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Abstract

Statistical atlases may help improving the analysis of cardiac wall-motion abnormalities. This study aims at
demonstrating the clinical value of such a method to better understand the effect of cardiac resynchronization therapy
(CRT). We compared an atlas of normal septal motion built using apical 4-chamber 2D-echocardiographic sequences
from healthy volunteers, to 88 patients undergoing CRT at baseline and 12 months follow-up. Abnormal motion was
quantified locally using a p-value based on a statistical distance to normality. Reduction >15% in left ventricle end-
systolic volume defined CRT response. Responders showed significantly higher reduction of abnormalities
(»<0.001). Non-responders conserved abnormal septal motion at the end of the isovolumic contraction (IVC). A
specific inward-outward motion of the septum during IVC predominated in responders, and was corrected at follow-
up. The method is of interest to characterize patterns of mechanical dyssynchrony, and study the link between their

evolution and CRT response.
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Introduction

The role of cardiac resynchronization therapy (CRT) in improving both clinical condition and cardiac
function of heart failure patients has been clearly demonstrated (Abraham et al. 2002). The recovery of a
synchronous contraction is a first necessary step to guarantee such an improvement, and from a broader perspective,
that the patient can respond to the therapy. The importance of understanding the complexity and variety of the
etiologies of cardiac dyssynchrony has been recently highlighted (Parsai et al. 2009a; Bijnens et al. 2006; Lumens et
al. 2012; Leenders et al. 2012a) as an explanation to the limitations of single measurements of mechanical

dyssynchrony (Fornwalt et al. 2009; Fornwalt 2011).

Echocardiography (Mor-Avi et al. 2011) with tissue Doppler and speckle tracking has shown its potential
for estimating myocardial motion and deformation locally, and therefore quantifying mechanical dyssynchrony on
individuals. However, its capability for intra- and inter- population comparison is limited, the analysis being
performed at the regional level (myocardial segments) at some specific instants of the cardiac cycle, due to the lack
of a common spatiotemporal system of coordinates to perform the comparison at any spatiotemporal location. In
contrast, in methods derived from statistical atlases (Toga et al. 2006; Young and Frangi 2009), the data from each
subject of a given population (shape or information defined at each point of this shape) is synchronized to a common
reference anatomy, which provides a multivariate representation of the local anatomical and functional features of
this population. For example, a statistical atlas of the left ventricle (LV) can contain information about myocardial
velocities, strain or fiber structure at any spatiotemporal location of a reference shape of the LV. Recently, an atlas-
based quantification of myocardial motion abnormalities was proposed (Duchateau et al. 2011a), where the velocities

of each studied patient were characterized according to their distance to normality.

In the present study, we aim at demonstrating the usefulness of this technique for the characterization of
abnormal patterns of cardiac motion, specifically applied to the field of CRT. Accordingly, we aim at showing the
value of the atlas approach to characterize patterns of abnormal septal motion and the relation between their

evolution and CRT response in a large group of patients pre- and post- CRT.



Materials and methods

Patient population
For the present study, data was collected from 21 healthy volunteers and 88 patients undergoing CRT

implantation. The baseline characteristics for these subjects are summarized in Table 1.

Data from the healthy volunteers (age 30%5 years, 14 male) served as control group for the construction of
an atlas of normal motion. Enrollment criteria were that they had no history of cardiac disease and a normal
echocardiographic exam. All of them showed a QRS duration <120 ms, and their baseline characteristics matched
the values found in the literature for a population of patients with normal cardiac function (Feigenbaum 1994;
Sutherland et al. 2006). Differences in age with the set of CRT candidates may be a limitation of this study, and is
discussed at the end of this paper. Additional justifications about this population were extensively described in
Duchateau et al. (2011a). The use of 21 healthy volunteers was justified by computing the evolution of the motion
abnormality index depending on the size of the atlas population, and leave-one-out was used to check the normality

of the motion of healthy volunteers.

The 88 patients compared to the atlas (age 6819 years, 64 male) were patients treated with CRT based on
current international clinical guidelines (Dickstein et al. 2010): left ventricular ejection fraction (LVEF) <35%, QRS
duration >120 ms, and NYHA classification III-IV or NYHA II who covered less than 500 meters in the 6 minutes

walking test.

The research complied with the Declaration of Helsinki and the study protocol was accepted by our local

ethics committee. Written informed consent was obtained from all subjects.

Definition of response

Volume response was defined as a reduction >15% in the LV end-systolic volume (Bleeker et al. 2006).
Patients who died or had heart transplantation during the study were also considered as non-responders. Clinical
improvement was defined as an increase >10% in the 6 minutes walking test, or a NYHA functional class reduction

>1 point for patients unable to complete the 6 minutes walking test at baseline.



Echocardiographic acquisition

An echocardiographic examination using a commercially available system (Vivid 7, GE Healthcare,
Milwaukee, WI, USA) was performed in all patients at baseline and at 12 months follow-up after the implant. A
standard zoomed-in 4-chamber view of the LV was acquired during breath-hold to minimize the influence of
respiratory motion. All sequences were acquired by the same sonographer, who optimized settings to achieve similar
image quality for all subjects. Machine settings (gain, time gain compensation, and compression) were adjusted for
optimal visualization, including the use of harmonic imaging (GE Healthcare M4S probe, 1.7/3.4 MHz frequency).
Physiological differences between subjects constrain the acquisition parameters, which therefore differed in terms of
temporal resolution and image quality. Resolution was optimized during the acquisition of healthy subjects'
sequences, and corresponded to an average frame rate of 60 fps and a pixel size of 0.24 x 0.24 mm’. The CRT
candidates involved in this study had dilated hearts compared to the healthy volunteers, and therefore required the
use of a broader US sector. The temporal resolution of these patients’ sequences was lower due to this constraint
(around half the frame rate). Their average pixel size was 0.25 x 0.25 mm’. The influence of the temporal resolution

on the accuracy of the abnormality maps was commented in Duchateau et al. (2011a).

LV volumes and ejection fraction were measured using the 2D Simpson's method (biplane). Mitral
regurgitation was semi-quantitatively classified into four degrees according to the color flow jet area method. LV
dyssynchrony was also evaluated by two techniques: (1) measuring differences in time-to-peak myocardial velocity
between the septal and the lateral walls of the LV, derived from color tissue Doppler (TDI) 4-chamber views (Bax et
al. 2005); (2) measuring the time difference between peak systolic strain of the anteroseptal and inferolateral LV
walls (Delgado et al. 2008). TDI images were not acquired during the healthy volunteers’ examination and therefore

the TDI septal-to-lateral delay is not available for this population.

Automatic quantification of myocardial motion abnormalities
The atlas pipeline described in Duchateau et al. (2011a) was applied to the acquired 4-chamber views of the
LV, focusing on the septal region (Figure 1). Its pre-processing stages (extraction of myocardial velocities and atlas

synchronization) are detailed in Annex.



Myocardial velocities were computed from each sequence using a non-rigid image registration algorithm,
and spatiotemporally aligned to a common reference anatomy, using ECG matching (time) and image registration
(space). The importance of this alignment step is commented in the Results section. Average and covariance of
myocardial velocities over the set of healthy volunteers encoded a representation of normal motion. Abnormality in
local motion was computed through a statistical distance on velocities, between each individual and the atlas
population (Mahalanobis distance). This computation returned a p-value at every location of the myocardial wall,

low p-value indicating high degree of abnormality.

A convenient way of representing this information consists of color-coded maps, inspired from anatomical
M-mode echocardiographic images, in which the septal wall has been unfold around its medial line and used as
vertical dimension, time being used as horizontal axis (Figure I). The color code for these maps encodes the p-value
in a logarithmic scale, multiplied by the sign of the radial velocity, to distinguish between septal abnormal motion
patterns (Figure 2 and Results section). Blue color represents highly abnormal inward motion of the septum, while

red color represents highly abnormal outward motion. No abnormality is therefore represented by white color.

The implementation of the method is not currently commercially available. Its implementation within an
open-source platform will be achieved in further work in order to widen its use in clinical practice. Note that the
current version of the non-rigid registration algorithm of De Craene et al. (2012a) is now available online (De Craene

and Piella 2012b).

Statistical analysis

Normal distribution of quantitative variables was assessed using the Kolmogorov-Smirnov test. Normally
distributed quantitative variables were expressed as mean + standard deviation, and unpaired Student's #-test was
used for inter-groups comparison, while paired Student’s #-test was used for the comparison of paired data. When
large deviations from the Gaussian distribution were noticed, the variable was expressed as median and
(interquartile) range, and Mann-Whitney U-test was preferred for inter-groups comparison, while Wilcoxon signed-

rank test was used for the comparison of paired data. Categorical variables were expressed in percentage over the



number of patients for which data was available, and Fisher's exact test was used for inter-groups comparison, while
McNemar’s test was used for the comparison of paired data. p-values below 0.05 were considered as statistically
significant difference between the tested groups. All data were analyzed using the SPSS statistical package (version

15.0, SPSS, Inc., Chicago, IL, USA).



Results

Patterns of motion abnormality at baseline

Figure 2 represents the motion abnormality maps of five different subjects at baseline, during systole,
illustrating the variety of patterns of abnormal motion that may be observed along the septal wall: (A) intra-
ventricular dyssynchrony, assessed by the presence of a fast inward / outward motion of the septum during the
isovolumic contraction period, otherwise called septal flash (SF [Parsai et al. 2009a]). Variations in the amplitude of
SF are associated to variations in the intensity of the blue- and red-colored abnormalities on the map (Figure 2a and
2b). This pattern was present in 60 patients (68%) of our study group; (B) inter-ventricular dyssynchrony, with late
systolic outward motion (Figure 2c), or with inward motion only (Figure 2d), referenced in the literature as left-right
interaction (LR [Parsai et al. 2009a; Bijnens et al. 2006]). In contrast, no abnormal pattern is observed on a healthy

volunteer (Figure 2e).

Animated joint views of the echocardiographic sequences for these five subjects and their corresponding

abnormality maps are available as online data supplement.

Importance of the atlas spatiotemporal alignment

Figure 3 compares the maps of abnormality obtained for one patient with SF and one healthy volunteer,
without (left) and with (right) the spatiotemporal alignment step inherent to the atlas construction. On the SF patient,
the lack of spatiotemporal alignment overestimates the abnormality and the duration of the abnormality pattern,
which does not fit anymore within the isovolumic contraction period. This is visible on both the abnormality map
and the radial velocity curve. On the healthy volunteer, the lack of spatiotemporal alignment induces large
abnormalities at the end of systole (due to artifacts on the longitudinal velocity computation in this case), which

would make the subject being considered a false positive.

Response to CRT



Fifty-three patients (60%) showed significant reverse remodeling and were considered responders. The
clinical condition improved in 72 patients (82%), 46 of them being also volume responders. One patient had heart

transplantation, and died during the study. A second patient died from heart failure without heart transplantation.

Prediction of response from baseline data

There were no statistically significant differences at baseline between responders and non-responders for all
the parameters (Table 2), except for (1) the amount of mitral regurgitation, moderate-severe mitral regurgitation
being more frequent in non-responders (p=0.036), and (2) septal-to-lateral delay derived from tissue Doppler,

responders having more dyssynchrony at baseline as measured by this parameter (p=0.040).

Baseline motion abnormalities as quantified by our method were compared to conventional indexes of
dyssynchrony (TDI septal-to-lateral and speckle tracking anteroseptal-to-inferolateral delays) through a ROC
analysis against volume response. Area-under-curve (AUC) and the ROC p-value are summarized in Table 3. The
highest AUCs were observed for systolic abnormalities at basal- and mid-inferoseptal levels (0.68 and 0.67; p=0.040
and 0.050, respectively), while TDI- and speckle tracking-based conventional indexes showed lower performance
(0.65 and 0.60; p=0.030 and > 0.05 [non-significant], respectively). The ROC curves for these four measurements

are displayed in Figure 4.

Overall effects of CRT

The follow-up characteristics for the set of CRT candidates (parameters defining clinical and volume
responses) are compared to the baseline ones in Table 4. As expected, due to the definition of clinical and volume
responses, significant changes were observed for the group of responders for all parameters, contrary to the group of

non-responders.

Evolution of motion abnormalities with CRT
The population of responders showed lower abnormalities at follow-up, and higher reduction of

abnormalities in comparison with baseline. Values for the evolution of motion abnormalities in each spatiotemporal



region are displayed in Table 5, the highest reduction being observed for responders at basal- and mid-inferoseptal

levels (p<0.001).

The spatiotemporal localization of the motion abnormalities at baseline and follow-up is visible in Figure 5,
which represents the average abnormality map for the groups of responders and non-responders. Little abnormality
in septal motion was observed at follow-up for the group of responders, while non-responders still presented a peak
of abnormality with inward motion at the end of the isovolumic contraction period, predominant at mid-inferoseptal

level, supporting the regional observations of Table 5.

The patterns visible at baseline also indicated that large SF predominated in the group of responders, and

was corrected at follow-up, while small SF and LR predominated in the group of non-responders.
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Discussion

The results of this study demonstrate the usefulness of the proposed atlas-based quantification of
myocardial motion abnormalities for CRT studies, highlighting (1) the relevance of statistical indexes that
intrinsically embed the notion of “normality”, to characterize patterns of mechanical dyssynchrony and their
evolution with the therapy; and (2) the need for a spatiotemporal synchronization of the data to avoid bias in the

inter-subject comparison.

Abnormal patterns of septal motion and cardiac dyssynchrony

Parsai et al. (2009a) proposed a classification of patients according to their pattern of mechanical
dyssynchrony, and studied CRT response for each of these groups. Half of the patients had SF, which was associated
to CRT response when the mechanism had been corrected at follow-up. Similar observations were made on patients
with contractile reserve, for which SF was induced by dobutamine stress echocardiography (Parsai et al. 2009b). The
presence of an abnormal motion of the septum associated to an intra-ventricular type of dyssynchrony was first
reported from M-mode observations (McDonald 1973; Dillon et al. 1974; Little et al. 1982; Grines et al. 1989). The
authors described a specific pattern of mechanical dyssynchrony interpretable as a direct consequence of Left
Bundle-Branch Block (LBBB [Parsai et al. 2009a; Bijnens et al. 2006; Duckett et al. 2012]). Gjesdal et al. (2011)
interpreted it as the result of active septal contraction during LBBB and therefore suggested its inclusion in LV
dyssynchrony studies. High response rates were recently reported for septal rebound stretch (De Boeck et al. 2009;
Leenders et al. 2012b) and apical rocking (Szulik et al. 2010), two patterns very closely related to SF. Some elements
of interpretation using a computer model were given in Lumens et al. (2012) and Leenders et al. (2012a). Inter-
ventricular dyssynchrony (LR) was described as a passive motion of the septum (Parsai et al. 2009a; Bijnens et al.
2006) due to the presence of infarcted septal regions and a long inter-ventricular delay, the correction of which led to
clinical improvement but not volume response. Similar observations were made in Lumens et al. (2012) and
Leenders et al. (2012a). More complex patterns were also reported, resulting from prolonged atrio-ventricular delays

or combined mechanisms (Parsai et al. 2009a).

The objective of the present study was to consider all types of septal motion abnormalities that may be

observed on our study group (Figure 2). This was achieved through the comparison of the motion of any individual



11

to a control group with normal cardiac function, using a common system of coordinates to perform this comparison.
This framework also allowed intra-subject comparison between baseline and follow-up data (Figure 5 and Table 5),

to quantify the evolution of these patterns with the therapy.

Conventional methods for dyssynchrony assessment

The limits of single measurements from current echocardiographic techniques (Mor-Avi et al. 2011) such as
tissue Doppler and speckle tracking have been largely discussed (Fornwalt et al. 2009; Fornwalt 2011). In particular,
the relevance of considering individual components of the measured parameters (either temporally using time-to-
peak or time-to-onset measurements, or spatially by considering segmental values) has been pointed out. The
practical difficulties of identifying the peak values (Anderson et al. 2008) may bias the analysis, despite the fact that
statistical difference may be observed between responders and non-responders using these parameters (7able 2), and
significant ROC p-values and AUCs (Figure 4 and Table 3). More elaborated methods have been proposed for
analyzing this information (cross-correlation [Silva et al. 2010] or Fourier analysis [Bertola et al. 2009] of strain

curves), but the complexity of the patterns of dyssynchrony may similarly limit their applicability.

To overcome these limitations, we chose a mechanistic approach inspired from the protocol presented in
Parsai et al. (2009a), therefore considering the whole patterns of dyssynchrony that may be observed along the

septum (Figure 2).

Added-value of atlas-based quantification of motion abnormalities

The protocol described in Parsai et al. (2009a) allows quantitative assessment of the abnormal patterns of
septal motion (presence, timing and maximal excursion, if measurable), but is not automatic, pattern-dependent, and
requires expert interpretation. Current echocardiographic techniques (Mor-Avi et al. 2011) such as tissue Doppler
and speckle tracking allow the quantification of motion and deformation locally, but are still not adapted to perform
intra- and inter-subject comparisons. Tissue Doppler is highly dependent on the insonation angle and only provides a
one-dimensional measurement (the projection of the velocity vector along the observation beam), which limits its

interest for our application. Both techniques process the sequence of each patient individually, but do not allow any
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comparison at any spatiotemporal location of a common system of coordinates. The need for such a comparison

space, guaranteed by the use of a statistical atlas framework, was illustrated in Figure 3.

One of the main contributions of the present work consists in the computation of statistical indexes that
intrinsically perform a comparison to normality. This concept is analogue to the learning process made by a clinical
observer, which uses healthy and pathological sequences to learn the representations of specific patterns of abnormal
motion. In our case, the analysis is completely quantitative, which allows baseline and follow-up comparisons, either

regionally (Table 5) or locally at every point of the septal wall (Figure 5).

Our method slightly outperformed conventional methods for dyssynchrony assessment for the analysis of
baseline data, as assessed by the ROC analysis presented in Figure 4 and Table 3. However, to our opinion,
quantification and understanding remain more important than setting a single threshold for detection. Thus, our
technique also allows pattern observation and analysis (as performed here, or using more advanced pattern-based
comparison techniques as recently proposed [Duchateau et al. 2011b; Duchateau et al. 2012]), which is not possible

with single indexes of dyssynchrony.

Changes in LV dyssynchrony induced by CRT

The primary objective of CRT is to restore the coordination in the motion of the cardiac chambers. With
optimized resynchronization, cardiac function is expected to improve, leading to notable improvements in patient
condition and allowing reverse remodeling of the LV (St John Sutton et al. 2003). The link between mechanical
dyssynchrony and CRT response is still a controversial issue, partially due to the limitations of single measurements
of mechanical dyssynchrony (Fornwalt et al. 2009; Fornwalt 2011). In contrast, mechanistic approaches (Parsai et al.
2009a; Bijnens et al. 2006; Lumens et al. 2012; Leenders et al. 2012a) do not discard the complexity of the etiologies
of cardiac dyssynchrony and shed new light on the understanding of the effects of CRT. The therapy is expected to
be highly efficient on patients with SF or septal rebound stretch, mechanical dyssynchrony being hypothesized to be
mainly the consequence of an electrical problem (LBBB [Bijnens et al. 2006; Duckett et al. 2012; Gjesdal et al.
2011; Lumens et al. 2012; Leenders et al. 2012a]). In contrast, the therapy may have lower effect in case of passive

motion of the septum (LR) or more complex mechanisms where mechanical dyssynchrony is a consequence of wall
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necrosis and akynesia of a given LV segment, rather unable to be corrected through electrical resynchronization
(Parsai et al. 2009a; Lumens et al. 2012; Leenders et al. 2012a; Leenders et al. 2012b). Additional factors may also
condition the ability of a patient to respond despite the reduction of the abnormal dyssynchrony patterns present at
baseline. The presence of an extensive scar can limit the ability of the LV to show reverse remodeling in this region.
The lack of contractile reserve (Lim et al. 2007), the presence of atrial fibrillation (Tolosana et al. 2008), an
inappropriate lead position (Cowburn and Leclercq 2011), and the patient condition at baseline (too advanced heart
failure so that the patient could not respond [Vidal et al. 2010]) may also strongly influence CRT response. The
inclusion of additional variables of non-response such as the ones identified above is highly recommendable, and
will lead to refinements of current multi-parametric analysis of CRT response (Lafitte et al. 2009; Santaularia-Tomas

and Abraham 2009).

Other potential clinical applications of statistical atlases of motion to cardiac imaging

We chose to work with 2D echocardiography as it is the most widespread modality in clinical practice with
sufficient temporal resolution to accurately identify fast motion patterns such as SF. Using 3D echocardiography
would allow the characterization of all myocardial segments and the whole 3D motion of the heart, unlike 2D
sequences, which consist of its projection on the observation plane. However, although 3D acquisitions are
increasingly performed, the acquired sequences still have lower quality and temporal resolution than the 2D ones,

which limits their ability to accurately quantify fast motion patterns.

We considered that apical 4-chamber represented the most relevant 2D view for our application, as we focus
on types of mechanical dyssynchrony that may affect the whole septum, from base to apex. A reproducible position
of the observation plane is harder to achieve in short axis views, which may be a strong limitation for building a
statistical atlas from this view. Nonetheless, the methodology applied in this study is not specific to 2D
echocardiography and abnormal septal motion, and could be readily applicable to other imaging modalities (3D
echocardiography, magnetic resonance, as recently proposed by De Craene et al. (2012c), computed tomography,
etc.), other clinical settings (stress echocardiography, ischemic cardiomyopathy, etc.), and other mechanisms of

abnormal motion.
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The proposed technique could also be extended to compare individuals to a population with one of these
specific abnormal motion patterns, and not only to normality, as described elsewhere (Duchateau et al. 2011b;

Duchateau et al. 2012).

Limitations

The study focuses on motion abnormalities only. Computing maps of strain abnormalities would certainly
help refining the analysis for patients who may have similar motion abnormality patterns despite different
mechanisms. In particular, this may improve the understanding of CRT response, as the presence of local infarction
may affect both the dyssynchrony patterns and the ability of the LV to remodel, and therefore, condition CRT

response.

The atlas of normal motion was built from a group of healthy volunteers recruited for research purposes,
within our institution, which explains the difference in age with the set of CRT candidates, and may be a limitation to
our study. Recruitment of older volunteers was not performed for practical reasons. Nonetheless, the definition of a
normal cardiac function still remains an open question. Cardiac efficiency may not be preserved when the subject
gets older. Decreased myocardial velocities (mainly longitudinal component and diastolic period) were observed in
older subjects (Sutherland et al. 2006; Wandt et al. 1998; Onose et al. 1999), resulting in a less "normal" function.
Thus, the use of a young healthy population may be an advantage to perform comparison to a cardiac function as
normal as possible. In particular, the quantification of motion abnormalities may be less contrasted with an older

healthy population.

The current study focused on observations of voxel-wise motion abnormalities and did not attempt to do
any classification of patients based on the observed patterns of abnormal motion, which would require the use of
specific pattern analysis techniques (Duchateau et al. 2011b). The relation between patterns of mechanical
dyssynchrony and CRT response is still complex (Parsai et al. 2009a; Lumens et al. 2012; Leenders et al. 2012a) and

such an analysis may also take into account external factors that condition CRT response, as commented previously.
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Finally, the criteria for CRT response should also be considered carefully (Fornwalt et al. 2010; Cleland and
Ghio 2011). In particular, the definition of fixed thresholds for defining response is certainly a limit for a clear
understanding of the effects of CRT, in comparison with the use of a spectrum of responses, involving additional

measures of CRT outcome (Foley et al. 2009).

Conclusions

The results presented in this study demonstrated the usefulness of an atlas-based quantification of motion
abnormalities for characterizing the evolution of specific patterns of dyssynchrony with CRT. The proposed
abnormality maps showed that abnormalities reduced significantly more in responders (p<0.001), while abnormal
motion was still present in non-responders. They also showed that a large septal flash pattern predominated at
baseline in the group of responders, while small septal flash and left-right interaction patterns predominated in the
group of non-responders. We also discussed the combination of the proposed technique with a comprehensive
understanding of the etiologies of cardiac dyssynchrony, to achieve a better interpretation of the effects of the

therapy.
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Annex: atlas pre-processing stages

This annex details the pre-processing stages of the atlas pipeline (Duchateau et al. 2011a) introduced in the

Material and methods section.

Extraction of myocardial velocities

Myocardial velocities were extracted from each sequence, at any spatiotemporal location, using non-rigid
image registration. Our implementation performs pairwise matching of consecutive frames in the sequence, using
multiscale diffeomorphic free-form-deformation (Rueckert et al. 2006). Its recent improvements to include temporal
consistency and extensive validation are described in De Craene et al. (2012a). The concept of the speckle tracking
algorithm, widely used in the clinical community, is similar to the tracking achieved through image registration, with
the specificity of computing image similarities locally (tracking local speckle pattern). Although few details are
given by the manufacturer regarding its implementation (which is the reason why we opted for the free-form-
deformation algorithm), we believe the algorithm to follow the principles given in (Behar et al. 2004; Adam et al.
2004; Leitman et al. 2004). The intra-sequence tracking quality was evaluated for both volunteers and CRT
candidates in Duchateau et al. (2011a), and showed a precision comparable to the variability of experienced

observers in performing manual tracking.

Atlas synchronization

The velocities extracted from each sequence were then spatiotemporally aligned to a common reference
anatomy, chosen among the set of healthy volunteers using the group-wise normalized mutual information metric
(Hoogendoorn et al. 2010). Temporal alignment was based on piecewise linear warping of the timescale based on the
timing of physiological events (onset of QRS complex [beginning and end of the cycle], located on the ECG using
tools from the EchoPac software [GE Healthcare, Milwaukee, WI, USA], and the aortic valve opening and closure,
determined using continuous wave Doppler imaging on the aortic valve). The reproducibility of both the
echocardiographic acquisition and the atlas pipeline was evaluated in Duchateau et al. (2011a), through the
quantification of the variability in the myocardial velocities of four different sequences of the same volunteer, once
these have been spatiotemporally aligned. Spatial normalization consisted in estimating a mapping between the

anatomy of the studied subject and the reference anatomy (multiscale diffeomorphic free-form-deformation
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[Rueckert et al. 2006], as for the intra-sequence registration), and locally reorienting the myocardial velocities using

this mapping.
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Table 1. Baseline characteristics of volunteers and CRT candidates.

CRT candidates (N=88)

Volunteers (N=21)

Age (years) 68+9 3045
Male gender 64 (73%) 14 (67%)
Ischemic etiology 29 (33%) 0
QRS width (ms) 178429 81+10
6min walking test (m) 271 (168-332)

I 0 0

i 23 (26%) 0
z %
; o I 56 (65%) 0

v 7 (8%) 0
LYV end-diastolic volume (mL) 247488 104+27
LYV end-systolic volume (mL) 186+76 4149
LV ejection fraction (%) 2548 60+5
MR grade ITI-IV (%) 26 (43%) 0
TDI septal-to-lateral delay (ms) 63+41
ST anteroseptal-to-inferolateral delay (ms) 66 (28-158) 17+27

LV: left ventricular; MR: mitral regurgitation; TDI: tissue Doppler imaging; ST: speckle tracking



Table 2. Baseline characteristics of CRT candidates according to the volume response.

Responders (N=53) Non-responders (N=35) p-value

Age (years) 67+9 69+8 NS
Male gender 36 (68%) 28 (80%) NS
Ischemic etiology 15 (28%) 14 31%) NS
QRS width (ms) 181427 172431 NS
6min walking test (m) 275 (197-320) 270 (0-336) NS

I 0 0

i 14 (27%) 9 (27%) NS
: g
; @) 1II 36 (69%) 20 (59%) NS

v 2 (4%) 5 (15%) NS
LYV end-diastolic volume (mL) 256+95 231475 NS
LYV end-systolic volume (mL) 196+79 172468 NS
LV ejection fraction (%) 2547 2749 NS
MR grade ITI-IV (%) 10 (29%) 16 (59%) 0.036
TDI septal-to-lateral delay (ms) 70+36 51446 0.040
ST anteroseptal-to-inferolateral delay (ms) 70 (33-182) 48 (21-120) NS

LV: left ventricular; MR: mitral regurgitation; TDI: tissue Doppler imaging; ST: speckle tracking

NS: Non-significant statistical difference (p-value > 0.05).
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Table 3. ROC analysis against volume response of baseline motion abnormalities and conventional indexes of

dyssynchrony.
Area under curve p-value
BI 0.68 0.040
o)
2 MI 0.67 0.050
&
AS 0.56 NS
BI 0.60 NS
2
E MI 0.64 NS
&
= AS 0.57 NS
TDI septal-to-lateral delay (ms) 0.65 0.030
ST anteroseptal-to-inferolateral delay (ms) 0.60 NS

BI: basal-inferoseptal; MI: mid-inferoseptal; AS: apical septal; TDI: tissue Doppler imaging; ST: speckle tracking

NS: Non-significant statistical difference (p-value > 0.05).
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Table 4. Comparison of follow-up and baseline characteristics (parameters defining clinical and volume

response) of CRT candidates according to the volume response.

Responders (N=53)

Non-responders (N=35)

Baseline Follow-up p-value Baseline Follow-up p-value
6min walking test (m) 275 (197-320) 406 (322-465) <0.001 270 (0-336) 364 (294-465) <0.001
I 0 11 (21%) 0.001 0 5 (15%) NS
< . I 14 (27%) 33 (62%) 0.003 9 (27%) 18 (53%) NS
E é‘ m 36 (69%) 9 (17%) <0.001 20 (59%) 11 (32%) NS
v 2 (4%) 0 NS 5 (15%) 0 NS
LV end-diastolic volume (mL) 256+95 195+77 <0.001 23175 242+66 0.004
LV end-systolic volume (mL) 196+79 122448 <0.001 172468 173+60 NS
LYV ejection fraction (%) 2547 3749 <0.001 2749 30+9 NS

LV: left ventricular

NS: Non-significant statistical difference (p-value > 0.05).



Table 5. Abnormality reduction according to the volume response.
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Baseline

Responders (N=53)

Follow-up

p-value

Baseline

Non-responders (N=35)

Follow-up

p-value

1.02 (0.84-1.27)
1.15 (0.97-1.74)

0.82 (0.65-0.99)

0.74 (0.64-0.99)
0.86 (0.66-1.22)

0.78 (0.63-1.06)

<0.001

0.001

NS

0.96 (0.72-1.16)
1.26 (0.81-1.58)

0.68 (0.54-1.10)

0.81(0.73-0.97)
1.03 (0.80-1.30)

0.78 (0.66-0.99)

NS

NS

NS

BI
3
2 MI
S
&
AS
BI
2
e} MI
£
/R AS

0.76 (0.52-1.22)
0.96 (0.62-1.71)

0.90 (0.62-1.23)

0.55 (0.46-0.80)
0.68 (0.52-1.20)

0.66 (0.51-1.03)

0.014

0.013

0.030

0.65 (0.51-0.89)
0.78 (0.55-1.62)

0.84 (0.46-1.45)

0.57 (0.47-0.74)
0.77 (0.53-0.94)

0.70 (0.51-1.04)

NS

0.050

NS

p-value corresponds to the discrimination score between baseline and follow-up abnormalities.

BI: basal-inferoseptal; MI: mid-inferoseptal; AS: apical septal

NS: Non-significant statistical difference (p-value > 0.05).
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Figure legends

Figure 1: Pipeline for the atlas-based quantification of septal motion abnormalities, as described in Duchateau et al.
(2011a). Right part represents the motion abnormality map computed for one patient with septal flash during systole
(p-value in logarithmic scale weighted by the sign of the radial velocity v,). Red arrows indicate the localization of
inward (IN) and outward (OUT) events of septal flash. The vertical line indicates the end of the isovolumic

contraction period.

Figure 2: Variety of the patterns observed on the motion abnormality maps (systolic period).

Figure 3: Velocity profiles and motion abnormality maps for one patient and one healthy volunteer without and with
the atlas spatiotemporal synchronization. Dashed line on the abnormality map indicate the septal level at which
velocity profile are represented. Gray profile and errorbars indicate the average + standard deviation for the atlas

population.
Figure 4: ROC analysis against volume response of baseline motion abnormalities (systolic, at basal- and mid-
inferoseptal levels) and conventional indexes of dyssynchrony (TDI septal-to-lateral and speckle tracking

anteroseptal-to-inferolateral delays).

Figure 5: Average abnormality map for the set of volume responders and non-responders, at baseline and follow-up.
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