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Background. Stress-induced dyssynchrony has been shown to be independently correlated
with clinical outcomes in patients with dilated cardiomyopathy (DCM) and narrow QRS
complexes. However, the extent to which stress levels affect inter- and intraventricular
dyssynchrony parameters remains unknown.

Methods. Ten large dogs were submitted to tachycardia-induced DCM by pacing the right
ventricular apex for 3–4 weeks to reach a target ejection fraction (EF) of 35% or less. Stress was
then induced in DCM dogs by administering intravenous dobutamine up to a maximum of
20 lg�kg21�min21. Hemodynamic and ventricular dyssynchrony data were analyzed by left ven-
tricular (LV) pressure measurements and gated blood pool SPECT (GBPS) imaging. In order to
assess mechanical dyssynchrony in DCM subjects and compare it with that of 8 normal counter-
parts, we extracted the following data: count-based indices of LV contraction homogeneity index
(CHI), entropy and phase standard deviation, and interventricular dyssynchrony index.

Results. A significant LV intraventricular dyssynchrony (CHI: 96.4 ± 1.3% in control vs
78.6% ± 10.9% in DCM subjects) resulted in an intense LV dysfunction in DCM subjects (EF:
49.5% ± 8.4% in control vs 22.6% ± 6.0% in DCM), compared to control subjects. However,
interventricular dyssynchrony did not vary significantly between the two groups. Under stress,
DCM subjects showed a significant improvement in ventricular functional parameters at each
level (EF: 22.6% ± 6.0% at rest vs 48.1% ± 5.8% at maximum stress). All intraventricular
dyssynchrony indices showed a significant increase in magnitude of synchrony from baseline to
stress levels of greater than or equal to 5 lg�kg21�min21 dobutamine. There were individual
differences in the magnitude and pattern of change in interventricular dyssynchrony during the
various levels of stress.

Conclusions. Based on GBPS analyses, different levels of functional stress, even in close
intervals, can have a significant impact on hemodynamic and intraventricular dyssynchrony
parameters in a DCM model with narrow QRS complex. (J Nucl Cardiol 2017;24:145–57.)
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INTRODUCTION

Ventricular mechanical dyssynchrony, defined as a

timing disparity in ventricular regional contraction,

seems to be present in almost all chronic heart failure

(HF) patients.1 Wall motion discoordination is not

exclusively caused by electrical conduction delays;

regional heterogeneity in myocardial contractility prop-

erties can also modify the synchronicity of

contraction.1,2 The presence of mechanical dyssyn-

chrony with preserved electrical conduction is apparent

in a substantial proportion of patients with dilated

cardiomyopathy (DCM) and narrow QRS complexes.3

Exercise-induced intraventricular dyssynchrony has

been independently correlated with clinical outcomes

(combined endpoint of death, heart transplant, or assist

device implantation) in patients with idiopathic DCM and

narrow QRS complexes.4 However, few studies4-7 have

investigated the effect of stress on mechanical dyssyn-

chrony in such patients and none have examined the range

of difference in inter- and intraventricular dyssynchrony

parameters when the patients are submitted to various

levels of stress. Moreover, the quantification of stress

dyssynchrony in those studies has been performed by

different echocardiography-based methods. However, an

intrinsic property of these methods lies in their limited

reproducibility, since they are largely subject dependent,

both in the case of image acquisition and analysis.8 Also,

there is no standardized methodology with accurate and

robust parameters for detecting mechanical dyssynchrony

using echocardiographic imaging tools.9

In comparison with echocardiographic methods,

phase analysis of nuclear cardiology modalities such as

gated single-photon emission computed tomography

(SPECT) myocardial perfusion imaging (GMPS)10 and

gated blood pool SPECT (GBPS)11 has shown a high

reproducibility to effectively assess cardiac mechanical

dyssynchrony. While both methods have shown a clear

applicability in this field, GBPS has been preferred in

some cases since it is based on volume rather than

myocardial wall thickness. In addition, it can provide

both inter- and intraventricular dyssynchrony data.

Consequently, we used GBPS in our study to inves-

tigate the effects of various levels of dobutamine-induced

stress on inter- and intraventricular dyssynchrony param-

eters in an animal model of tachycardia-induced DCM, a

well-characterized model of non-ischemic cardiomyopa-

thy in terms of left ventricular (LV) dilation and systolic

dysfunction.12 This study follows our previous work

performed on a control cohort.13

METHODS

Study Protocol

Ten large dogs of either gender (mixed races with mean

weight of 40.2 ± 4.5 kg) were submitted to tachycardia-

induced HF by pacing the right ventricular apex at 240 bpm

for 3–4 weeks until the LV ejection fraction (EF) fell below

35%; we selected a moderate to severely reduced EF to assess

variations toward upper or lower EF categories. Experiments

were initiated within 48 hours of achieving the target LVEF.

The protocol was approved by the institutional Research Ethics

Board and all procedures followed the Canadian Council on

Animal Care.

The animals underwent general anesthesia with isoflurane

1.5% after induction with doses of 5 mg�kg-1 ketamine and

0.25 mg�kg-1 diazepam. SaO2 was monitored using a standard

biomedical cardiac monitor (Eagle 4000, Marquette Medical

System, Milwaukee, WI, USA). The dogs’ bladders were

catheterized in order to prevent radioactive urine spills.

Venous and arterial accesses were obtained in carotid and

femoral arteries as well as jugular and femoral veins. Those

vascular accesses were used to install the following devices.

First, a Swan-Ganz catheter (931HF75, Edward Life Sciences,

Mississauga, ON, Canada) was introduced in a segmental

pulmonary artery to measure the cardiac output using a

thermodilution method.14 This was followed by bolus injec-

tions of 10 mL of sterile saline cooled at 4 �C to increase the

signal stability. We used the cardiac monitor to measure

cardiac outputs. Second, a pressure catheter was introduced in

the right femoral artery in order to acquire systemic arterial

pressure signals. Signals were conditioned by a dedicated

control unit and acquired by a signal acquisition system.

Dobutamine was infused using the venous access in the left

leg. Another pressure catheter (Ventricath 507S, 5F, straight

tip, Millar, Houston, TX, USA) was installed in the LV via the

left carotid artery access. Signals were conditioned (MPVS

Ultra 753-2083, Millar), digitized (ITF156, Emka Technolo-

gies, Falls Church, VA, USA), and subsequently analyzed with

a dedicated software (Iox2, ver. 2.5.1.6, Emka). It has to be

mentioned that hemodynamic results were recorded for eight
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dogs out of ten because the Millar system was unavailable.

Surface ECGs were recorded using a standard 3-lead config-

uration (Cardiac Trigger Monitor 3000, Ivy Biomedical

Systems Inc., Branford, CT, USA).

The GBPS and surface ECGs were acquired at baseline

and for each dobutamine-induced stress level of 2.5, 5, 10, and

20 lg�kg-1�min-1. The acquisition of GBPS was performed

after red blood cell labeling using the UltraTag�-99mTc kit. A

single dose of radiopharmaceutical of 1223 MBq in average

was injected to animals and baseline images were acquired.

Cardiac stress was induced by a dobutamine infusion prepared

in 500 lg�mL-1 of normal saline solution and continuously

infused over average times of 43.5, 28.4, 36.4, and 34.8 min-

utes while increasing the outflow to reach the predetermined

dosage (Figure 1). Because of dobutamine’s short half-life of

approximately 2.3 minutes, we used continuous infusion to

create a stable dobutamine stress effect for acquiring the

SPECT images. On average, the total infusion duration was

143.0 minutes, during which a total volume of 415 mL was

infused. Immediately after reaching a target dobutamine

concentration level, image acquisition was initiated. There

were no rest periods during the entire experiment. Cardiac and

peripheral hemodynamic data as well as cardiac contraction

synchrony data (using GBPS) were recorded at each stress

level. The duration of GBPS acquisition was adjusted through-

out the day to reach equal count statistics in spite of 99mTc

decay time; average times of 10.8, 13.4, 14.3, and 14.8 min-

utes, respectively, were used for each dobutamine-induced

stress level. Overall, the dobutamine-induced stress effect

lasted approximately 208.1 minutes, with the heart rate con-

tinuously increasing at each level. Because of humane

considerations, we euthanized the dogs at the end of the

experiment with the administration of isoflurane 5% and an

intravenous overdose of potassium chloride.

GBPS Acquisition and Reconstruction

Data were acquired on a dual head gamma camera with

low-energy high-resolution collimators and 64 projections

dispatched on a 360� configuration using 64 9 64 matrix. Data

acquisition involved 16 frames per cardiac cycle. Transaxial

reconstructions were performed with the ramp filtered back

projection and subsequently filtered by 8 mm Gaussian filter.

GBPS Data Processing and Dyssynchrony
Analysis

Images were manually reoriented into LV short axis

sections (Figure 2). Segmentation was performed using an

algorithm based on the invariance of the Laplacian previously

developed by our group to deliver a dynamic surface of

approximately 400 vertices.15 In summary, simple geometric

assumptions were made to separate LV from RV and atria.

Two smoothed isosurfaces (LV and RV) were then determined

inside both ventricular regions (LV left of the RV, both below

the atria). The GBPS images were filtered with a variable

cutoff frequency, and Laplacian was computed for each

dataset. Profiles were extracted from each Laplacian image

by sampling along 400 vectors perpendicular to each of the

ventricular isosurfaces (LV and RV). These profiles were used

to find a pivotal point, where values were least variable

between filtered datasets. Since this position was resolution

independent, it represented a true edge estimation. This surface

was then replaced by 3D self-organizing maps (LV and RV)

using standard surfaces to get regular sampling over the

ventricles. Again 400 profiles normal to these surfaces were

analyzed to determine the invariance of the Laplacian for each

bin of all 16 temporal bins (Figure 3). Lastly, post-processing

was executed on the surfaces to ensure spatial and temporal

continuity. After the segmentation, dynamic regions of interest

(ROIs) were estimated over both ventricles. The LV ROI was

defined as the pixels totally or partially inside the LV plus all

pixels under the valvular plane and within 8 mm (2 pixels) of

the LV, but all pixels closer to the RV than the LV were

excluded (Figure 4). The same approach was applied to define

the RV ROI. Time–activity curves (TACs) for the LV and RV

were generated using these ROIs (Figure 4). Count-based

LVEF and RVEF were measured directly using the TACs.

However, in order to measure the stroke volume (SV) in mL,

we had to estimate count-based volumes by adjusting the

TACs (dividing by the average TAC and multiplying by the

average geometric volume, a method previously shown to be

well correlated with magnetic resonance imaging volumetric

results16).

A three-harmonic inter-correlation of the RV and LV

TACs was used to compute the phase differences between RV

and LV (count-based RVLV delay). These results were

expressed in degrees and converted to milliseconds to accom-

modate readers from different specialties (echocardiography,

electrocardiography, etc.). It has to be noted that any compar-

ison between RVLV delays measured by GBPS and with other

modalities will not be accurate, since the methods for acquiring

RVLV delays using various modalities are totally different.

In addition, we extracted TACs for different regions of

the LV from the LV ROI. First, the basal slices (where the

surface’s normal angle to basal direction was less than 45�)
were discarded. Then, apical slices were extracted to evaluate

the apical TAC separately. The pixels from remaining median

slices were split into four regions (anterior, lateral, inferior,

and septal) using their angular position in the short axis slice

around the LV center (Figure 5). We first estimated Fourier

harmonics of each regional TAC to obtain the phase and

amplitude of each LV region. In order to compute the LV

intraventricular dyssynchrony parameters, a static ROI was

used containing the voxels where the LV dynamic ROI was

present at least in half of the temporal frames. Three-harmonic

Fourier analysis of all voxel TACs and subsequent count-based

amplitudes (A) and phases (h) were acquired within this ROI.

In addition to the phase and amplitude, efficiency (E) of

contraction of each voxel was also determined, namely, the

portion of amplitude in phase with the remainder of the

ventricle.17 In other words, E represents the portion of

amplitude in the direction of the mean phase. Thus, E could

be calculated as complex harmonic of each voxel TAC (Aeih)

divided by the mean phase (�h), which is the mean angle of all

complex harmonics, as follows:
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E ¼ A1e
ih1

ei
�h

�h ¼ \Aeih: ð1Þ
Based on the above equation, E is actually the projection

along the direction of the mean phase in the Fourier space. It

would be negative if the voxel phase differed from the mean

phase for more than a quarter of the cardiac cycle. In fact, the

E index was used to calculate a global contraction homogene-

ity index (CHI)17 which was defined as the mean E divided by

the mean A. In our point of view, CHI could be interpreted as

the proportion of wall movement (endocardial-blood interface

movement) that contributes to the stroke volume.

In addition to CHI, phase standard deviation (phase SD)

and entropy of the phase histogram were extracted within the

LV static ROI. These dyssynchrony parameters have been

previously evaluated in planar and radionuclide ventriculog-

raphy phase analysis.11,18,19 Entropy is a degree of randomness

of the phase distribution within the ROI. In the case of reduced

contraction homogeneity, entropy is able to identify the degree

of random and uncoordinated contraction by computing the

probability of occurrence of phase angle i (Pi) in a given

number of bins (M) of a phase histogram as follows:

Entropy ¼ �

PM

i¼1

Pi log2 Pið Þ

log2 Mð Þ : ð2Þ

We used the same equation and method proposed by

O’Connell et al to measure the entropy values.18 It ranges from

0 with complete order to 1 with complete disorder.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism

version 6.00 for Windows (GraphPad Software, La Jolla,

California, USA). The D’Agostino-Pearson test was used to

confirm that the distribution of the hemodynamic as well as

dyssynchrony variables was not significantly different from a

normal distribution at different dobutamine levels.

Comparisons between rest and dobutamine-induced stress

levels for functional and dyssynchrony parameters were made

using ANOVA test for repeated measures with Tukey post-test.

Figure 1. Illustration of dobutamine stress infusion and GBPS acquisition protocol. After injection
of a single dose of red blood cells labeled 99mTc, baseline GBPS images were acquired. Cardiac
stress was then induced by a continuous infusion of dobutamine at different levels of 2.5, 5, 10, and
20 lg�kg-1�min-1. After reaching a stable stress effect at each dobutamine level, GBPS acquisition
was performed.

Figure 2. Illustration of GBPS images in short, horizontal,
and vertical long axis views, respectively. Regions of interest
are drawn over both ventricles. Final 3D segmented right
(blue) and left (red) ventricles derived from those ROIs are
shown in the right side of the figure.

Figure 3. Dynamic surface of approximately 400 vertices
over the LV and RV. Vertices are linked together making
triangular shapes and surface tetrahedrons then are used to
estimate the final geometric volumes. Also, 400 profiles
normal to the initial surface are shown for both ventricles that
are used to estimate the dynamic motion of the surfaces.
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Also, comparisons between control and DCM groups were

made using the unpaired Student t test. In addition, a

correlation test was used to assess the relation between various

cardiac output measurements. Statistical significance was

defined as a two-tailed P value\ .05. Data are shown as

mean values ± SD for the continuous variables.

Figure 4. Left and right regions of interest in short axis view and related time–activity curves in 16
bins.

Figure 5. Illustration of time–activity curves for different regions of the LV as well as regional LV
ROIs: anterior, lateral, inferior, and septal regions in short axis and apex in horizontal long axis
view.
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Table 2. Dyssynchrony parameters at rest and during dobutamine-induced stress levels in DCM vs
control dogs

Index

Dobutamine (lg�kg21�min21)

0 2.5 5 10 20

DCM

LVCHI (%) 78.6 ± 10.9 84.5 ± 9.4 89.8 ± 5.2* 90.6 ± 5.4*# 92.4 ± 3.9*#

LV entropy 0.78 ± 0.09 0.71 ± 0.11 0.65 ± 0.09*# 0.63 ± 0.09*# 0.59 ± 0.08*#�

LV Phase SD (�) 49.4 ± 14.8 41.0 ± 14.9 33.3 ± 10.6*# 31.9 ± 12.2*# 27.1 ± 10.7*#

RVLV delay (�) -20.9 ± 21.1 -14.1 ± 13.9 -16.8 ± 10.2 -19.6 ± 10.7 -22.2 ± 11.5

RVLV delay (ms) -33.3 ± 33.4 -20.3 ± 19.4 -23.4 ± 13.9 -25.8 ± 14.5 -27.6 ± 14.6

Control

LVCHI (%) 96.4 ± 1.3 97.9 ± 0.6 98.7 ± 0.9* 98.6 ± 1.0 98.4 ± 1.2

LV entropy 0.52 ± 0.04 0.43 ± 0.03* 0.36 ± 0.09* 0.37 ± 0.10 0.38 ± 0.01

LV Phase SD (�) 25.4 ± 5.1 17.8 ± 6.4 12.8 ± 7.7 13.6 ± 8.0 15.0 ± 10.3

RVLV delay (�) -6.3 ± 2.6 -10.7 ± 3.4 -19.3 ± 1.4* -21.3 ± 3.6* -21.6 ± 3.1*

RVLV delay (ms) -13.9 ± 11.8 -17.2 ± 13.7 -17.8 ± 7.6 -23.8 ± 9.5 -23.5 ± 11.5

N = 10 for DCM dogs. N = 8 for Normal dogs. Data are presented as mean ± SD. *P B .05 vs baseline; #P B .05 vs 2.5; �P B .05
vs 5; }P B .05 vs 10 lg�kg-1�min-1 (RM ANOVA, Tukey).
LVCHI, LV contraction homogeneity index; RVLV delay, interventricular delay.

Table 1. Functional parameters at rest and during levels of dobutamine-induced stress in DCM dogs

Index

Dobutamine (lg�kg21�min21)

0 2.5 5 10 20

HR (bpm) 107.1 ± 10.5 112.7 ± 12.2 117.8 ± 12.4*# 125.7 ± 11.7*#� 134.7 ± 12.2*#�}

QRS interval

(ms)

79.1 ± 10.2 80.4 ± 9.7 79.5 ± 9.5 78.1 ± 8.7 78.2 ± 7.7

LVEDP (mmHg) 16.9 ± 5.5 16.8 ± 8.5 16.5 ± 8.5 13.7 ± 9.1 16.1 ± 10.7

dP/dtmax

(mmHg�s-1)

949.5 ± 238.5 1343.2 ± 277.3* 1660.5 ± 296.9*# 2309.7 ± 396.9*#� 3020.8 ± 568.9*#�}

LVEDV (mL) 129.5 ± 34.1 124.2 ± 35.8 118.4 ± 34.5 115.4 ± 34.7 110.3 ± 39.1

LVESV (mL) 97.4 ± 29.3 84.3 ± 26.4* 74.8 ± 25.0*# 66.5 ± 24.2*#� 56.7 ± 22.0*#�}

LVSV (mL) 29.2 ± 11.0 36.6 ± 14.6 41.5 ± 13.3* 46.3 ± 12.6*#� 52.2 ± 17.2*#

LVEF (%) 22.6 ± 6.0 29.5 ± 7.5* 35.2 ± 5.5*# 41.0 ± 5.9*#� 48.1 ± 5.8*#�}

RVEDV (mL) 94.2 ± 28.8 87.1 ± 29.5 82.0 ± 25.8* 80.6 ± 24.2* 82.7 ± 25.8

RVESV (mL) 80.0 ± 26.8 67.8 ± 26.8 59.2 ± 20.2* 55.5 ± 19.2*#� 53.5 ± 21.7*#

RVEF (%) 15.8 ± 4.5 23.1 ± 7.5* 28.3 ± 4.5*# 32.1 ± 7.6*# 36.9 ± 9.8*#�

CO_Cb (L/min) 3.1 ± 1.1 4.2 ± 1.8 4.9 ± 1.7* 5.8 ± 1.8*#� 7.1 ± 2.6*#�

CO_Th (L/min) 3.8 ± 2.0 6.0 ± 3.1* 7.4 ± 3.2* 9.4 ± 4.0*# 11.7 ± 5.2*#

N = 10 for all parameters except CO_Th and dP/dtmax (N = 8) for DCM dogs. Data are presented as mean ± SD. *P B .05 vs
baseline; #P B .05 vs 2.5; �P B .05 vs 5; }P B .05 vs 10 lg�kg-1�min-1 (RM ANOVA, Tukey).
HR, heart rate; QRS interval, QRS complex duration; LVEDP, left ventricular end-diastolic pressure; dP/dtmax, maximum rate of LV
pressure change; LVEDV and RVEDV, left and right end-diastolic volume; LVESV and RVESV, left and right end-systolic volume;
LVSV, left ventricular stroke volume; LVEF and RVEF, left and right ventricular ejection fraction; CO_Cb, cardiac output by count-
based method; CO_Th, cardiac output by thermodilution method.
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RESULTS

Effects of Stress on Functional Parameters

Functional parameters at rest and during levels of

dobutamine-induced stress in DCM dogs are shown in

Table 1. D’Agostino-Pearson test confirmed that the

distribution of the hemodynamic variables was not

significantly different from a normal distribu-

tion (P[ .1). The progressive dobutamine infusion

resulted in a marked increase in heart rate, from

107.1 ± 10.5 bpm at rest to 134.7 ± 12.2 bpm for max-

imum level of pharmacological stress. Immediately after

the initial pharmacological stimulation with a small

amount of dobutamine, a significant increase in LVEF

(22.6% ± 6.0% in baseline vs 29.5% ± 7.5% in

2.5 lg�kg-1�min-1; P\ .02) was observed. Further

significant differences were shown at higher levels

(P\ .0001). Interestingly, the same results were seen in

RVEF (P\ .0001). Also, a significant increasing trend

was observed in the cardiac output by both radionuclide

Figure 6. Illustration of count-based LV contraction phase in a control dog at baseline (A) and in a
DCM dog at baseline (B) and at 20 lg�kg-1�min-1 dobutamine level (C). Each of the 400 dots
contains both amplitude and phase of an actual voxel within the LV ROI. They are expressed as a

complex harmonic which contains both amplitude and phase (Aeih), represented in a polar
coordinate system with a radius and angle that correspond to amplitude and phase, respectively. The
white circle represents the average amplitude and the line is the direction of the average phase. In
the normal subject, regional dots (complex harmonics) are homogenously distributed around the
mean phase and amplitude. However, in the DCM subject, the distribution of dots is almost
uncoordinated around the circle. During the stress episodes, their distribution become more
homogenous, potentially getting closer to the mean phase and amplitude, but still shows differences
compared to the normal pattern.
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and thermodilution methods with the increase of dobu-

tamine doses (P\ .0001), and methods indicated a good

correlation in cardiac output measurements (Pearson’s

correlations at each dobutamine level[ 0.7). Modula-

tions of LV end-systolic and diastolic volumes (ESV,

EDV) with increasing doses of dobutamine enhanced the

stroke volume. Although the LV end-diastolic pressure

(EDP) was still preserved in response to doses of

dobutamine, volume alterations produced a constant

progression in the maximum rate of rise of LV pressure

(dP/dtmax; 949.5 ± 238.5 mmHg�s-1 at baseline vs

3020.8 ± 568.9 mmHg�s-1 at 20 lg�kg-1�min-1; P\
.0001). QRS duration was almost constant and did not

change significantly with the varying stress levels.

Effects of Stress on Intraventricular
Dyssynchrony

Dyssynchrony parameters at rest and during dobu-

tamine-induced stress levels in DCM vs control dogs are

shown in Table 2. The D’Agostino-Pearson test con-

firmed that the distribution of the dyssynchrony

variables did not significantly differ from a normal

distribution (P[ .2). All subjects revealed a significant

amount of LV dyssynchrony at rest. However, dobu-

tamine significantly increased the synchrony of

contraction in all subjects. Figure 6A–C shows the

count-based LV contraction phase of a control vs DCM

dog at baseline and at maximum stress level. As has

been shown, LV regions in a DCM subject contract

according to different phases and amplitudes. Although

these uncoordinated contractions are substantially nor-

malized at maximum stress level, they still show some

differences when compared to the normal pattern. In the

control group, a plateau was observed at the dobutamine

level of 5 lg�kg-1�min-1 for CHI and entropy values,

meaning that 5 lg�kg-1�min-1 dobutamine was an

appropriate amount to generate maximum contraction

efficiency in those subjects. In comparison, CHI showed

a significant improvement from baseline to stress levels

of 5 lg�kg-1�min-1 dobutamine or greater (P\ .05) in

DCM subjects. Similar results were found for entropy

and phase SD. Septal displacement was significantly out

of phase with the LV (later than lateral wall at rest).

However, it was normalized at peak dobutamine stress;

this contrasts with the apex, which showed a significant

difference relative to the LV phase and remained out of

phase even at maximum stress (P\ .002, Figure 7). An

example of one DCM dog with reduced apex and septum

contraction efficiency is shown in Figure 8.

Effects of Stress on Interventricular
Dyssynchrony

Interventricular dyssynchrony was negative in all

except one DCM subject at rest. A delay is defined as

negative when the LV contracts earlier than the RV

(Figure 9). Although a visual trend toward improvement

of RVLV synchrony (approaching to zero) was observed

with 2.5 lg�kg-1�min-1 dobutamine, overall no signif-

icant change was seen between rest and the maximum

stress level in this parameter, even when considering

Figure 7. Left ventricular regional wall phase differences at baseline and at each dobutamine level.
LV phase is the origin (zero) and each regional wall phase delay has been individually shown
during the induction of dobutamine stress. Negative phases are earlier and positive values are more
delayed sites of contraction. P values show the significant phase differences from zero.
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absolute values (-20.9 ± 21.1� (-33 ± 33.4 ms) at

baseline vs -22.2 ± 11.5� (-27.6 ± 14.6 ms) at

20 lg�kg-1�min-1, P\ .25; 25.0 ± 15.4� at baseline

vs 22.2 ± 11.5� at 20 lg�kg-1�min-1, in absolute values,

P\ .08; Table 2). In fact, as has been shown in

Figure 9, there were individual differences in the mag-

nitude and pattern of change in interventricular

dyssynchrony during the various levels of dobutamine

stress and it was hard to draw a certain direction of

change in RVLV delay measurements.

Control vs DCM Group

Comparison of LV dyssynchrony and functional

parameters between the DCM and control dogs at rest

and at maximum stress level is shown in Table 3. In

general, DCM dogs showed a depressed ventricular

function (EF, dP/dtmax). Also, all intraventricular

dyssynchrony indices in this cohort showed significant

differences in comparison to the control subjects both at

rest and under maximum stress levels (all lower than

Figure 8. Illustration of phase, amplitude, and efficiency of all vertices in the LV of a DCM dog as
an example in histogram and polarmap displays. For this subject, the most important phase delays
are located in the apex and septum. The apex shows approximately 90� phase delay (orange)
compared to the average phase and lower amplitude (dark red) compared to the anterolateral or
inferior regions as well as a zero efficiency (black). For the septum, the overall amplitude is lower
than the rest of the ventricle, which is normal, since it is in the center of the ventricle and we
measured the movements of the regions of the ventricle rather than the wall thickening. However, in
this case, the septal delay is remarkable relative to other regions in the LV (red) which gives a
negative efficiency or blue region in the efficiency polarmap. For this example, the CHI has been
reduced to 82% and the entropy increased to 73%.
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normal values). In the DCM cohort, septal contraction

always occurred later than LV lateral wall contraction.

The introduction of cardiac stress did not change the

pattern of mechanical contraction in the DCM cohort,

which was always a lateral-to-septal (Figure 7), com-

pared to LV contraction in the control group, where

dobutamine-induced stress resulted in a septal-to-lateral

pattern. There was no significant difference between the

DCM and control subjects in interventricular mechanical

dyssynchrony at rest (P\ .08) and notably at maximum

dobutamine stress (P\ .91). In average, LV contraction

preceded RV contraction in both groups at rest. Due to

the increase in ventricular conduction speed, a progres-

sive early LV contraction was apparent in subjects with

normal cardiac contraction under dobutamine-induced

stress. However, the interventricular synchrony was not

hampered during the stress condition in these subjects.

In comparison, individual differences in the magnitude

and pattern of change in interventricular dyssynchrony

precluded the existence of a statistically significant trend

of change in this parameter during the various stages of

dobutamine stress in the DCM cohort.

DISCUSSION

The range of difference in ventricular dyssynchrony

parameters between rest and levels of stress has rarely

been studied in cardiac failure subjects. The current

study performed by GBPS showed that, even in close

intervals, different levels of dobutamine stress could

have a significant impact on ventricular function and

intraventricular dyssynchrony parameters in DCM sub-

jects with narrow QRS complexes.

GBPS for Assessing Stress Dyssynchrony

In echocardiography, a few points in space and a

few heartbeats are used to estimate either maximum

temporal delay or standard deviation of delays over all

LV segments. In contrast, GBPS uses several hundred

data points in space and multiple data points in time that

are taken from the analysis of a complete cardiac cycle

which has been averaged over hundreds of cardiac

cycles at the time of acquisition. Cross-correlation of the

mean phase of all points, either regionally or globally,

thus results in the direct measurement of mechanical

dyssynchrony. GBPS is fully automated (in our case

more than 90%) and provides highly reproducible

dyssynchrony indices.10 In comparison, several different

and complicated segmental analyses in echocardiogra-

phy result in substantial errors and high inter- and

intraobserver variability.8 Currently, GMPS plays a

central role in the visual and quantitative characteriza-

tion of LV dyssynchrony. However, it cannot replace

GBPS, since GBPS can provide both inter- and intra-

ventricular dyssynchrony data, especially in the

presence of perfusion defects. Recently, GBPS has also

been used to gain a better understanding of mechanical

dyssynchrony and its efficacy in predicting the response

to cardiac resynchronization therapy in HF patients20,21.

Ventricular Dyssynchrony and Narrow QRS

The evidence found in the literature highlights the

fact that QRS duration does not correlate with intraven-

tricular dyssynchrony and has only a limited relationship

with interventricular dyssynchrony.22 In a model with

narrow QRS complex, we observed significant LV

dyssynchrony and non-significant RVLV delay, which is

in accordance with previous reports. In fact, QRS

duration incorporates both right and LV activation, and

one’s delayed activation can be balanced by the other’s

rapid activation. In so doing, a normal QRS complex is

preserved, in spite of a significant LV mechanical

dyssynchrony. In the current study, while disparity in

timing of ventricular mechanical contraction was obvi-

ously affected by levels of dobutamine stress, no specific

alteration was observed in the duration of the QRS

complex.

Dobutamine Stress and Ventricular
Dyssynchrony

A limited number of echocardiographic studies

have specifically addressed the effect of stress on

Figure 9. Interventricular mechanical dyssynchrony (RVLV
delay) at rest and during different levels of dobutamine stress.
For each dobutamine level, median and spread of phase delays
are indicated in a box-and-whiskers plot. The line in the box
marks the median and the hinges (limits of the box) indicate
the range of observation with 5th–95th percentile. Whiskers
show the minimum and maximum values in a column. Also,
the trend of variations of RVLV delays during the dobutamine
stress is shown for each dog in color lines.
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mechanical dyssynchrony in DCM patients with narrow

QRS complexes.4-7 In these studies, three distinct groups

of patients could be identified based on a specific

dyssynchrony parameter: the first group showed no

difference between rest and stress, the second showed an

induced dyssynchrony when going from rest to stress,

and the last showed a normalized dyssynchrony when

going from rest to stress. The reason the patients

manifested such variable responses to exercise or

dobutamine stress is not clear. What we observed in

our study was the same response from all DCM subjects,

with exactly the same induced pathology, in terms of LV

intraventricular dyssynchrony parameters at stress.

Based on our regional analysis, improvement of LV

mechanical dyssynchrony at stress was attributable to

the early contraction of previously delayed-contracting

regions that were mostly seen in the LV apex and

septum. Our observations concur with the evidence

collected by Somsen et al, according to whom the septal

wall is the typical site of dyskinesia and reduced

contractility in patients with DCM,23 as well as with a

recent canine study performed by strain echocardiogra-

phy which showed a larger decrease on strains of apical

segments in DCM dogs.12 Under induced stress, only the

late septal contraction was normalized. The absence of

any protection from the mitral annulus and papillary

muscles in the apex could be the cause of severe

tachycardia-induced effects in this region rather than on

other walls at the time of evolution of LVDCM.12

Intermediate levels of dobutamine stress caused

significant changes in homogeneity of contraction and

ventricular function in the DCM cohort. Applied LV

dyssynchrony indices allowed for a clear distinction

between those changes during the various stages of

stress. Even in control subjects, CHI and entropy

sensitivity were promising in specifying the dyssyn-

chrony variations during the stress condition. This

observation concurred with what was previously seen

in wall thickening-derived CHI and entropy when these

were used to evaluate stress dyssynchrony in a control

group.24 However, because phase values were well

peaked in control subjects, phase SD could not show the

small variances during the induction of dobutamine

stress. Overall, our LV dyssynchrony parameters did not

contradict, but rather complemented, each other in the

stress analysis, in contrast to the previously seen

discordance between the parameters of dyssynchrony

measured by stress echocardiography in HF patients.5

In the current study, interventricular mechanical

dyssynchrony was found to be insignificant in DCM

subjects compared to their normal counterparts. A

similar observation was made by another group who

showed that interventricular mechanical dyssynchrony is

less frequently noted in HF patients with narrow QRS

Table 3. Comparison of LV dyssynchrony and functional parameters between DCM and control dogs

Rest Maximum stress

Normal DCM P value Normal DCM P value

HR (bpm) 112.1 ± 19.1 107.1 ± 10.5 .49 182.9 ± 15.6 134.7 ± 12.2 \.0001

QRS interval (ms) 76.5 ± 5.7 79.1 ± 10.2 .52 71.1 ± 9.0 78.2 ± 7.7 .09

LVEDV (mL) 52.2 ± 15.7 130.1 ± 34.3 \.0001 37.4 ± 14.5 110.3 ± 39.1 .0001

LVESV (mL) 30.9 ± 7.0 97.8 ± 29.4 \.0001 16.7 ± 2.8 56.7 ± 22.0 .0001

SV (mL) 25.8 ± 9.4 29.2 ± 11.0 .49 31.3 ± 12.3 52.2 ± 17.2 .01

LVEF (%) 49.5 ± 8.4 22.6 ± 6.0 \.0001 69.9 ± 12.4 48.1 ± 5.8 .0001

dP/dtmax (mmHg�s-1) 1588 ± 374 949.5 ± 238.5 .001 8004 ± 710 3020.8 ± 568.9 \.0001

CO_Cb (L/min) 2.8 ± 1.0 3.1 ± 1.1 .55 5.7 ± 2.2 7.1 ± 2.6 .24

CO_Th (L/min) 3.2 ± 1.3 3.8 ± 2.0 .47 7.9 ± 4.2 11.7 ± 5.2 .13

LVCHI (%) 96.4 ± 1.3 78.6 ± 10.9 .0003 98.4 ± 1.2 92.4 ± 3.9 .0008

LV entropy 0.52 ± 0.04 0.78 ± 0.09 .0001 0.38 ± 0.10 0.59 ± 0.08 .0002

LV phase SD (�) 25.4 ± 5.1 49.4 ± 14.8 .0005 15.0 ± 10.3 27.1 ± 10.7 .03

RVLV delay (�) -6.3 ± 2.6 -20.9 ± 21.1 .08 -21.6 ± 3.1 -22.2 ± 11.5 .91

RVLV delay (ms) -13.9 ± 11.8 -33.3 ± 33.4 .14 -23.5 ± 11.5 -27.6 ± 14.6 .53

N = 10 for all parameters except CO_Th and dP/dtmax (N = 8) in DCM dogs. N = 8 for all except dP/dtmax at 20 lg�kg-1�min-1

dobutamine (N = 6) in control dogs. Data are presented as mean ± SD.
HR, heart rate; QRS interval, QRS complex duration; LVEDV and LVESV, left ventricular end-diastolic and systolic volume; SV, stroke
volume; LVEF, left ventricular ejection fraction; dP/dtmax, maximum rate of LV pressure change; CO_Cb, cardiac output by count-
based method; CO_Th, cardiac output by thermodilution method; LVCHI, LV contraction homogeneity index; RVLV delay, inter-
ventricular delay.
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complexes.25 The main point here is the variability of

the baseline direction of contraction (1 out of 10 subjects

with positive RVLV delay), also seen in the control

group (2 out of 8 dogs showed positive RVLV delays).13

Moreover, there was an individual difference in the

magnitude and pattern of change in RVLV delays during

the dobutamine stress that was also seen in the control

group. We could not explain the reason of such

variability in RVLV delays between individuals, which

might be related to individual cardiac mechanical

characteristics.

LIMITATIONS

The current study was performed in dogs; conse-

quently, even though the applied methodology may

seem transferable, our findings are not directly transfer-

able to humans. The number of animals was limited in

this study. The inadequate number of subjects, as well as

inter-animal variability in RVLV delays, precluded any

definitive conclusion about the effects of maximum

stress in interventricular dyssynchrony. Due to the

limited spatial resolution of the SPECT system, we

relied on a count-based analysis to quantify dyssyn-

chrony indices, an alternative superior to volume-based

measurements, since it is more reproducible and accu-

rate. The apparent ventricular movement was actually

the movement of blood-endocardial interface. Conse-

quently, global cardiac motion was also present during

ventricular systole along with myocardial contraction,

which made it impossible to distinguish the real endo-

cardial movements. Although global cardiac motion was

likely to be small in LV, it could severely affect the RV

due to its geometrical shape. For this reason, we did not

measure the RV intraventricular dyssynchrony indices.

The best scenario for RV was probably to be in

synchrony with the LV which is thicker and more

concentric (RVLV delay). Finally, differences in syn-

chrony between rest and stress episodes could be

interpreted as being due to a better image resolution

and count statistics caused by higher heart rates rather

than by the intrinsic physiologic effects of stress. This

hypothesis was previously evaluated by positron emis-

sion tomography and results revealed that count

statistics are not responsible for the difference in

dyssynchrony indices at stress.26 However, this might

not be as clear-cut in the case of SPECT images when

image quality and count statistics are different.

NEW KNOWLEDGE GAINED

Stress ventricular dyssynchrony analysis can be

assessed in a straightforward and fully automated

manner by phase analysis of GBPS imaging. Different

levels of dobutamine stress, even in close intervals, can

have a significant impact on intraventricular dyssyn-

chrony parameters in DCM subjects with narrow QRS

complexes. The changing trends are mostly seen as

going toward the perfection of synchrony. The dyssyn-

chrony indices of CHI, entropy, and phase SD have the

same sensitivity to distinguish between various stress

levels in DCM subjects.

CONCLUSION

In this study with a non-ischemic DCM model with a

narrow QRS complex, GBPS could identify the extent and

pattern of ventricular contraction dyssynchrony at rest and

during dobutamine stress levels. Different levels of func-

tional stress, even in close intervals, made significant

positive changes in hemodynamic and intraventricular

dyssynchrony parameters. Since evidence of stress-in-

duced mechanical dyssynchrony may be helpful in

predicting the response to cardiac resynchronization ther-

apy, further research is warranted to assess whether lower

ventricular mechanical dyssynchrony indices induced by

stress and measured by GBPS have the ability to predict the

response to resynchronization therapy.
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