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Abstract
Background—QRS duration is commonly used to select heart failure patients for cardiac
resynchronization therapy (CRT). However, not all patients respond to CRT, and recent data suggest
that direct assessments of mechanical dyssynchrony may better predict chronic response. Echo-
Doppler methods are being used increasingly, but these principally rely on longitudinal motion
(εll). It is unknown whether this analysis yields qualitative and/or quantitative results similar to those
based on motion in the predominant muscle-fiber orientation (circumferential; εcc).

Methods and Results—Both εll and εcc strains were calculated throughout the left ventricle from
3D MR-tagged images for the full cardiac cycle in dogs with cardiac failure and a left bundle
conduction delay. Dyssynchrony was assessed from both temporal and regional strain variance
analysis. CRT implemented by either biventricular (BiV) or left ventricular–only (LV) pacing
enhanced systolic function similarly and correlated with improved dyssynchrony based on εcc-based
metrics. In contrast, longitudinal-based analyses revealed significant resynchronization with BiV but
not LV for the overall cycle and correlated poorly with global functional benefit. Furthermore, unlike
circumferential analysis, εll-based indexes indicated resynchronization in diastole but much less in
systole and had a lower dynamic range and higher intrasubject variance.

Conclusions—Dyssynchrony assessed by longitudinal motion is less sensitive to dyssynchrony,
follows different time courses than those from circumferential motion, and may manifest CRT benefit
during specific cardiac phases depending on pacing mode. These results highlight potential
limitations to εll-based analyses and support further efforts to develop noninvasive synchrony
measures based on circumferential deformation.
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Dyssynchronous electrical activation from an intraventricular conduction delay results in
discoordinate cardiac contraction and relaxation.1 Cardiac resynchronization therapy (CRT)
including biventricular (BiV) and left ventricular (LV) pacing modes has recently evolved as
a new therapeutic modality for heart failure patients with left bundle-branch–type delay
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because it enhances ventricular systolic function and energetics,2 reverses chamber
remodeling,3,4 and improves symptoms, rehospitalization rates, and mortality.5-7

Despite its overall efficacy, ≈20% to 30% of patients receiving CRT do not appear to benefit
from the therapy,8 and one concern is that patient selection, which has primarily been based
on widening of surface QRS, inadequately identifies chamber dyssynchrony.9 QRS duration
weakly predicts the acute CRT response and has little to no predictive value for chronic
improvement.10-13 Moreover, heart failure patients with normal QRS duration yet mechanical
dyssynchrony as determined by echo-Doppler criteria can benefit from chronic CRT.14

An alternative to the QRS complex is to examine mechanical dyssynchrony by the analysis of
wall motion, and recent studies have shown this to be a better predictor of both acute and
chronic improvement from CRT.15-17 Recent evidence has further suggested that mechanical
dyssynchrony predicts worsened cardiac morbidity in heart failure subjects independent of
QRS duration and ejection fraction,18 further highlighting the value of such analysis. Most
mechanical dyssynchrony analysis is based on echo-Doppler methods, which in turn are largely
derived from longitudinal motion (εll) data. This choice of orientation is mainly based on
practical grounds given available windows for transducer placement. However, cardiac
contraction is principally circumferential (εcc) (eg, fiber direction), and whether dyssynchrony
indexed by circumferential versus longitudinal motion yields similar qualitative, if not
quantitative, results remains unknown.

Accordingly, this study compared dyssynchrony measures derived from εll- and εcc-based
analyses in an experimental model of heart failure and conduction delay with the use of tagged
MRI to provide simultaneous measurements of myocardial strain.19-21 Our results highlight
potentially important qualitative differences in both magnitude and timing of the dyssynchrony
measures that should be considered when patients are evaluated. We also explore different
methods to synthesize dyssynchrony motion data and reveal added value for metrics that
emphasize regional clustering of delayed (versus early) contracting segments.

Methods
Protocol

The experimental model combined radiofrequency ablation of the left bundle branch with 3-
to 4-week tachypacing (210 to 250 minutes−1 ×3 weeks)-induced heart failure (n=7). Details
of the model, as well as limited dyssynchrony analysis based on εcc-derived measures, have
been described previously.22 This model recapitulates many biochemical, molecular, and
structural features relevant to human heart failure, and its mechanical response to
resynchronization is analogous to that in patients with dilated cardiomyopathy and conduction
delay.22 Dogs with cardiac dyssynchrony and heart failure were anesthetized, and MRI-
compatible pacing leads were positioned in the right atrium (RA), epicardial LV free wall (LV),
and right ventricular anteroapex (RV) via median sternotomy. Chamber hemodynamics were
measured with an MR-compatible micromanometer (Millar, SPC-350, 5F). Hearts were paced
at the RA (dyssynchrony, with left bundle-branch block [LBBB]), LV alone, or LV plus RV
(BiV) at 20 beats per minute above intrinsic sinus rate and with AV delay selected to maximize
dP/dtmax for each pacing configuration. Importantly, tagged cine MRIs in 3 orthogonal
directions (ie, 2 axial and 1 longitudinal orientation) were acquired for each pacing protocol
and used to derive 3D finite strains. Combining orthogonal tagged MRIs into a 3D strain tensor
field markedly reduced errors due to through-plane motion.
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Data Analysis
Short- and long-axis tagged MRIs were processed to generate 4D midwall strain tensors from
which εcc and εll components were derived as previously described.23,24 Strain maps for each
pacing mode were generated, plotting regional strain for a given heart slice and radial location
versus time throughout the cardiac cycle. The time of mitral valve closure defined the zero
reference strain. We used aortic valve (AV) closure to define the end of systole. This was based
on LV pressure data recorded simultaneously with the acquisition of tagged MR images.
Volumetric data were also reconstructed from MRIs; however, under dyssynchronous
conditions there was often a plateau in the volume tracing near end-systole so that the exact
minimal point was less distinct and often appeared in early diastole. Because end-systolic
volumes could not reliably reference AV closure, we used LV pressure tracings instead.

Mechanical dyssynchrony was indexed 3 different ways: temporal uniformity of strain (TUS),
22 regional variance of strain, and regional variance vector (combining both strain magnitude
and location) of strain.25

First, TUS was determined first by generating a time plot of strain at each of 28 evenly
distributed segments (n) around a short-axis slice. Each plot was then subjected to Fourier
analysis. If all segments shortened simultaneously (synchronous), the plot appeared as a
straight line (power only in the zero-order Fourier term [S0]; Figure 1A), whereas regionally
clustered dyssynchrony (ie, territory of early versus late activation) generated an undulating
plot with higher power in the first-order term (S1; Figure 1A). TUS index reflected the relative
first-order power, averaging 4 midchamber slices and time points for the full cycle and
selectively for systole and diastole. End-systole was determined from the time of aortic valve
closure.

Second, regional variance of strains was determined from the variance of strain magnitude
obtained from 28 radially displaced segments for each short-axis section and averaged among
slices for each time point. This approach is most similar to many commonly used indexes based
on tissue Doppler functional imaging.

Third, regional variance vector of principal strain (RVVPS) was determined first via scaling
unit radial vectors, which point in the direction of each segment in a short-axis slice (Figure
1B) by εcc (or εll) magnitude at that location to yield . The vectors were then summed to
derive a net vector  (see Appendix). For synchronous contraction,  magnitude was near zero
because the radial vectors would cancel out, whereas if a portion of the wall shortened while
another stretched,  would point toward the shortening. The RVVPS plotted vector magnitude
versus time and could be summed to yield an overall index for the full cycle or selectively for
systole or diastole.

Statistical Analysis
Data are presented as mean±SEM. Analysis was performed by paired t test or 1-way ANOVA
with a Tukey test for post hoc comparisons. Computational and statistical analysis was
performed with the use of Matlab (MathWorks) and Systat (Systat Software).

Results
Longitudinal Versus Circumferential Motion

Temporal strain maps showing εcc for each pacing mode are displayed in Figure 2A to 2C.
With RA pacing (dyssynchrony, LBBB), there was a zone of late lateral contraction (black
arrow) that was fairly uniform from apex to base. The contralateral wall (anterior/posterior
septum) showed less net strain and late systolic stretching (gray arrow). With both LV and BiV
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pacing, the lateral strain pattern changed. Late lateral contraction is no longer apparent and
strain is more homogeneous throughout the myocardium (black arrows, Figure 2B, 2C).
Corresponding εll maps for the same cardiac cycles are shown in Figure 2D to 2F. The midlevel
slices showed a pattern similar to εcc maps in the dyssynchronous condition (Figure 2D), with
a zone of greater late lateral contraction (black arrow) compared with the septal region (gray
arrow). However, improved uniformity of εll with either LV or BiV pacing was not as apparent
as it was with εcc (black arrows, Figure 2E, 2F). Apical slices typically displayed εll shortening
patterns that fluctuated and were quite different from those in more basal slices (gray arrows,
Figure 2E, 2F).

Correlation of Circumferential- and Longitudinal-Based Dyssynchrony With Global Function
Both BiV and LV pacing similarly enhanced dP/dtmax (31.4±9.6% with BiV and 24.7±3.3%
with LV; P=0.15) and ejection fraction (18.1±9.7% with BiV and 22.9±9.2% with LV; P=0.4)
compared with dyssynchronous baseline (LBBB, atrial pacing), as previously reported in these
animals.22 Furthermore, cardiac dyssynchrony based on TUS for the full cardiac cycle also
increased similarly with both CRT modes and correlated with ejection fraction (Figure 3A).
In contrast, longitudinal-based motion (εll temporal uniformity index) improved only with BiV
stimulation; thus, despite global functional improvement with LV-only stimulation,
longitudinal analysis did not detect enhanced synchrony (Figure 3B). Similar findings were
obtained with the use of dP/dtmax as the global systolic function index (εll data not shown;
εcc data previously reported22).

Summary results for the TUS index are provided in Figure 3C, with a more positive value
indicating greater mechanical synchrony. εcc-based analysis indicated improved synchrony
with both LV and BiV pacing during systole, diastole, or the full cycle (all P<0.003). In
contrast, εll-based analysis showed improved synchrony with BiV, but more in diastole
(P<0.001) than systole (P<0.04). With LV-only pacing, improved synchrony was not observed
during systole and was borderline significant in diastole (P=0.04).

Dyssynchrony Indexed by Strain Variance and Vector-Spatial Strain Disparities
Because the differences in mechanical dyssynchrony/synchrony reflected by the 2 motion
orientations may have depended on how dyssynchrony was assessed, we also determined
alternative measures. The first was the spatial strain variance assessed at each time point (Figure
4A, 4B). With the use of εcc, LBBB hearts displayed a marked rise in dyssynchrony peaking
near end-systole, and both LV and BiV stimulation modes reduced evolution (upward slope)
and resolution (downward slope) similarly in each cardiac phase (P<0.003). Paired
comparisons at defined points in the cardiac cycle (gray highlights) yielded a significant
reduction of dyssynchrony with both BiV (P<0.007) and LV (P<0.043) in late systole. In
contrast, the same analysis based on εll suggested less overall dyssynchrony, and again this
was improved by BiV pacing (P=0.019 versus P=0.72 for LV). During diastole, there was
resolution of dyssynchrony (downward slope) with both modes (P<0.011). Peak variance at
late systole and early diastole was reduced with BiV (P=0.004) but unaltered by LV (P=0.22),
and paired comparisons at the same cardiac cycle time points failed to discern differences with
either pacing mode compared with baseline dyssynchrony. Thus, this analysis yielded results
similar to those from TUS.

A limitation of pure variance-based dyssynchrony measures is that the result is similar
regardless of the localization of segments with delayed motion. Having 8 segments with
delayed contraction all clustered in 1 region yields the same variance as having them equally
dispersed around the heart, yet the impact on global dyssynchrony and function would be very
different. To correct for this, we developed a vector-sum index (RVVPS) that weighted strain
values by the location of each segment. The resulting RVVPS plots (Figure 4C, 4D) had
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patterns similar to those of the strain variance plots but with less intrasubject variability.
Corresponding 3D cine images for an example heart are provided (Data Supplement Movies
I and II, available online), with the net vector for each short-axis slice displayed and color
coded to show changes in its amplitude (dyssynchrony). As with the prior dyssynchrony
measures, the evolution and resolution of RVVPS dyssynchrony based on εcc improved with
both pacing modes (P<0.001). However, this index revealed less improvement with LV versus
BiV during systole and more notably in diastole (P<0.001 by ANCOVA for each phase). This
disparity was not discerned by the variance method. RVVPS analysis based on εll showed little
difference among LBBB, LV, or BiV pacing modes during systole (P>0.179) and only
differences during diastole (P<0.003). As with the other indexes, peak RVVPS in late systole
and early diastole declined with BiV (P=0.005) but not LV (P=0.3). Once again, paired
comparisons during the cardiac cycle showed no differences.

These temporal analyses are the first to depict the development and resolution of chamber
dyssynchrony throughout the cardiac cycle. All 3 dyssynchrony assessments based on
longitudinal motion found little to no resynchronization with LV or BiV pacing until diastole
and little effect of LV-only pacing regardless of the cycle period. In contrast, circumferential
analysis yielded enhanced synchrony with either mode by late systole. Furthermore, temporal-
based vector analysis revealed significant differences between LV and BiV pacing with respect
to resynchronization effects in systole versus diastole.

Discussion
This study presents the first direct comparison of circumferential strain– and longitudinal
strain– based dyssynchrony analysis in a failing heart, contrasting results obtained by 3
independent synchrony measures. There are several important findings. First, longitudinal
dyssynchrony indexes have less than half the dynamic range and twice the intrasubject variance
of parameters based on circumferential strains, making synchrony/dyssynchrony identification
more difficult. Second, on the basis of longitudinal analysis, only BiV but not LV pacing
appears to resynchronize the heart, and only in diastole, despite global function being improved
similarly by both modes. In contrast, circumferential-based analysis indicates improved
synchrony with either mode of CRT during both systole and diastole. Finally, not all
dyssynchrony indexes provide identical information, with the vector-based strain variance
being most sensitive to temporal differences in synchrony for LV and BiV pacing. These results
are important given the growing interest in optimizing CRT utilization based on mechanical
dyssynchrony measures and expanding the use of longitudinal-based measurements to this
effort.

Myocardial motion is nonisotropic, with a 3-fold difference in amplitude between the principal
shortening direction (circumferential, along the dominant fiber orientation) and that
perpendicular to it (more longitudinal). As first described by Waldman and Covell,26 the
normal heart displays relatively little longitudinal strain in most myocardial layers. Waldman
et al27 further demonstrated that both orientations do not provide the same information when
there are changes in activation due to LV epicardial pacing. Whereas circumferential (or radial)
strains displayed a marked change in pattern with LV pacing, with systolic shortening replaced
by isovolumic stretch and delayed shortening (eg, similar to lateral contraction with LBBB),
the authors found longitudinal strains to be minimally altered. Thus, both timing and shortening
pattern were very different as a function of the orientation examined, particularly in the
presence of dyssynchrony.

Nearly 20 years later, these prior data have taken on clinical significance because of the
development of CRT as a prominent new heart failure therapy and growing appreciation of the
value of assessing dyssynchrony to optimize utilization of the therapy. Unlike earlier studies,
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we used MRI methodology to provide the full 3D strain field for the heart and to derive global-
based dyssynchrony indexes. Furthermore, we obtained such data in a dilated failing heart with
an underlying conduction delay to increase similarities to the clinical syndrome. The new data
are consistent with earlier work in that longitudinal (versus circumferential) synchrony
measures had a narrow dynamic range, did not correlate as well with global function, and did
not identify motion abnormalities during systole as much as in diastole. The latter may explain
the utility of post-AV shortening in tissue Doppler assessments on the basis of longitudinal
motion.16,17 However, reduced cardiac ejection in dyssynchronous hearts derives from
displacement of blood volume from early- to late-activated territory during systole. This is well
reflected by circumferential motion and was previously shown with radial motion analysis,
28 but it appears less clear with longitudinal motion. Radial strain analysis would have been
interesting to incorporate in the present study; however, there were insufficient MR tags across
the myocardium to provide reliable radial motion tracking. Yet, radial strain is more directly
related to circumferential strain (eg, circumferential shortening begets radial shortening),
unlike longitudinal motion.

There are important similarities and differences between the finite strain analysis used in the
present study and longitudinal motion– based Doppler methods used in clinical practice. The
most widely used clinical method is tissue Doppler imaging (TDI), which measures ventricular
wall velocities relative to the external transducer or mitral annulus and is affected not only by
local myocardial deformation (typically longitudinal) but also by overall displacement of the
wall due to translational and torsional motion. Attempts to derive measures more specific to
myocardial deformation have led to strain rate and strain imaging,29,30 which have also been
useful for dyssynchrony assessment. However, in a recent comparison of the 2 methods, Yu
et al31 found that strain rate imaging analysis had minimal predictive value for chronic reverse
remodeling in CRT patients, whereas more general displacement TDI parameters were
predictive. Our analysis provides some mechanistic support for these findings, revealing the
limitations of a pure longitudinal strain–derived synchrony analysis with respect to its
sensitivity and specificity for dyssynchrony.

It should be noted that dyssynchrony examined by longitudinal TDI (tissue velocities) has been
shown to decline from CRT with both LV and BiV modes14,32,33 and during systole14 and
diastole.15 Furthermore, TDI dyssynchrony analysis has been shown to correlate with chronic
echocardiographic benefits in CRT patients in several preliminary studies.3,15,34 The present
findings do not refute such data but rather highlight the likely value of integrating motion from
nonlongitudinal orientations (specifically circumferential) into the analyses. As mentioned,
TDI-based velocity measurements do this indirectly. From our analysis, more specific
longitudinal analyses would seem less optimal, whereas measures that relied more on fiber
(circumferential) motion might improve such predictive correlations to an even greater extent.

Recent efforts to index dyssynchrony have principally relied on disparities in the timing of
wall motion, generating either a counting index (eg, total number of regions with postsystolic
contraction) or variance parameter (statistical variability of time at maximal motion). Neither
of these incorporates the spatial placement of these regions, and this may be important to
consider. Net mechanical deficiency from discoordinate contraction requires that regions of
shortening that are out of phase are geographically clustered together rather than dispersed
throughout the wall (Figure 5). Counting and variance-based dyssynchrony measurements
cannot differentiate between these 2 conditions. In the present analysis, the variance index had
lower sensitivity to detect CRT effects. In contrast, both the temporal variance index and vector
index used in this study may distinguish between them because both change only if there are
regionally clustered disparities in contraction magnitude, particularly if one region is
shortening and the other is stretching. Importantly, our approach can easily be applied to echo-
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Doppler analyses as well because such data are generated at multiple sites throughout the
ventricular myocardium.

Another novel feature of the present analysis is its depiction of the full time course of
dyssynchrony development and resolution, behavior that generally followed a monotonic rise
and fall, with peak dyssynchrony near end-systole through mid-diastole. Furthermore, although
both BiV and LV-only stimulation enhanced overall circumferential-based resynchronization,
cycle phase–specific disparities exist between modes. BiV enhanced synchronization
throughout both phases, whereas LV-only stimulation was less efficacious during diastole.
This may support the former more widely utilized mode vis-à-vis improving both systolic and
diastolic function. This finding is consistent with recent data from our clinical laboratory
showing greater effects on diastolic relaxation from BiV over LV pacing in patients with atrial
fibrillation and AV conduction block.33 Determination of dyssynchrony by a variance
parameter or at a specific point in the cycle (ie, time of maximal shortening near end-systole)
would not have likely revealed such differences.

Recognizing that we used a canine model of dyssynchronous heart failure, some discussion of
its clinical relevance is warranted. Although this model mimics many changes observed in
human failure and dyssynchrony,22 it differs in some respects. The model does not result in
infarction or fibrosis, and therefore features of this type of failure, in which regional
heterogeneity of contraction is produced by tissue damage/fibrosis, timing delay, and their
interaction, are absent. However, fiber architecture and the consequent dominant orientation
of shortening being circumferential are not changed in ischemic disease, and therefore we
believe that our results are applicable to ischemic cardiomyopathies as well. Another difference
from clinical CRT implementation is that we used epicardial pacing in both RV and LV. The
LV site was similar to that obtained with coronary venous leads (eg, epicardial), whereas the
RV site differed because this is usually achieved endocardially. However, given the thin RV
wall, it is unlikely that this was a significant factor.

Driven by the demands of CRT, new noninvasive methods to assess cardiac dyssynchrony
have been expanding rapidly. Several methods assess radial displacement, such as the septal-
posterior wall timing delay method of Pitzalis et al10 or contrast-echo approach of Kawaguchi
et al28, but most use tissue Doppler with the dominant motion indexed being longitudinal.34
MRI can provide strains in any orientation, but few clinical studies have used this method to
assess mechanical synchrony35,36 because postprocessing is cumbersome and pacemakers
have been considered a contraindication to MRI.37,38 However, new methods such as 3D-
HARP (HARmonic Phase)39 can provide easy and rapid MRI strain analysis, and evidence
now supports the MRI compatibility of modern implantable cardiac devices in patients.40,41
Thus, clinical applications may be feasible. Regardless of the imaging approach, the greater
dynamic range and sensitivity of circumferential (and likely radial) dyssynchrony measures
suggest that more robust parameters will be obtained by tracking this motion and will facilitate
wider clinical utility and acceptance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Appendix

Derivation of Normalized TUS
The Fourier decomposition of each component, εcc and εll, of the strain tensor was determined
over space (each axial slice) and time. The zero-order component, S0, of this decomposition
was constant and represents perfectly synchronous motion, whereas the first-order component,
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S1, was sinusoidal and represented completely dyssynchronous motion (one wall was
contracting while the opposite wall was dilating). The normalized TUS index was calculated
as the ratio of the sum of the synchronous segments (S0) and the sum of the both
dyssynchronous (S1) and synchronous segments over time (t).

(1)

Thus, a TUS value of 1 indicates perfectly synchronous contraction (in the longitudinal or
circumferential direction), whereas a value of 0 indicates completely dyssynchronous
contraction.

Derivation of Regional Variance Vector of Principal Strain
A net strain vector, , for each short-axis slice (z) and time-step (ti) was determined by summing
the strain vectors at each of 28 evenly distributed sector points.

(2)

The value of the net vector, , was scaled by the maximum value of εcc or εll for each dog. The
scalar value of the net vector may be summed over z (4 axial slices midway between LV apex
and base) to create a time-dependent mean dyssynchrony index.

(3)

This regionally weighted index was plotted versus time throughout the cardiac cycle to assess
the mechanical synchrony for all 3 modes of pacing with the use of circumferential and
longitudinal strain.
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Figure 1.
A, Schematic for determination of TUS dyssynchrony index. Strain is plotted at a given time
as a function of spatial location of the segment. Data are processed by Fourier series
decomposition. The zero-order (S0) and first-order (S1) terms are shown plotted vs spatial
position. A perfectly synchronous heart would appear as a straight line (solely S0 term),
whereas one that was perfectly dyssynchronous would appear as a sinusoid (S1 term). The
index relates the relative power of these 2 terms (Appendix). B, Schematic for calculating
vector-strain index. For a given short-axis slice, strains at each segment are determined, and
this value was multiplied by a unit vector pointing in the direction of the segment. The vectors
are then added, and the sum V reflects the primary orientation and magnitude of contraction.
If all segments contract at the same time, the magnitude of V is zero; with increasing
dyssynchrony of contraction, the magnitude of V increases.
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Figure 2.
Temporal-spatial maps of εcc and εll for RA (LBBB), LV, and BiV pacing modes. Each subplot
within a map shows the time-dependent (x axis) circumferential or longitudinal (y axis) motion
at a spatial point around the LV. A zone of increased εcc and εll strain is demonstrated in the
lateral wall of the RA (LBBB) paced heart (A, D). Both LV and BiV modify this lateral wall
strain pattern, although the effects are less pronounced with εll (E, F) than with εcc (B, C). See
text for details.
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Figure 3.
Comparison of full-cycle εcc- and εll-derived temporal uniformity in the LBBB dyssynchrony
model. With both LV and BiV pacing, the εcc-derived uniformity index positively correlates
with enhanced EF (A). However, unlike εcc, εll uniformity is not enhanced with LV pacing
despite improved hemodynamic function (B). The dynamic range of εll uniformity is much less
than that of εcc uniformity. Ejection fraction is adjusted according to its mean value for each
respective animal. C, εcc and εll temporal uniformity in the LBBB dyssynchrony model
averaged over systole, diastole, and the full cardiac cycle. *P<0.003, †P=0.04 vs RA (LBBB)
dyssynchronous baseline; ‡P=0.05 vs BiV. Data are mean±SEM.
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Figure 4.
Time-dependent plots of cardiac dyssynchrony and resolution of dyssynchrony based on
analysis of εcc and εll variance (A, B) and spatially weighted strain disparities (C, D). The strain
variance rises (more dyssynchrony) and peaks at late systole and early diastole. For each pacing
mode, LV and BiV are compared with RA (dyssynchronous) pacing at early, mid, and late time
points in both systole and diastole (gray highlight). The time-dependent spatially weighed
vector index (RVVPS) is also displayed for εcc and εll (C, D). *P<0.009, †P<0.05 vs
dyssynchronous (RA pacing, LBBB) baseline.
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Figure 5.
Schematic of difference in net dyssynchrony based on geographic distribution of regions of
delayed activation. When regions are locally clustered, the net impact on dysfunction is greater,
whereas if they are dispersed throughout the wall, the impact is less. Importantly, both
situations could result in similar numbers of delayed segments overall (counting dyssynchrony
indexes) and similar variance of the delays. In contrast, a vector index would be zero for
dispersed discoordinate shortening but non-zero when discoordinate motion was
geographically clustered.
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