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Fig 1. Bi-ventricular pacemakers, (a) generator, (b) right ventricular lead, (c)
right atrial lead, (d) left atrial lead 2

Fig 2. A Vivid 7 cardiac ultrasound machine 3

Fig 3. Tissue velocity indicates the speed at which a particular point in the
myocardium moves toward or away from the transducer on the chest wall 5
Fig 4. A representative tissue velocity tracing contains isovolumic contraction
(IVC), peak systolic velocity (Sm), isovolumic relaxation (IVR), early diastolic
velocity (Em) and late diastolic velocity (Am) 5

Fig 5. Integration of tissue velocity over time results in displacement or the
absolute distance moved by that point 6

Fig 6. Tissue Doppler—derived velocity can be acquired via 2-dimensional color



Doppler (left) or pulsed Doppler(right) 6

Fig 7. Radial velocity in the parasternal projections 7

Fig 8. This differential motion between base and apex results in a velocity
gradient along the myocardial wall, with low or zero velocity at the apex and
the highest velocities at the base 7

Fig 9. By TDI, strain rate is the difference in velocity (velocity gradient)
between 2 points along the myocardial wall normalized to the distance
between the 2 points 8

Fig 10. Because the endocardium moves faster than epicardium, the similar
velocity gradient between the endocardium and the epicardium is used to
derive radial strain rate 9

Fig 11. The interaction of ultrasound with the myocardium produces unique
acoustic patterns, or “speckles.” These speckles can be tracked over time and
speckle displacement used to derive tissue velocity and strain 10

Fig 12. The Left ventricular outflow tract (LVOT) time-velocity integral (TVI)
11

Fig 13. Total transmitral inflow TVI (left) and the mitral late diastolic inflow
velocity A-wave TVI (right) 11

Fig 14. The diastolic filling period was defined from the onset of transmitral
inflow to the subsequent R-wave in this study and was expressed as a percent
of the entire cardiac cycle 12

Fig 15. A representative intra-cardiac electrocardiogram. AS= atrial sensing,
VP= ventricular pacing, AP= atrial pacing 12

Fig 16. The atrial strain rate tracing comprises 3 waves. The systolic wave
coincides with ventricular systole, the early diastolic wave coincides with
passive atrial filling, and the late diastolic wave is produced by active atrial
contraction. 15

Fig 17. In normal synchronous hearts, systolic tissue velocities of segments
peak almost simultaneously 16

Fig 18. In dyssynchronous hearts, the lateral and/or posterior segments
usually peak considerably later than the septum 16

Tab 1. Conventional Echocardigraphic Characteristics in CRT 17
Tab 2. Atrial Mechanics: Regional Active Atrial Strain 18

Tab 3. Intra-Atrial and Interatrial Mechanics 19

Tab 4. Atrio-ventricular and Intraventricular Mechanics 19
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Objects: The purpose of this study was to evaluate atrial and ventricular
function and synchrony in patients undergoing cardiac resynchronization
therapy.

Background: Right atrial pacing in cardiac resynchronization therapy induces
dyssynchrony in electrical and mechanical activation of the left atrium. The
impact of atrial sensing versus atrial pacing on left ventricular performance in
cardiac resynchronization therapy and the underlying mechanisms leading to
differences between these two pacing modes in cardiac resynchronization
therapy have not been fully elucidated.

Methods: Fifty-five patients with heart failure undergoing cardiac
resynchronization therapy for 9+ 12.5 months and 22 control subjects with dual
pacemaker for conduction disorders were enrolled. Conventional and tissue
Doppler echocardiography was performed to examine atrial and ventricular
mechanics and hemodynamic status.

Results: Left ventricular (LV) outflow tract time-velocity integral (22+ 7 cm vs.
20 7 cm, p= 0.001), diastolic filling period (468t 124 ms vs. 380+ 93 ms, p=
0.001), and global strain (-32+ 24% vs. -27+ 22%, p= 0.001) were greater in
atrial sensing compared with atrial pacing mode. Atrial strain was higher in
atrial sensing compared with atrial pacing mode in the right atrium (-28.2+
8.6% vs. -22.6x 7.6%, p= 0.0007), interatrial septum (-17.1+ 6.5% vs. -13.2+
5.4%, p= 0.002), and left atrium (-16.4+ 11.0% vs. -13.6% 8.5%, p= 0.02).
There was no difference in intra-ventricular dyssynchrony but significantly
lower atrial dyssynchrony in atrial sensing compared with atrial pacing mode
(31 19 msvs. 42 + 24 ms, p= 0.0002).

Conclusion: Atrial sensing is associated with preserved atrial contractility and
synchrony, with the results of optimal LV diastolic filling, stroke volume, and LV
systolic mechanics consequently. This pacing mode maximizes LV
performance and the hemodynamic benefit of cardiac resynchronization
therapy in patients with heart failure.
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% - & =7 %% Background

Cardiomyopathy refers to “diseases of the myocardium associated with
cardiac systolic and diastolic dysfunction” by definition. [1] The etiology is
diverse and is classified by underlying mechanism as dilated cardiomyopathy,
hypertrophic cardiomyopathy, restrictive cardiomyopathy, arrhythmogenic right
ventricular cardiomyopathy and infiltrative cardiomyopathy.

Echocardiography is an easy tool to evaluate cardiac function in the
clinical setting. Tracking of the endocardial border by visual or semiautomated
methods provides estimates of cardiac volume, which are used to derive
ejection fraction. Ejection fraction is calculated as difference between end
diastolic volume and end systolic volume divided by end diastolic volume and
is a quantitative indicator of ventricular function in the clinical setting. However,
ejection fraction is influenced by preload, afterload and heart rate and unable
to provide information on the underlying myocardial mechanical activity. In
addition, ejection fraction reflects the sum contribution of the whole heart and
does not provide information on regional function.

The heart is a complex mechanical organ which undergoes cyclic
changes in multiple dimensions (longitudinal, radial and circumferential
directions) to result in chamber volume change with the consequent effect of
ejection of blood. Regional function (regional wall motion) assessed visually by
echocardiography is subjective and semi-quantitative with high
inter-observer’s variability.[2] Mirsky and Parmley[3] used strain (deformation)
to study the elastic properties of the myocardium in 1973. In experimental
studies, quantification of regional myocardial mechanical activity (deformation)
was assessed by use of markers attached directly to the myocardium, an
invasive technique not practicable clinically.[4] Although tagged cardiac
magnetic resonance imaging introduced the opportunity to track myocardial
mechanics noninvasively in human studies, it is time-consuming and
expensive.[5, 6] Conventional Doppler imaging by ultrasound allows
measurement of high-velocity and low-intensity signal from blood flow in the
chamber or lumen. Adjustment of the filter settings on pulsed Doppler to image
low-velocity and high-intensity myocardial signal provides assessment of
myocardial motion and deformation non-invasively by ultrasound. This
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technique is commonly referred to as tissue Doppler imaging (TDI) or Doppler
myocardial imaging.[7]

Cardiac resynchronization therapy (CRT) using bi-ventricular pacemakers
(Fig 1) alleviates symptoms, improves functional capacity, induces reverse
remodeling, and extends survival in patients with heart failure with conduction
abnormalities on electrocardiogram (usually complete left bundle branch
block), low ejection fractions, and advanced symptoms despite optimal
medical therapy. [8, 9] Both ventricles are paced at a certain atrio-ventricular
(AV) interval after atrial electric activity, either atrial sensing (AS) or atrial
pacing (AP) in CRT. The prior hemodynamic studies in patients with
conduction abnormalities, with and without CRT, have demonstrated that
there is a finite range of AV delays during which cardiac output and left
ventricular (LV) performance is optimal.[10, 11] Although differences in AV
and inter-ventricular (VV) activation can be adjusted through device
programming in CRT, only a right atrial pacing lead without a left atrial lead is
inserted; thus, inter-atrial mechanical delays are not adjustable. Delays in
electrical and mechanical activation of the left atrium induced by right atrial
(RA) pacing in CRT have been demonstrated,[12-16]; however, the influence
of AS versus AP on ventricular performance in CRT remains unclear.
Furthermore, the underlying mechanisms of the differences between AS and
AP in CRT have not been fully elucidated. Right ventricular pacing induces
LV dyssynchrony and dysfunction, but it is plausible that a similar mechanism
exists in the atria.[17]

Fig 1. Bi-ventricular pacemakers, (a) generator, (b) right ventricular lead, (c)
right atrial lead, (d) left atrial lead




52 & B e o AM

To better clarify the influence of AS versus AP in CRT, we prospectively
examined atrial and ventricular mechanics and hemodynamic status, and AV
coupling, using standard Doppler indexes and tissue Doppler imaging in heart
failure patients undergoing CRT after the optimization of AV and VV delays.
We hypothesized that AS allows superior LV hemodynamic status and
performance by at least affecting atrial mechanics.

% - % &7 > Methods
¥ & g
Echocardiography

A Vivid 7 cardiac ultrasound machine (GE Healthcare, Milwaukee,
Wisconsin) (Fig 2) with a 3.5-MHz transthoracic transducer was used.
Echocardiographic examinations were performed with patients in the left
lateral decubitus position. Frequency, depth and frame rate were adjusted to
obtain adequate imaging quality. An apical 4-chamber view with tissue Doppler
imaging and mitral pulsed-wave Doppler examination using a sample volume
at the mitral leaflet tip were acquired. Pulsed Doppler of the LV outflow tract
(LVOT) was acquired from an apical 5-chamber view. All off line analyzed was
performed by EchoPAC BTO7.

Fig 2. A Vivid 7 cardiac ultrasound machine



Tissue Doppler Imaging

The TDI method depicts myocardial motion (tissue velocity) at specific
locations in the heart. Tissue velocity indicates the speed at which a particular
point in the myocardium moves toward or away from the transducer on the
chest wall (Fig 3). A representative tissue velocity tracing contains isovolumic
contraction (IVC), peak systolic velocity (Sm), isovolumic relaxation (IVR),
early diastolic velocity (Em) and late diastolic velocity (Am) (Fig 4). Integration
of tissue velocity over time results in displacement or the absolute distance
moved by that point (Fig 5). Because it is Doppler-based technique, the angle
between the echo beam and direction of myocardial motion should be as small
as possible. Tissue Doppler—derived velocity can be acquired via pulsed
Doppler or 2-dimensional color Doppler (Fig 6).[7] Pulsed Doppler obtains
tissue velocity by placing a sample volume at a particular location. Color
Doppler obtains tissue velocity information from the entire sector, and multiple
individual sites within the sector can be interrogated off-line simultaneously.
Although both methods yield the same mechanical information, there is
difference in the peak values. Pulsed Doppler measures peak velocity,
whereas color Doppler measures mean velocity. Thus, tissue velocity
measured by pulsed Doppler is 20% to 30% higher than one by color Doppler.
This difference should be considered when one estimates left ventricular filling
pressure using the E/e’ ratio.[18] Frame rates are higher with pulsed Doppler,
and lowest with color Doppler TDI. Tissue Doppler has been validated
extensively and examined in a variety of cardiac pathologies.[19, 20]
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Tissue velocity in radial, circumferential and longitudinal directions can be
analyzed by tissue Doppler imaging. Initial work reported tissue velocity from
the septal or posterior wall in the parasternal projections (radial velocity) (Fig
7), and recent work almost exclusively interrogates tissue velocities in the
longitudinal direction (apical projections). In the longitudinal direction, the base
moves toward the apex in systole and away from the apex in diastole, whereas
the apex is generally immobile.[21] This differential motion between base and
apex results in a velocity gradient along the myocardial wall, with low or zero
velocity at the apex and the highest velocities at the base (Fig 8). Because TDI
indicates motion at a single point in the myocardium with reference point
outside the chest (the transducer), it is influenced by translational motion of the
whole heart and tethering by adjacent segments (normal apical segments pull
an abnormal basal segment toward the apex). Moreover, single point
interrogation (depicting tissue displacement) does not fully capture true
myocardial mechanics.

Fig 3. Tissue velocity indicates the speed at which a particular point in the
myocardium moves toward or away from the transducer on the chest wall

|:| Probe
Chest wall

0 Heart

Fig 4. A representative tissue velocity tracing contains isovolumic contraction
(IVC), peak systolic velocity (Sm), isovolumic relaxation (IVR), early diastolic
velocity (Em) and late diastolic velocity (Am)
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Fig 5. Integration of tissue velocity over time results in displacement or the
absolute distance moved by that point

Fig 6. Tissue Doppler—derived velocity can be acquired via 2-dimensional color
Doppler (left) or pulsed Doppler(right)



Fig 8. This differential motion between base and apex results in a velocity
gradient along the myocardial wall, with low or zero velocity at the apex and
the highest velocities at the base

Strain Rate and Strain




Strain is a measure of tissue deformation and is defined as the change in
length normalized to the original length. The speed at which this change
occurs is called strain rate. Strain rate and strain are similar to shortening
velocity and shortening fraction, respectively. Mirsky and Parmley[2] used
strain (deformation) to study the elastic properties of the myocardium in 1973.
By TDI, strain rate is the difference in velocity (velocity gradient) between 2
points along the myocardial wall normalized to the distance between the 2
points (Fig 9).[22] Because the endocardium moves faster than epicardium,
the similar velocity gradient between the endocardium and the epicardium is
used to derive radial strain rate (Fig 10).[23] This radial strain rate depicts the
speed of change in myocardial wall thickness during systole and diastole. Thus,
strain rate measures the rate at which the 2 points of interest in the
myocardium move toward or away from each other. Integration of strain rate
yields strain, the normalized change in length between these 2 points. In other
words, tissue velocity is obtained by interrogating a single point in the
myocardium with the reference point being the transducer on the chest wall.
For strain rate, 2 points are interrogated in the myocardium. In the longitudinal
and circumferential directions, the points move closer to each other in systole
and away from each other in diastole. In the radial direction, the points move
away from each other in systole and closer to each other in diastole.

Theoretically, strain rate and strain are less susceptible to translational
motion and tethering artifacts and thus may be superior to tissue velocity in
depicting regional or global myocardial function.[24] Tissue Doppler—derived
strain variables have been validated with gel phantoms,[25] isolated muscle
preparations,[26] sonomicrometric crystals in whole hearts,[27] and tagged
cardiac magnetic resonance imaging.[28] In general, peak systolic strain rate
is the parameter that comes closest to measuring local contractile function in
clinical cardiology. It is relatively volume independent and is less pressure
independent than strain. In contrast, peak systolic strain is volume dependent
and does not reflect contractile function as well.

Fig 9. By TDI, strain rate is the difference in velocity (velocity gradient)
between 2 points along the myocardial wall normalized to the distance
between the 2 points



Fig 10. Because the endocardium moves faster than epicardium, the similar
velocity gradient between the endocardium and the epicardium is used to
derive radial strain rate

Tissue Doppler-derived strain echocardiography can assess regional
systolic and diastolic patterns[29] and track changes in early diastolic events
related to regional ischemia.[30-33] However, this technique is limited by
variability related to signal noise and influenced by the angle of insonation.[29]
The interaction of ultrasound with the myocardium produces unique acoustic
patterns, or “speckles.” These speckles can be tracked over time and speckle
displacement used to derive tissue velocity and strain (Fig 11).[34] This
speckle tracking method is relatively angle independent, because it is not
based on the Doppler principle.[35] Speckle tracking imaging can use
preexisting B-mode (2-dimensional)images; however, it is performed at much
lower frame rates (40 to 90 frames per second) and may not be as accurate in
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timing mechanical events as Doppler-based imaging (100 to 250 frames per
second). These 2-dimensional strain echocardiographic (2-DSE) methods
offer a more reproducible and less time-consuming measurement of regional
and global strain in several cardiac conditions.[36]

Fig 11. The interaction of ultrasound with the myocardium produces unique
acoustic patterns, or “speckles.” These speckles can be tracked over time and
speckle displacement used to derive tissue velocity and strain

E Y 2 e

This study was approved by the institutional review board and all
participants provided informed consent for this study. Seventy-two consecutive
patients who had undergone the implantation of a CRT device and been
referred for echocardiography-based optimization were enrolled. None of them
was hospitalized within 3 months before this study. Patients with permanent
atrial fibrillation or poor image quality (n= 17) were excluded, and analysis was
performed on 55 subjects. We also enrolled 21 patients with dual-chamber
pacemakers for conduction disorders but without heart failure as a control

group.

Optimization protocol

All subjects underwent Doppler-based optimization of the AV delay and
VV delay. The Left ventricular outflow tract (LVOT) time-velocity integral (TVI)
(Fig 12) was used as the primary end point for optimization. Because the
normal range of PR is within 200 ms, we started AV optimization from intrinsic
ventricular capture on the intra-cardiac tracing using a device programmer. For
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sensed AV optimization (AS mode), the AV delay was initially programmed to
250 ms and reduced by 30 ms until truncation of mitral Doppler inflow A-wave
noted. At each stage, total transmitral inflow TVI (Fig 13), the mitral late
diastolic inflow velocity A-wave TVI (Fig 13) and LVOT TVI were measured.
The optimal AV delay was defined as that which yielded completely paced
beats without evidence of ventricular fusion and the maximal LVOT TVI. For
paced AV optimization (AP mode), the AP rate was set 10 beats/min higher
than the intrinsic atrial rate, and the AV delay was initially programmed to 300
ms. The optimization process was repeated as described earlier (AS mode).
After the pacemaker settings were then adjusted to the optimal AS and AP
intervals, we then performed VV optimization at the optimal sensed and paced
AV intervals. The imaging sequence and measurements were repeated with
the following VV settings: simultaneous (offset 0 ms), right ventricle
pre-activated by 30 and 60 ms, and left ventricle global systolic function. The
diastolic filling period was defined from the onset of transmitral inflow to the
subsequent R-wave in this study and was expressed as a percent of the entire
cardiac cycle (Fig 14). A representative intra-cardiac electrocardiogram was
shown in Fig 15.

Fig 12. The Left ventricular outflow tract (LVOT) time-velocity integral (TVI)

Fig 13. Total transmitral inflow TVI (left) and the mitral late diastolic inflow
velocity A-wave TVI (right)
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Fig 14. The diastolic filling period was defined from the onset of transmitral
inflow to the subsequent R-wave in this study and was expressed as a percent
of the entire cardiac cycle

Fig 15. A representative intra-cardiac electrocardiogram. AS= atrial sensing,
VP= ventricular pacing, AP= atrial pacing
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Cardiac Mechanics

Tissue Doppler velocity and strain echocardiography have been
extensively validated as accurately depicting regional myocardial motion and
deformation, respectively. Strain has been demonstrated as being superior to
tissue velocity in the assessment of regional and global function because of
less influence of tethering and translation. [8, 37-39] Absolute strain values
were used to assess regional and global ventricular function. [40]

1. Global Systolic Function

The current standard for global systolic function by conventional
echocardiography is the ejection fraction. However, ejection fraction is
influenced by preload, afterload and heart rate and unable to reflect the
intrinsic contractile. Peak mitral annular velocity closely correlates with
dP/dTmax by invasive high-fidelity, micromanometer-tipped catheters in the
left ventricular cavity and with angiographic and radionuclide ejection
fraction.[41, 42] Normal values for tissue Doppler velocities have been
established.[43, 44] A peak mitral annular descent velocity >5.4 cm/s averaged
from 6 annular sites predicts an ejection fraction >50% with sensitivity of 88%
and specificity of 97%. The peak mitral annular descent velocity from the
apical 4-chamber view (average from inferoseptal and lateral sites) correlated
most closely with the LV ejection fraction(r= 0.85) than other views.[41] Strain
rate (r= 0.94, p<0.01) more closely correlates with invasively determined
parameters of global function (peak elastance) than systolic tissue velocity (r=
0.75, p<0.01). [45] Thus, either of these techniques could potentially be used
in lieu of ejection fraction to quantify global function.
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2. Regional Function

Detection of myocardial ischemia by visual assessment of wall motion is
semi-quantitative and fraught with variability and low reproducibility. [2] Wall
motion can be quantified by TDI or strain echocardiography, respectively. Low
systolic tissue velocities correlate with angiographic or echocardiographic wall
motion abnormality.[46] Tissue velocities decrease with reduced regional
perfusion, recover on reperfusion, and differentiate between transmural and
nontransmural infarction.[47-49]

Regional strain rates and strain are reduced in ischemia and infarction.[22,
50] Strain and strain rate identify infarcted segments and correlate with extent
of transmural infarction shown by late-enhancement imaging with magnetic
resonance imaging.[51] Strain and strain rate are less susceptible to cardiac
translational motion and tethering. The term “tethering” is used to describe the
dragging of an akinetic basal segment toward the apex by normally functioning
mid or apical segments. This theoretical advantage of strain/strain rate was
confirmed in a clinical model of septal ablation in patients with hypertrophic
obstructive cardiomyopathy.[24]

For the purposes of this study, global strain was defined as the sum of
systolic strain in the lateral and septal walls in the apical 4-chamber view and
used to assess LV global function using 2D speckle tracking method.[39]

3. Atrial Function

Assessment of atrial function by conventional echocardiography is
challenging because of thin wall. Strain echocardiography can be used to
evaluate atrial systolic function. [52] Atrial strain and strain rate were measured
in the right atrial (RA) free wall, inter-atrial septum (IAS), and left atrial (LA)
free wall. The atrial strain rate tracing (Fig 16) comprises 3 waves. The systolic
wave coincides with ventricular systole, the early diastolic wave coincides with
passive atrial filling, and the late diastolic wave is produced by active atrial
contraction and reflects atrial contractility. Modesto et al[52] demonstrated that
strain parameters could provide a simple and quantitative assessment of atrial
function in patients with amyloidosis. Atrial function has been examined with
strain echocardiography in other conditions.[12, 53, 54] Patients with higher
atrial strain and strain rate appear to have a greater likelihood of successful
maintenance of sinus rhythm after cardioversion for atrial fibrillation.[55]

14



In this study, the atrial mechanical activation time was defined as the time
from the peak of the atrial contraction wave to the subsequent R-wave. We
used the electrocardiographic R-wave as the reference point of electric activity,
because the R-wave is more easily recognized than the P-wave.

Fig 16. The atrial strain rate tracing comprises 3 waves. The systolic wave
coincides with ventricular systole, the early diastolic wave coincides with
passive atrial filling, and the late diastolic wave is produced by active atrial
contraction.

4. Dyssynchrony Analysis

Patients with low ejection fraction, conduction abnormality, and
symptomatic heart failure despite optimal medical therapy experience
significant benefits from cardiac resynchronization therapy. [8, 56] Several
reports have shown a low concordance between electrical and mechanical
synchrony.[57, 58] Mechanical dyssynchrony as determined by TDI may be
superior to electrocardiography and M-mode by conventional
echocardiography in predicting response to cardiac resynchronization
therapy.[30, 59] Because TDI allows interrogation of the mechanical activity at
high frame rate (Fig 17) so that an operator is able to time the onset, peak
motion and end of every cardiac events, including systolic and diastolic events,
at various locations in the heart. In normal synchronous hearts, systolic tissue
velocities of segments peak almost simultaneously (Fig 17). In
dyssynchronous hearts, the lateral and/or posterior segments usually peak
considerably later than the septum (Fig 18), resulting in inefficient ejection.
Dyssynchrony also occur in patients with conduction disorders undergoing
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pacemaker implantation. Pacing of the delayed region earlier than intrinsic
mechanical activity leads to more synchronized mechanical activity and
improves ejection. Severe mechanical dyssynchrony may be recognized
visually; however, milder forms are not detectable and in either case cannot be
guantified. The longer mechanical delay between the normal (early) and late
segments predicts better response to resynchronization.[60] Among several
proposed indices of mechanical dyssynchrony, the criteria commonly used in
clinical practice are (1) septal to lateral wall delay> 65 ms[30] and (2) the SD of
time to peak systolic velocity of 12 segments> 33 ms.[61] The relative value of
TDI versus strain/strain rate in predicting response to resynchronization has
not been resolved fully.[62, 63]

Fig 17. In normal synchronous hearts, systolic tissue velocities of segments
peak almost simultaneously

Fig 18. In dyssynchronous hearts, the lateral and/or posterior segments
usually peak considerably later than the septum




In this study, atrial synchrony was defined as the time difference between
atrial mechanical activation times at the RA and LA free walls and the
inter-atrial septum. Ventricular synchrony was assessed by tissue Doppler
imaging and strain echocardiography. Atrio-ventricular mechanical synchrony
was defined as the time difference between atrial and ventricular walls.

Strain echocardiography was analyzed using strain (offset) distances of 8
mm in the ventricles and 6 mm in the atria. Mean temporal resolution was 10
ms. Only tracings with clear and consistent systolic and diastolic peaks were
analyzed. All time delays were corrected for heart rate using the Bazett
formula (time delay in milliseconds normalized to the square root of the RR
interval in seconds).

¥ = & w322 Statistical analysis

Data are expressed as mean SD or as frequencies. Paired t tests or
Wilcoxon signed rank tests, depending on distribution, were used to compare
data between AS and AP modes using JMP 7.0. A p value 0.05 was
considered statistically significant.

=% 77 %% Results
¥ & st A e

\H

We analyzed 55 of 72 enrolled patients with heart failure who had
adequate-quality images and were not in atrial fibrillation (mean age 63.8+
13.3 years; 35 men). The mean duration of CRT was 9.0+ 12.5 months at the
time of enrollment. The detailed baseline echocardiographic characteristics of
CRT patients in the AS and AP settings was shown in Tabl.

Tab 1. Conventional Echocardigraphic Characteristics in CRT

Atrial Sensing Atrial Pacing P value
Atrio-ventricular delay (ms) 126+19 155+ 20 < 0.0001
A-TVI (cm) 8.6+ 3.0 8.6+ 3.1 0.98
MV-TVI (cm) 20.6% 6.5 17.5+ 5.1 < 0.001
LVOT-TVI (cm) 21.9+7.0 20.0+ 6.7 <0.001
MV-R time (ms) 468+ 124 380+ 93 <0.001

Diastolic filling time (%) 49+ 9 43+ 9 < 0.0001
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LA EF(%) 52+ 17 50+ 16 0.19
LV EF (%) 27+ 10 26+ 10 0.02
Global strain of LV (%) -32.3+24.2 -26.8+22.2 0.001

o8 JEHESA AT
We further compared the difference in conventional, tissue velocity and

strain parameters between AS and AP settings. The mitral late diastolic inflow
velocity A-wave TVIs were comparable between the two modes. The optimal
AV interval was significantly shorter in AS compared with AP mode (126 19
ms vs. 155+ 20 ms, mean difference 29% 17 ms, p< 0.0001) (Tab 2). The
optimal AV delay observed with AP was 30 ms longer than optimal AV delay
with AS in 65% of the patients.

Tab 2. Atrial Mechanics: Regional Active Atrial Strain

Atrial Sensing Atrial Pacing P value
CRT
Right atrium (%) -28.2+ 8.6 -22.6+£ 7.6 0.0007
Interatrial septum(%o) -17.1+ 6.5 -13.2+5.4 0.002
Left atrium (%) -16.4 + 11 -13.6+ 8.5 0.02
Control group
Right atrium (%) -29.0+ 6.4 -25.6% 6.3 0.0001
Interatrial septum(%o) -16.0+ 4.8 -13.6+ 4.2 0.0025
Left atrium (%) -15.2 + 6.1 -13.6£ 5.4 0.0258

Compared with AP mode, almost all Doppler-based measures of
ventricular hemodynamic performance were superior in AS. The LVOT TVI
(21.9 7.0 cm vs. 20.0+ 6.7 cm, p< 0.001), total trans-mitral inflow TVI (20.6+
6.5 cmvs. 17.5+ 5.1 cm, p< 0.001), diastolic filling period (468t 124 ms vs.
380% 93 ms, p< 0.001), and global strain (-32.3+ 24.2% vs. -26.8%+ 22.2%, p=
0.001) were greater in AS compared with AP mode. Differences in LV ejection
fraction (0.27+ 0.1 vs. 0.26% 0.1, p= 0.02) were statistically significant but
numerically very close.

We evaluated atrial mechanics, including atrial contractility and synchrony,
to further investigate potential mechanisms underlying these LV hemodynamic
differences. Active atrial strain (reflecting atrial contractility) was significantly
higher in AS compared with AP mode in the right atrium (-28.2% 8.6% vs.

-22.6% 7.6%, p= 0.0007), interatrial septum (-17.1% 6.5% vs. -13.2% 5.4%, p=
18



0.002), and left atrium (-16.4+ 11.0% vs. 13.6% -8.5%, p= 0.02). In the control
group, active atrial strain was significantly higher in AS mode as well. There
were significant differences in intra-atrial mechanical synchrony, measured
using the atrial strain rate signal, between AS and AP modes. In the right

atrium, the time delay from the RA free wall to the interatrial septum was
shorter in AS compared with AP mode (27+ 18 vs. 41+ 26 ms, p< 0.001).

Similarly, in the left atrium, the time delay from the interatrial septum to the LA
free wall was shorter in AS compared with AP mode (31+ 19 ms vs. 42t 24 ms,

p= 0.0002). The inter-atrial synchrony (time delay from the RA to the LA free
wall) was shorter in AS compared with AP mode (56% 34 ms vs. 80t 45 ms, p<

0.0001). In the control group, there were significant differences in intra-atrial
and inter-atrial mechanical synchrony in AP mode as well (Table 3).

Tab 3. Intra-Atrial and Interatrial Mechanics
Atrial Sensing Atrial Pacing p-value

Delay in time to atrial contraction by strain rate (in ms)

CRT

RA to IAS 27+ 18 42+ 26 <0.001
RA to LA 56+ 34 80+ 45 <0.0001
IAS to LA 31+ 19 42+ 24 0.0002

Control group

RA to IAS 26+ 15 34+ 11 0.028
RA to LA 59+ 24 78+ 25 0.0003
IAS to LA 33+ 14 44+ 21 0.003

We subsequently assessed AV mechanical synchrony using atrial and
ventricular strain signals. No significant differences were noted in the
mechanical delay between the right atrium and right ventricle (p= 0.85), the
inter-atrial septum and inter-ventricular septum (p= 0.62), and the left atrium
and left ventricle (p= 0.70). Similarly, there was no difference in the degree of
intra-ventricular dyssynchrony using either time to peak strain (p= 0.80) or time
to peak systolic velocity (p= 0.39) between AS and AP modes (Table 4).

Tab 4. Atrio-ventricular and Intraventricular Mechanics
Atrial Sensing Atrial Pacing p-value

Delay in time to peak strain rate (in ms)
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RA to RV (ms) 302.2+ 53.8 298.6+ 49.7 0.85

IAS to IVS (ms) 301.6+ 54.4 304.5+ 51.9 0.62
LA toLV (ms) 279.7+ 62.9 277.9+ 54.7 0.70
Delay in time to peak strain (in ms)

Sep to lat 18.0+ 62.5 27.3+91.5 0.8
Delay in time to peak systolic velocity (in ms)

Sep to lat -4.6x71.2 5.4+ 66.1 0.39

Inter-observer and intra-observer variability showed good agreement in
the measurement of time delay (93% and 92%, respectively) and strain (97%
and 96%, respectively). The limits of agreement for inter-observer and
intra-observer variability in time delay ranged from 14.9 to 18.3 ms and from
11.4to 12.6 ms, respectively. The limits of agreement for inter-observer and
intra-observer variability in strain ranged from 7.9% to -9.7% and from 6.2% to
-6.2%, respectively.

A5 = o1
E S e

¥ - & %343 Discussion

This study indicates several mechanical and hemodynamic issues which
have a direct influence on the management of CRT device programming. First,
we demonstrate that most patients (65%) have a difference of 30 ms in the
optimal AV interval between AS and AP modes. We also demonstrate the
presence of atrial mechanical dysfunction and dyssynchrony in AP mode in
CRT patients and dual chamber pacemaker patients, using strain
echocardiography. Last, we present hemodynamic and mechanical evidence
indicating that these atrial mechanical abnormalities result in reduced
trans-mitral filling and consequentially depressed global ventricular systolic
strain and lower ventricular stroke volume in AP mode. These multiple lines of
evidence suggest that AS-based pacing in CRT provides a more favorable
mechanical and hemodynamic perfromance compared with AP.

In a remodeled and dyssynchronous heart, cardiac resynchronization
therapy corrects the mechanical inefficiency of delayed lateral wall contraction
by earlier pacing, thereby improves dyssynchrony with the consequent result
of increasing ventricular stroke volume.[8] In heart failure, remodeling
develops not only in the ventricles but also in the atria. [64] Traditional pacing
algorithms are such that only the right atrium is sensed and paced in CRT or
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dual chamber pacemaker without manipulation in the left atrium. Pacing the
RA appendage has been shown to significantly worsen inter-atrial conduction
delay, as reflected by the prolonged P-wave duration on the surface
electrocardiogram and longer inter-atrial conduction time on intra-cardiac
electrograms. [12-15] Camous et al. [65] showed that paced inter-atrial
conduction time was on average 50 msec longer than spontaneous inter-atrial
conduction time. Inter-atrial conduction block is thought to be a marker of LA
contractile dysfunction, with a linear relationship between the degree of
electrical delay and the extent of LA dysfunction. [66] Cha et al. [16] recently
showed an increased latency period of RA stimulation to LA contraction in the
AP pacing mode. Goyal and Spodick [66] found an inverse correlation between
P-wave duration and LA ejection fraction.

Conventional Doppler and M-mode echocardiography have previously
shown that RA pacing significantly increases inter-atrial mechanical delay. [13,
67] Given that Doppler signals are the result of net pressure gradients between
the atrium and the ventricle, the timing of Doppler signals does not necessarily
correspond to the timing of regional mechanical activation. In addition,
M-mode echocardiography also has its limitations, because it can interrogate
only a limited number of ventricular and/or atrial walls despite its high temporal
resolution.[67] In contrast, tissue Doppler and strain imaging have high
temporal (> 200 frames/s) and spatial resolution and depict regional
mechanical events in real time of any segment of the heart.[24]Tissue velocity
imaging has been used to demonstrate a significant increase in intra-atrial and
inter-atrial asynchrony in patients with heart failure in sinus rhythm, compared
with normal controls. [68] Also, a prolonged time delay of peak strain in atrial
segments, suggestive of atrial dyssynchrony, has been documented during RA
appendage pacing.[12]

Our study used previously validated and sophisticated noninvasive
techniques to compare atrial and atrio-ventricular mechanics and
hemodynamic performances in 2 common modes of pacing in CRT. Our data
indicate that significant atrial contractile abnormalities and intra-atrial and
inter-atrial mechanical delays are present in AP compared with AS mode.
Furthermore, Doppler data indicate that these atrial mechanical abnormalities
result in suboptimal atrio-ventricular filling and LV stroke volume. The
significance of LA contribution to LV filling and overall LV performance has
been previously noted in animal and clinical studies.[69] In our study, AP
resulted in a reduction of LV filling and stroke volume as reflected by lower
total trans-mitral inflow TVI and LVOT TVI, respectively. A recent study by
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Bernheim et al. [70] involving a small number of patients suggested that AP is
suboptimal in CRT, because it induces intra-ventricular dyssynchrony.
Although our study supports the contention that AS mode is superior to AP
mode, our data are not fully concordant with this previous study, especially
with regard to the possible mechanisms underlying the superiority of AS mode.
Our study demonstrated similar dyssynchronous ventricular contraction, by
tissue Doppler imaging and strain methods, in AS and AP modes. This is
concordant with the prior study which demonstrated that atrial pacing reduced
LV stroke volume without significant differences in regional LV strain in an
animal study. [69] One potential reason for this discrepancy could be the
difference in the method of optimization. We determined the optimal AV
interval in both AS and AP modes on the basis of maximal LVOT TVI and
avoided fusion beating, whereas Bernheim et al. used a fixed “pace
compensation” of 40 ms plus the optimal AV interval in AS mode as the
optimal AV delay in AP mode. Therefore, there is a possibility of fusion
activation of the left ventricle by intrinsic and biventricular paced rhythms
because of an inappropriately “long” AV interval, resulting in a loss of LV
synchronization in AP mode in the study by Bernheim et al. [70]

Our data are somewhat divergent from those of Gold et al. [71], who
reported a mean AS to AP offset of 75 ms, compared with about 30 ms in our
study. Also their data suggested that AP resulted in superior hemodynamic
results compared with AS mode in CRT. The use of different end points
(percent change in LV dP/dt in their study vs. stroke volume by
echocardiography in ours) may partially explain these differences. Others have
demonstrated that LV dP/dt and cardiac output measurements do not agree in
heart failure models [72]. The mean difference in optimal AV delay in AS and
AP modes in our study is concordant with other studies. [73] The additional
mechanistic evaluation in our study supports our observation that AS mode is
superior to AP mode, which agrees with that reported by Bernheim et al. [70]

Although LV ejection fractions were statistically lower in the AP group,
suggesting lower global LV systolic function, the absolute mean difference of
1% between the 2 pacing modes is not clinically meaningful. However, the
more sensitive strain measurements demonstrate larger, statistically
significant differences, indicating that LV systolic function is indeed lower in AP
mode.

Our data indicate that this difference in LV function is related to significant
atrial systolic dysfunction and dyssynchrony, causing decreased atrial
emptying and consequently reduced LV preload. In a failing human heart, the
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Frank- Starling mechanism is well preserved in the isolated whole heart and an
isolated muscle strip. However, the myocardium is considerably stiffer in heart
failure compared with the normal heart.[74] Thus, the failing heart may be
more sensitive to small changes in LV preload such as those induced by the
atrial mechanical abnormalities and dyssynchrony noted in our study,
suggesting that AS is the preferred pacing mode in CRT.

% - &3 4] Study limitations

This study was performed with patients at rest, and its findings may not
hold true during activity. Because of time constraints, global LV strain was
acquired in 6 representative segments in the 4-chamber view rather than all 16
segments of the left ventricle. Our global strain data, however, closely track
changes in stroke volume and ejection fraction in our population. Although our
data suggest AS as the preferred mode of pacing in CRT patients, sinus node
dysfunction in heart failure may necessitate the use of AP. [62]There is a small
theoretical possibility that some of the changes in atrial or ventricular
performance can be attributed to the 10 beats/min difference in heart rate
between the 2 pacing modes. We used the Bazett formula to adjust for any
differences in heart rate between the 2 modes, realizing that the heart rate
dependence of AV delays may not be well described by this formula.

Intrinsic atrial activation during AS mode in CRT is associated with
preserved atrial contractility and atrial synchrony, resulting in better LV
diastolic filling, stroke volume, and LV systolic mechanics. This mode
maximizes LV performance and the hemodynamic benefit of CRT in patients
with heart failure.

Our data suggest that AS is the optimal mode of pacing in CRT.
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