? In general, the pacing lead is routinely positioned at the right ventricular
(RV) apex. However, concerns have been raised about possible harmful effects of long-term RV api-
cal pacing.® These detrimental effects may be related to the abnormal activation pattern of the left
ventricle (LV) during RV apical pacing.* This abnormal activation pattern may result in changes in
overall LV mechanics ® and significant delays in electro-mechanical activation among the different LV
segments (ventricular dyssynchrony). ¢
In recent years, tissue Doppler imaging (TDI) has emerged as an important means of evaluat-
ing ventricular mechanics and dyssynchrony. However, the insonation angle largely determines the
ability to assess myocardial velocities and strain using TDI.” Recently, a new echocardiographic tech-
nique has been introduced: two-dimensional (2D) speckle tracking strain imaging allows angle-in-
dependent and multidirectional assessment of LV mechanics and function. ° Using this technique,
various important aspects can be assessed:
e LV mechanical dyssynchrony: calculated by measuring differences in the timing of peak systolic
strain of various LV segments.
e LV strain: representing LV systolic function; may detect more subtle regional changes as com-
pared to conventional measurements of LV systolic function.
e LV torsion: calculated by the differences in rotation of the apical and basal LV segments, as a
result of the helical disposition of the myocardial fibers.
The various aspects of LV mechanics and function, as assessed with 2D speckle tracking strain imag-
ing are shown in Figure 1.

This review will focus on the use of 2D speckle tracking strain imaging in cardiac pacing. The role of
speckle tracking imaging in the assessment of the effects of RV apical pacing on LV function will be
discussed. In addition, the effects of alternative RV pacing sites and upgrade from RV to biventricular
pacing, assessed with 2D speckle tracking strain imaging, will be reviewed.

RIGHT VENTRICULAR APICAL PACING

Several large, randomized clinical trials on pacing mode selection (dual-chamber vs. single chamber
pacing) have demonstrated an association between RV apical pacing and an increased risk for heart
failure and death. In a substudy of the MOde Selection Trial (MOST) trial, a strong association be-
tween RV apical pacing and the risk of heart failure hospitalization and atrial fibrillation was noted.®
This substudy comprised 1339 patients with sinus node dysfunction who were randomized between
single chamber ventricular rate modulated pacing (n=632) and dual chamber rate modulated pacing
(n=707). Importantly, in both pacing mode groups, a higher cumulative percentage of pacing was
associated with an increased risk of heart failure hospitalization (DDDR group hazard ratio 2.60; 95%
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Figure 1. Clinical applications of speckle tracking imaging

Several parameters of the LV mechanics can be evaluated by 2D speckle tracking strain imaging: LV mechanical
dyssynchrony, LV strain and LV torsion. Left ventricular mechanical dyssynchrony (upper left panel) is calculated
by measuring the absolute difference (indicated by ‘t') in the timing of peak systolic radial strain of 6 standard
LV segments. Left ventricular longitudinal strain (upper right panel) is assessed from the 3 standard apical views.
The mean value is calculated by averaging of the peak strain values of 17 standard segments, as indicated in
the bull’s eye plot. Left ventricular torsion (lower panel) is assessed by calculating the differences in rotation of
the apical and basal LV segments. When seen from the apex, the basal rotation is clockwise (represented by the
purple curve) and the apical rotation is counter-clockwise (represented by the green curve). The net difference
between these two rotational movements is LV torsion (indicated by the white curve).

Cl 1.05 - 6.47; p<0.05; VVIR group hazard ratio 2.50; 95% Cl 1.44 - 4.36; p<0.05). From this substudy,
it was concluded that RV apical pacing increases the risk of heart failure, even when atrioventricular
synchrony is preserved using physiologic DDDR pacing.'®

Similarly, the Dual Chamber and VVI Implantable Defibrillator (DAVID) trial demonstrated the
negative effects of RV apical pacing in patients with a standard indication for a defibrillator implan-
tation, but without an indication for anti-bradycardia pacing.' These patients were randomized be-
tween ‘physiologic pacing’ (DDDR mode, lower rate of 70 bpm) or ventricular back-up pacing (VVIR
mode, lower rate of 40 bpm). Interrogation of the defibrillator device revealed a significantly higher
percentage of ventricular paced beats in the DDDR-70 group (57.9 + 35.8% vs. 1.5 + 8.0%, p<0.001).
Importantly, at long-term follow-up, the combined primary end-point of freedom from death and
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absence of hospitalization for new or worsened heart failure, was lower in the VVIR-40 group than in
the DDDR-70 group (relative hazard 1.61; 95% Cl 1.06 — 2.44; p=0.03). A trend towards a worse sur-
vival at 12 months was noted in patients with a high percentage of pacing at 3 months follow-up."

From these trials it has become apparent that a high percentage of ventricular paced beats (even
when atrioventricular synchrony is maintained by dual-chamber pacing) is associated with a worse
prognosis. This has been ascribed to the abnormal activation pattern of the ventricles during RV api-
cal pacing. During RV apical pacing, the electrical impulse spreads through the slower-conducting
myocardium instead of the His-Purkinje system, resulting in a dyssynchronous ventricular contrac-
tion and an impairment of LV performance.’? This may result in significant changes in cardiac metab-
olism™ and perfusion.' In addition, remodeling of the cardiac chambers may occur,' together with
changes in hemodynamics and mechanical function.'s Importantly, it has been demonstrated that
the presence of significant LV dyssynchrony is correlated with a worse outcome in both heart failure
patients'” and in patients with permanent RV apical pacing.® It is therefore of critical importance to
assess LV mechanics and dyssynchrony in patients with RV apical pacing.

Evaluation of LV function during RV apical pacing with 2D speckle tracking
strain

Several dedicated echocardiographic techniques, such as TDI and real-time three-dimensional
echocardiography, are available for the assessment of the effects of RV apical pacing on LV function
and dyssynchrony.®'® The multi-directional evaluation of LV active contraction enabled by novel 2D
speckle tracking strain imaging overcomes the limitations of the TDI techniques, highly dependent
on the insonation angle.” More important, in contrast to myocardial velocity imaging, 2D speckle
tracking strain imaging is not affected by the tethering effects from the contiguous myocardial re-
gions or by translational artifacts, becoming a more robust imaging tool to evaluate time differences
in myocardial contraction.' The various aspects of LV mechanics and function during RV apical pac-
ing, assessed with 2D speckle tracking strain imaging (Figure 1) will be discussed in the following
paragraphs.

Left ventricular mechanical dyssynchrony

The ventricular activation pattern during RV apical pacing is similar to that during left bundle branch
block.* It is characterized by early activation of the segments near the pacing site, and delayed acti-
vation through the myocardium of the remote sites.?’ This discrepancy in electro-mechanical activa-
tion within the LV may result in significant LV dyssynchrony.? Importantly, it has been demonstrated
that the presence of significant LV dyssynchrony during RV apical pacing is associated with a dete-
rioration of functional capacity and LV systolic function.?

Speckle tracking strain imaging enables assessment of the timing of mechanical events within
the LV (Figure 2). By calculating the difference in timings of the various LV segments, LV dyssynchro-
ny can be assessed.?** Different strategies and cut-off values for the definition of LV dyssynchrony
have been proposed using the absolute difference in time-to-peak radial strain of 2 segments,? or
the standard deviation of time-to-peak longitudinal strain of 12 segments.?*
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Figure 2. Assessment of LV mechanical dyssynchrony using 2D speckle tracking radial strain imaging
The panel on the left illustrates a synchronous LV contraction during sinus rhythm. The radial strain-time curves
show similar time-to-peak strain values for all the segments. However, during RV apical pacing (panel on the
right) the LV contraction becomes dyssynchronous: the electromechanical delay or dyssynchrony is indicated by
‘t".The anteroseptal segments (yellow and red curves) are the earliest activated sites, whereas the posterolateral
segments (green and purple curves) are the latest activated sites.

The presence of LV dyssynchrony during RV apical pacing has been demonstrated with 2D speckle
tracking strain imaging in both preclinical®® and clinical?? studies. In a canine model of dyssynchrony
and heart failure, Arita et al used 2D speckle tracking strain imaging to study the effects of RV apical
pacing on LV function.?* After His bundle ablation, RV apical pacing was performed for 4 weeks at
either 110 bpm (no heart failure, n=12) or 170 bpm (heart failure, n=9). Left ventricular dyssynchrony
was assessed by calculating the standard deviation of time-to-peak radial strain of 6 mid-ventricular
segments. A significant increase in LV dyssynchrony was noted from baseline to follow-up in dogs
without heart failure (from 16.6 + 12.0 ms to 53.1 + 32.2 ms, p<0.05). Interestingly, the increase in LV
dyssynchrony was even more pronounced in dogs with heart failure (from 27.3 £ 16.5msto 137.5 +
39.7 ms, p<0.05). Finally, the extent of LV dyssynchrony strongly correlated with LV ejection fraction
(r=-0.657,p<0.001).%

In addition, the development of LV mechanical dyssynchrony has been demonstrated after long-
term RV apical pacing in patients after His bundle ablation for drug-refractory atrial fibrillation.?2 With
the use of 2D speckle tracking strain, the absolute difference in time-to-peak radial strain between
the (antero)septal and the posterolateral wall was calculated. Left ventricular dyssynchrony was de-
fined as a time difference =130 ms. Importantly, after a mean follow-up of 3.8 + 2.0 years, significant
LV dyssynchrony was present in 57% of the patients. These studies demonstrate that 2D speckle
tracking strain may be of great value for detecting LV dyssynchrony during RV apical pacing.

Left ventricular strain
In addition to changes in timing of systolic strain, the absolute strain values may be affected by RV
pacing as well. In an animal model of RV pacing, Prinzen et al using magnetic resonance imaging

to study changes in regional strain between right atrial pacing (normal LV activation) and RV apical
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pacing.?’ During RV apical pacing, a decrease in longitudinal strain was observed in the regions close
to the pacing site (from -0.119 + 0.007 to -0.002 + 0.078), whereas it increased in remote regions
(from -0.086 + 0.045 t0 -0.100 + 0.049).2°

At present, no clinical studies are available that have assessed the effects of RV apical pacing on
global LV longitudinal strain with 2D speckle tracking strain imaging. Using speckle tracking analy-
sis, it has been suggested that radial strain is diminished in the (antero)septal regions and increased
in the posterolateral regions during long-term RV apical pacing.?? More studies are needed to fully
understand the effect of RV apical pacing on LV longitudinal strain as assessed with 2D speckle track-

ing strain imaging.

Left ventricular torsion

Left ventricular torsion results from the multidirectional deformation of the LV muscle and its
measurement summarizes several mechanical aspects. The LV consists of a muscle band that
shows a double-helical structure that shortens in the longitudinal and circumferential directions
and thickens in the radial direction. As a result, the LV apex rotates opposite relative to the LV base,
determining the typical torsional movement of the LV.2¢ Several physiological situations, such as
changes in preload, afterload or contractility, may influence the extent of LV torsion.?” Similarly,
changes in LV torsion during abnormal electrical activation of the LV by RV apical pacing can be
also expected (Figure 3).

LV Torsion during RV apical pacing

Apical rotation

Bazal Rotation

Figure 3. Changes in LV torsion during RV apical pacing

Left ventricular torsion (white curve) is the difference between the apical rotation (purple curve) and the basal
rotation (green curve). The panel on the left shows the rotation-time curves during sinus rhythm. During RV
apical pacing (right panel), a decrease in LV apical and basal rotation is noted and, subsequently, LV torsion
decreases.

Indeed, the effects of RV apical pacing on LV torsion have been studied with the use of 2D speckle
tracking strain imaging. Matsuoka et al. evaluated 30 patients after pacemaker implantation for sick
sinus syndrome.® Significant changes in LV torsion were observed between intrinsic rhythm and RV
apical pacing. After initiation of RV apical pacing, peak basal rotation decreased from -5.3 + 4.6° to
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-3.2 = 3.4° (p=0.003) and peak apical rotation decreased from 12.3 £ 7.0° to 8.4 £ 5.4° (p=0.007). As a
result, LV torsion decreased significantly from 16.5 + 9.2° to 10.3 £ 6.3° (p<0.001).2 Importantly, this
decrease in LV torsion may result in less efficient LV filling and emptying, and contribute to LV systo-
lic and diastolic dysfunction during RV apical pacing.?

ALTERNATIVES FOR RIGHT VENTRICULAR
APICAL PACING

With the increasing evidence that RV apical pacing should be kept to a minimum, alternative loca-
tions for positioning pacemaker leads have been explored (30). Various other pacing sites within
the RV have been studied, and the possibility of ‘upgrading’ from RV to biventricular pacing in
patients with conventional indications for cardiac pacing has been investigated. In the follow-
ing paragraphs, the role of 2D speckle tracking strain imaging in alternative pacing sites will be
reviewed.

Alternative right ventricular pacing sites

Potential sites for RV pacing other than the RV apex, include the RV outflow tract and the interven-
tricular septum, or direct pacing of the His bundle.* The rationale of these pacing sites is the more
physiologic electrical activation of the ventricles, by pacing close to the His-Purkinje system. The
RV outflow tract is the most extensively studied alternate site for RV pacing.3' The RV outflow tract
offers a good alternative for RV apical pacing, due to the stability of the current active fixation leads
and the good long-term pace/sense thresholds. Several studies have demonstrated improvements
in clinical status, hemodynamics and LV function during RV outflow tract pacing, as compared to
RV apical pacing.?*** However, the majority of these studies involve acute, non-randomized studies.
Long-term studies and randomized trials are therefore needed to confirm these results. Nonethe-
less, the RV outflow tract is increasingly being used for positioning the RV pacing lead.*

Similarly, short-term studies have suggested superiority of septal pacing® or direct His bundle
pacing®® over conventional RV apical pacing. However, these results were not confirmed in other
studies.?”3® In addition, technical difficulties and concerns regarding lead positioning/stability and
reliable long-term capture, or the need of a preserved bundle branch conduction system limit the
clinical applicability of these specific pacing sites at present.*°

Because of the variation in the results of the different alternative pacing sites, a consensus on the
optimal position of the RV pacing lead has not been reached yet. Importantly, 2D speckle tracking
strain imaging may provide important additional information for the selection of the optimal pacing
site. Several studies have assessed the effects of the different RV pacing sites on LV mechanics and
function.
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Left ventricular mechanical dyssynchrony

The differences in LV mechanical dyssynchrony for the different RV pacing sites have been studied
using various echocardiographic techniques, including tissue Doppler imaging.3**' From these stud-
ies, it has become apparent that these alternative pacing sites may better preserve the normal acti-
vation pattern, and thus induce less LV mechanical dyssynchrony.

However, data on LV mechanical dyssynchrony for the various pacing sites, as assessed with 2D
speckle tracking strain imaging, is scarce. In 48 patients with normal cardiac structure, Inoue et al.
studied the effects of RV pacing on LV mechanical synchrony.*? In 22 patients, RV outflow tract pac-
ing was applied, whereas in the remaining 26 patients conventional RV apical pacing was performed.
The standard deviation of time-to-peak systolic longitudinal strain of 18 segments was calculated
as a measure of LV dyssynchrony. The extent of LV mechanical dyssynchrony induced by RV apical
pacing was significantly higher compared to RVOT pacing (89 + 37 ms vs. 44 + 18 ms; p< 0.01). In ad-
dition, LV dyssynchrony was strongly correlated with LV ejection fraction (r=0.57, p<0.001).“ These
data demonstrate the value of 2D speckle tracking strain imaging in the assessment of the various
RV pacing sites, and suggest that RV outflow tract pacing may be preferred over RV apical pacing.

Left ventricular strain

The effects of different RV pacing sites on LV function have been studied by evaluating the changes
in LV ejection fraction, cardiac output and other hemodynamic parameters such as the dP/dt ra-
tio.'s3'32 However, the direct evaluation of LV myocardial deformation may be a more accurate ap-
proach to determine the real impact of RV pacing on LV function.

Indeed, several experimental and clinical studies have assessed the effect of different RV pacing
sites LV longitudinal shortening by using sonomicrometry or TDI-derived strain.**# Liakopoulos et
al. compared the effects of different pacing sites on LV longitudinal shortening in a swine-model by
using sonomicrometry.** During RV pacing, LV longitudinal shortening decreased significantly, in
parallel with deterioration in several hemodynamic parameters. Importantly, RV apical pacing re-
sulted in the most pronounced decrease (from 14.5 £+ 1.8% during sinus rhythm t0 9.0 + 2.1%, 9.3 +
1.1% and 9.1 £ 2.0% during RV apical, RV outflow tract and LV pacing respectively; p<0.05 vs. sinus
rhythm).”* Ten Cate et al. evaluated the changes in LV longitudinal shortening during RV apical and
RV outflow tract pacing in 14 patients with normal LV ejection fraction and preserved atrioventricu-
lar and intraventricular conduction.* By using TDI-derived strain imaging, the authors observed a
significant impairment of LV longitudinal strain with both pacing modalities (from 22.1 £ 2.1% in si-
nus rhythm to 17.2 + 2.6% with RV apical pacing and 18 + 1.9% with RV outflow tract pacing; p<0.01
vs. sinus rhythm).*

Two-dimensional speckle tracking strain imaging, validated against sonomicrometry and
tagged-magnetic resonance imaging.2®'®, can provide reliable and accurate information about the
changes in LV longitudinal shortening during RV pacing. However, data based on 2D speckle track-
ing strain imaging comparing the effects of different RV pacing sites on the LV mechanics is unfortu-
nately still lacking.
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Left ventricular torsion
As mentioned previously, LV torsion is the net difference between the apical rotation and the basal
rotation along the longitudinal axis of the LV.%° Data on the effects of different RV pacing sites on LV
torsion are scarce.*4

Two clinical studies have evaluated the changes in LV torsion during RV apical and RV outflow
tract pacing. Inoue et al. studied the effects of long-term RV apical and RV outflow tract pacing on LV
torsion, in addition to LV dyssynchrony.*? In the 26 patients with RV apical pacing, LV torsion was sig-
nificantly decreased as compared with RV outflow tract pacing (11 £4°vs. 17 £ 5°, p<0.01).# In addi-
tion, Yamano et al. evaluated the acute effects of different RV pacing sites on LV torsion in 20 patients
who underwent an electrophysiological study.* The values for LV torsion during both pacing modes
were compared with the values during baseline sinus rhythm. No significant changes in LV apical
rotation were noted (4.9 + 3.1°in sinus rhythm, 5.2 + 2.1° during RV apical pacing, and 5.7 + 3.0° dur-
ing RVOT pacing). In contrast, LV basal rotation was affected in both pacing modes. However, a more
pronounced decrease in LV basal rotation was observed during RV apical pacing, as compared with
RV outflow tract pacing (from 9.9 + 2.1°in sinus rhythm to 5.4 + 2.0° during RV apical pacing, and 7.7
+ 3.0° during RVOT pacing). From this study, it was concluded that RV outflow tract pacing may be
preferred over RV apical pacing, with regard to the effects of pacing on LV torsion.*

Upgrade from RV to biventricular pacing
In addition to alternative pacing sites within the RV, it has been suggested that LV pacing sites, or
combined RV and LV pacing sites (biventricular pacing) may provide a more physiologic activation
pattern of the ventricles.’ Importantly, a number of studies have demonstrated that patients receiv-
ing long-term RV apical pacing may benefit from an‘upgrade’of RV pacing to biventricular pacing.*>
“These studies showed improvements in LV volumes and LV ejection fraction, exercise capacity, and
quality of life after the upgrade to biventricular pacing. In addition, using tissue Doppler imaging,
it has been demonstrated that the upgrade to biventricular pacing may result in an increase in LV
strain and a decrease in LV mechanical dyssynchrony.*>°

With the use of 2D speckle tracking strain imaging, the effect of upgrading from RV apical pacing
to biventricular pacing on LV function and mechanics (LV mechanical dyssynchrony, LV strain and
LV torsion) can be assessed. However, at present, data on 2D speckle tracking strain imaging in this
setting is limited. In 11 patients with long-term permanent RV apical pacing after His bundle abla-
tion, an upgrade to biventricular pacing was performed.? Using 2D speckle tracking strain imaging,
a more synchronous contraction of the different LV segments was noted after the upgrade proce-
dure. Importantly, a concomitant improvement in LV systolic function and NYHA functional class
was noted.?? Unfortunately, no data on LV longitudinal strain and LV torsion after upgrade from RV to
biventricular pacing is available yet.
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CONCLUSIONS

Two-dimensional speckle tracking strain imaging enables detailed evaluation of LV function dur-

ing cardiac pacing. The effects of RV apical pacing on LV mechanical dyssynchrony, LV strain and LV

torsion can be assessed using this novel technique. Speckle tracking imaging may be helpful in the

selection of the optimal RV pacing site, and in the selection of patients who may benefit from an

upgrade of RV apical pacing to biventricular pacing.
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