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Abstract
Purpose There are limited data on whether differences exist
in left ventricular (LV) mechanical dyssynchrony indices
derived from stress versus rest gated positron emission
tomography (PET) in patients with normal myocardial per-
fusion imaging (MPI).
Methods Stress/rest 82Rb gated PET was performed in con-
secutive patients with normal MPI between 2006 and 2010.
Patients were divided into two groups: group 1 [LV ejection
fraction (EF) ≥ 55% and QRS < 120 ms] and group 2 (LVEF
≤35%). Images were acquired on a dedicated PET scanner
prior to and on a hybrid PET/CT system after November
2008. LV dyssynchrony indices [phase standard deviation
(SD)° and SD (ms)] were derived from stress and rest gated
images.
Results There were 91 patients in group 1 (age 61±13,
LVEF 66±8%, normal QRS) and 126 in group 2 (age 66±
12, LVEF 25±7%). The stress derived LVEF were signifi-
cantly higher than rest for either group (p<0.0001). Patients
with cardiomyopathy had significantly higher dyssynchrony
indices compared to those with normal LVEF (rest SD° 49.2±
21.5° vs 16.8±7.8° and stress SD° 42.5±19.4° vs 12.4±3.7°,
respectively, p<0.0001 for both). The dyssynchrony indices
derived from rest gated images were significantly higher than

those derived from stress in both groups (p<0.001 by un-
paired and paired t test) and irrespective of the type of PET
scanner utilized. Finally, 20/87 (23%) patients with normal
LVEF and 27/66 (41%) of those with cardiomyopathy but
without dyssynchrony based on stress indices were recatego-
rized as having significant dyssynchrony given their resting
indices.
Conclusion LV mechanical dyssynchrony indices by phase
analysis are smaller when derived from peak stress versus
rest gated PET imaging in patients with normal MPI, irre-
spective of the resting LVEF.
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Introduction

Phase analysis of gated myocardial perfusion imaging (MPI)
is a newly emerging technique to derive dyssynchrony in-
dices [1–3]. It predicts response to cardiac resynchroniza-
tion therapy (CRT) [4] and optimizes patient selection [5, 6].
The method depends on extracting count distribution from
each slice of the left ventricular (LV) short axis data set and
submitting it to a Fourier transform to generate a phase
distribution [7]. Most of the studies have been done on gated
single photon emission computed tomography (SPECT)
studies, and recently limited data have become available
with positron emission tomography (PET) [8]. A recent
study has shown that the dyssynchrony indices derived from
low tracer dose rest SPECT images are significantly higher
than those obtained from high tracer dose stress images [9].
However, it is not clear whether this is predominately driven
by the difference in counts (i.e., due to higher tracer dose

W. AlJaroudi :M. C. Alraies : F. DiFilippo : R. C. Brunken :
M. D. Cerqueira :W. A. Jaber
Heart and Vascular Imaging Institutes, Cleveland Clinic,
Cleveland, OH, USA

W. AlJaroudi (*)
Robert and Suzanne Tomsich, Department of Cardiovascular
Medicine, Sydell and Arnold Miller Family,
Heart and Vascular Institute,
9500 Euclid Avenue/J1-5,
Cleveland, OH 44195, USA
e-mail: aljarow@ccf.org

Eur J Nucl Med Mol Imaging (2012) 39:665–672
DOI 10.1007/s00259-011-2025-4



and hyperemic state) or by the physiologic effect of stress on
LV synchrony. While comparing high-dose stress and rest
gated SPECT images could clarify this point, the 2-day
SPECT protocol is rarely performed these days given the
high radiation dose to patients. Gated PET images, on the
other hand, might prove quite useful. In fact, both rest and
stress studies are performed on the same day using identical
tracer dose, and stress gated images are acquired within 1–
2 min after the tracer infusion, hence representing true peak
stress imaging.

The aim of the study was to compare mechanical dyssyn-
chrony indices from gated rest versus stress PET images and
determine whether there is a physiologic effect of stress on
LV mechanical synchrony in patients with normal MPI.

Materials and methods

Patient selection

We identified consecutive patients who had MPI from the
PET clinical database maintained at the Cleveland Clinic
and approved by the Institutional Review Board (IRB) be-
tween March 2006 and November 2010. Patients were di-
vided into two groups: group 1 included those with normal
LVejection fraction (EF) (LVEF ≥55%) and QRS < 120 ms;
group 2 included patients with LVEF ≤35% with no restric-
tion on QRS duration. All patients had a pharmacologic
stress/rest 82Rb gated PET with dipyridamole. Patients with
hypertrophic cardiomyopathy, end-stage renal disease, con-
genital heart disease, or abnormal MPI were excluded. Of
832 patients that were identified, 615 were excluded, with
91 patients remaining in group 1 and 126 in group 2 (Fig. 1).
Patients’ demographics, comorbidities, and medications
were entered prospectively into an IRB approved database
at the time of testing and subsequently retrieved for analysis.

Gated PET

Gated PET 82Rb images were acquired on two scanners: (1)
prior to 1 November 2008 a dedicated PET scanner (Sie-
mens ECAT HR+) with BGO crystals acquiring in 2-D
mode with septa and (2) starting on 1 November 2008 a
hybrid PET/CT scanner (Siemens Biograph 40) with LSO
crystals acquiring in 3-D mode without septa. The nominal
transaxial/axial spatial resolutions were 4.6 mm/4.6 mm for
the dedicated PET scanner and 4.4 mm/4.7 mm for the
hybrid PET/CT scanner, respectively.

For the dedicated PET scanner, 60 mCi 82RbCl were
infused at rest and at stress. The stress test was performed
pharmacologically with dipyridamole infusion of 0.56 mg/kg
over 4 min and the 82Rb started at 8 min. Data were acquired
for 300 s as eight-frame ECG gated sinograms starting 120 s
post-infusion. Data for attenuation correction were acquired
with 68Ge transmission sources. A single transmission image
was shared for both the rest and stress studies. The patient was
in the same position for all three scans: rest, transmission, and
stress. Data were reconstructed [2-D ordered subset expecta-
tion maximization (OSEM) algorithm] as static images (4
iterations, 8 subsets, 8 mm Gaussian filter) and as gated
images (2 iterations, 8 subsets, 12 mm Gaussian filter).

For the hybrid PET/CT scanner, 40 mCi 82RbCl were
infused at rest and at stress, and dipyridamole was also the
pharmacologic stress agent. Data were acquired for 300 s in
list mode starting 90 s post-infusion and were histogrammed
as static 3-D sinograms and as eight-frame gated 3-D sino-
grams. If it was later determined that there was unacceptable
blood pool activity, then the data were reprocessed with a
longer initial delay. Data for attenuation correction were
acquired using computed tomography (CT) using a low-
dose protocol (120 kVp, 12 mAs, 0.3 mSv dose per scan)
with breath-hold at normal end expiration and with metal
artifact reduction enabled. A CT scan was acquired

Fig. 1 Study population
selection diagram. LVEF left
ventricular ejection fraction,
MPI myocardial perfusion
imaging
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immediately before each of the rest and stress PET scans.
Data were reconstructed (3-D OSEM algorithm) as static
and gated images using the same reconstruction parameters
as described above. The estimated total radiation dose de-
livered to patients was 7.5 mSv and 4.1 mSv using the
dedicated and hybrid PET, respectively.

PET images were reoriented along the standard cardiac
axes and displayed using the INVIA Corridor4DM software
(Ann Arbor, MI, USA). LV volumes and EF were automat-
ically computed by the software for both the rest and stress
82Rb images. The reproducibility of LVEF measurements at
our department with gated PET was excellent with less than
3% absolute change in measured LVEF in all patients and 1–
2% in those with cardiomyopathy. The MPI and gated PET
data were interpreted by board certified nuclear cardiolo-
gists or radiologist including WA, WJ, MC, and RB.

LV mechanical dyssynchrony

The dyssynchrony indices were derived from the stress and
rest gated images using the time to peak thickening with a
single harmonic fit method (Corridor4DM, INVIA, Ann
Arbor, MI, USA). The method has been described in detail
[10]. Briefly, the maximal myocardial intensity as a function
of the gating interval is recorded from a 3-D sampling of the
left ventricular myocardium. Each of the time-intensity
curves is fitted to a first-order harmonic using Fourier anal-
ysis, from which the phase of the first-order harmonic
approximates the time from end diastole (typically the start
of the cardiac cycle) to the time of the maximum counts for
each region, which represents the point of peak contraction.
Extracardiac counts were excluded as permissible without
reducing cardiac counts during raw image data processing,
and proper alignment of the horizontal and vertical axes of
the images was performed as needed. Manual corrections to
the center, radius, and apex parameters were made only if
there was gross visual misalignment of these parameters,
and manual base parameter placement was performed to
avoid low counts “scatter” from the base of the LV which
might contribute to a falsely abnormal phase histogram [11].

The phase distribution was displayed on a histogram, and
the standard deviation (SD) of the phase distribution was
generated. The indices were displayed as percentage of the
R-R cycle and then converted into degrees by multiplying
by 3.6 (360/100) (Fig. 2) and into ms by multiplying by the
mean R-R interval length during image acquisition. The
mechanical dyssynchrony indices were derived by experi-
enced readers (WA and WJ).

Statistical analysis

A descriptive analysis was performed examining pertinent
variables for each group. Continuous variables were

expressed as means ± SD and compared using the paired
and unpaired Student’s t test or Wilcoxon rank test as
appropriate. Categorical variables were expressed as percen-
tages and compared using the Pearson chi-square or Fisher’s
exact test as appropriate. The analysis was also stratified
according to the type of imaging scanner used (i.e., dedicated
PET with 2-D vs hybrid PET/CT with 3-D mode) because of
difference in counts statistics and sensitivities. A p value
<0.05 was set a priori and considered statistically significant.
All statistical analyses were performed using the Statistical
Package for the Social Sciences, version 11.5, for Windows
(SPSS, Chicago, IL, USA).

Results

Patient characteristics

There were 91 patients with LVEF ≥ 55%, normal MPI and
QRS < 120 ms (age 61±13, 56% male) (Ggoup 1) and 126
patients with LVEF ≤35% and normal MPI (age 66±12,
79% male, 15% left bundle branch block) (group 2).
Patients in group 2 were older, had more diabetes mellitus,
peripheral vascular disease, and atrial fibrillation. The
baseline characteristics of the patients are summarized in
Table 1.

Hemodynamics

The peak heart rates during image acquisition were signifi-
cantly higher for stress vs rest (85±17 vs 68±12 bpm for
group1 and 87±15 vs 77±14 bpm for group 2, respectively,
p<0.001 for both). The stress derived LVEF were signifi-
cantly higher than rest LVEF for all patients in both groups
(p<0.0001) (Fig. 3). The resting and peak stress blood
pressures were not recorded into the stress database prior
to November 2010 and were not available for analysis.

Fig. 2 Representative contractility histogram of the phase distribution
of patients with normal LVEF using Corridor4DM. SD phase standard
deviation
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LV mechanical dyssynchrony

Patients with cardiomyopathy had significantly higher dyssyn-
chrony indices compared to patients in group 1 (phase SD°
49.2±21.5° vs 16.8±7.8° for rest and 42.5±19.4° vs 12.4±3.7°

for stress, respectively, p<0.0001 for both). Similar values were
obtained for phase SD (ms) (Fig. 4). The dyssynchrony indices
[phase SD° and SD (ms)] derived from rest gated images were
significantly higher than those derived from stress in both
groups (p<0.001 by unpaired and paired t test) (Fig. 4).

Table 1 Baseline characteristics
of patients

LVEF left ventricular ejection
fraction

Variable Group 1 (LVEF≥50%),
n091

Group 2 (LVEF
< 35%), n0126

p value

Demographics

Age (years) 61±13 66±12 0.004

Male 51 (56%) 100 (79%) 0.0003

Caucasians 75 (83%) 93 (74%) 0.1

Comorbidities

Body mass index (kg/m2) 32±7 30±8 0.06

Diabetes mellitus 22 (24%) 52 (41%) 0.009

Smoker 42 (46%) 65 (52%) 0.3

Hypertension 73 (80%) 112 (89%) 0.08

Hyperlipidemia 70 (77%) 88 (70%) 0.3

Coronary artery disease 52 (57%) 80 (64%) 0.4

Revascularization 39 (43%) 61 (48%) 0.5

Stroke 9 (10%) 11 (9%) 0.8

Peripheral vascular disease 8 (9%) 23 (18%) 0.05

Atrial fibrillation 14 (15%) 49 (39%) <0.0001

Electrocardiogram

Left bundle branch block 0 (0%) 19 (15%) <0.0001

Right bundle branch block 0 (0%) 16 (13%) <0.0001

Medications

Aspirin 57 (63%) 75 (60%) 0.7

Plavix 26 (29%) 19 (15%) 0.02

Angiotensin-converting enzyme inhibitor/
receptor blocker

35 (39%) 68 (54%) 0.03

Beta blockers 50 (55%) 95 (75%) 0.002

Statin 55 (60%) 70 (56%) 0.5

Fig. 3 Stress versus rest LVEF: mean LVEF derived from gated peak stress images versus rest images (left panel) and the change in LVEF (rest-
stress, right panel). LVEF left ventricular ejection fraction
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Using an SD° cutoff of 20° to define the presence of
dyssynchrony as described in a previously published paper
[12] (mean + 2*SD of the stress SD° values derived from
group 1, cutoff012.4 +2*3.7°), 20/87 (23%) patients in
group1 with no mechanical dyssynchrony based on stress
indices were recategorized as having dyssynchrony if rest-
ing indices were used. Similarly, using an SD cutoff value of
43° to define significant mechanical dyssynchrony in
patients with cardiomyopathy (group 2) (value extrapolated
from the gated SPECT literature [4]), 27/66 (41%) of
patients with no dyssynchrony based on stress indices were
recategorized as having significant dyssynchrony if resting
indices were used.

Effect of imaging scanner on dyssynchrony indices

Two scanners were used to image patients. Prior to Novem-
ber 2008, 61 (67%) and 54 (43%) patients were imaged
using a dedicated PET scanner acquiring in 2-D mode
(group1 and group 2, respectively), and starting on 1 No-
vember 2008, 30 (33%) and 72 (57%) patients were imaged
with a hybrid PET/CT scanner acquiring in 3-D mode with-
out septa (group 1 and group 2, respectively). The mean rest
LVEF and dyssynchrony indices derived from the first

scanner did not differ from those obtained using the second
scanner. Similar findings were observed with the stress
LVEF and phase SD, for patients in groups 1 and 2. The
rest phase SD° and SD (ms) were significantly higher than
stress in both groups irrespective of the type of scanner
used. Similar changes in LVEF were seen as described
previously, also irrespective of the type of PET scanner.

Discussion

This is the first study to evaluate dyssynchrony indices by
PET in patients with normal perfusion at rest and peak
stress. We also used a cohort of patients with normal LVEF
and MPI (group 1) to establish normal values for the
population.

Potential factors that may affect dyssynchrony indices
when processed from stress rather than rest gated images
include: tracer dose, counts, type of stress test (pharmaco-
logic versus exercise), temporal resolution, timing of image
acquisition post tracer injection, change in hemodynamics,
LVEF, and ischemia. In the current study, both stress and
rest gated images were performed with the same tracer dose
(60/60 or 40/40 mCi 82Rb); the stress test was performed

Fig. 4 Stress versus rest dyssynchrony indices: SD° (left panels) and SD (ms) (right panels) are displayed for patients with normal and abnormal
LVEF. The corresponding mean changes and paired t test comparison are displayed in the lower panels. LVEF left ventricular ejection fraction
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using dipyridamole infusion for all patients; image acquisi-
tion was acquired within a couple of minutes after tracer
injection for both stress and rest images, using 8 frames/
cycle, per standard protocol; and all patients had normal
MPI without any fixed or reversible perfusion defects, hence
eliminating many of the potential confounders.

One hypothesis is that the dyssynchrony differences be-
tween rest and stress studies may be related to the fact that
the stress studies contain more counts due to hyperemia and
have better count statistics and image quality. We investi-
gated this indirectly by comparing dyssynchrony indices for
studies acquired on the dedicated PET scanner versus the
hybrid PET/CT scanner. The PET scanner acquired the 82Rb
data in 2-D mode with axial septa, whereas the hybrid PET/
CT scanner acquired data in 3-D mode without axial septa.
As a result, the PET/CT scanner had much higher sensitivity
than the PET scanner, by approximately a factor of 5, and
thus produced images with better statistical image quality,
even though the tracer dose used with the hybrid scanner
was lower than the one used with the dedicated scanner (i.e.,
40 vs 60 mCi). Since there was no significant difference in
the analysis with regards to the dedicated PET versus PET/
CT scanner, this suggests that count statistics were not
responsible for the narrower SD at hyperemia for these
82Rb studies. It is important to note that this conclusion
does not apply to 99mTc or 201Tl imaged with SPECT, since
count statistics and image quality in SPECT differ markedly
from 82Rb PET.

The effect of heart rate on dyssynchrony indices was also
assessed. This is important since the temporal resolution of
the technique is limited (although the effective temporal
resolution seems to be much better with the first harmonic
mathematical modeling [13]) and might be challenging par-
ticularly at fast heart rate. Gating with PET occurs at peak
stress and is routinely associated with higher heart rate
compared to rest. While phase SD° is a relative index, stress
SD (ms) is adjusted for the R-R interval and is indeed
consistently lower with stress than rest. Although echocar-
diographic dyssynchrony indices rely on absolute values of
delay timing of opposing wall contraction (ms) [14], most of
the literature reports with phase analysis of gated MPI have
relied on relative values expressed as % of R-R interval or
360° rather than in ms [7, 15, 16]. Whether one is more
accurate or physiologically more significant than the other
warrants further investigation.

PET is a potentially attractive alternative to echocardiog-
raphy in assessing mechanical dyssynchrony. Unlike echo-
cardiography, phase analysis provides a single and uniform
dyssynchrony index, is highly reproducible based on auto-
mated detection of several hundred data points in three
dimensions (which is advantageous in patients with regional
wall motion abnormalities and ischemic cardiomyopathy),
and is averaged over several hundreds of cardiac cycles

(advantageous in patients with atrial fibrillation) [1, 7].
Also, postsystolic shortening, which is often excluded dur-
ing echocardiographic assessment of mechanical dyssyn-
chrony, is integrated in the mechanical dispersion index or
phase SD derived from gated MPI since the phase histogram
displays time to peak contraction throughout the cardiac
cycle [10].

There was a statistically significant increase in LVEF
with stress versus rest in each group. Stress induces im-
provement in synchrony and contractility that translates into
a higher LVEF. Peak stress LVEF is known to be higher than
rest LVEF [17]; this difference, also known as LVEF re-
serve, has been shown using gated PET and carries prog-
nostic information [18]. In our study, the stress LVEF was
statistically higher than rest for patients in each group and
particularly those with normal LVEF and explains, at least in
part, why the stress indices are smaller (i.e., more synchro-
ny) than rest. The absolute difference in LVEF in patients
with cardiomyopathy (group 2) [24% (rest) versus 25.5%
(stress)], although it reached statistical significance, falls
within the reproducibility limits of the technique, hence
limiting accurate interpretation and explanation of the
change in mechanical dyssynchrony in this group. Other
factors such as right ventricular function and hemodynamics
could have also affected mechanical synchrony at the time
of image gating, but were not available for analysis.

Evaluating mechanical dyssynchrony in patients with
cardiomyopathy is important as it has been shown to opti-
mize patient selection for CRT and predict response and
outcomes [6]. While most of the literature has been exclu-
sively performed with gated SPECT, there is growing inter-
est in using gated PET [8] which offers better image quality
and information on viability among other factors. It is im-
portant to decide which gated images to use to derive
dyssynchrony indices (stress versus rest), at least in patients
with normal MPI. There has been increasing interest in
assessing mechanical dyssynchrony from stress echocardi-
ography with promising results [19, 20]. Recent studies
have shown that mechanical dyssynchrony indices derived
from low-dose dobutamine stress echocardiogram [21] and
from bicycle exercise echocardiogram [22] were better pre-
dictors of response to CRT than resting echocardiography.
The improvement in LV synchronicity, contractility reserve,
and mitral regurgitation are some of the potential factors
associated with such results. Our study is the first to our
knowledge to assess mechanical dyssynchrony from stress
gated PET indices. Choosing the rest gated PET rather than
stress was associated with recategorization of 41% of
patients with low EF as having dyssynchrony. However,
this is based on the assumption that the stress indices are
the gold standard, which may not be necessarily true, par-
ticularly in the absence of outcome data. In fact, there is a
difference in the range for defining normalcy in the stress
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and rest perfusion studies, and perhaps different cutoff val-
ues of dyssynchrony indices should be used for each test
separately. The current study defines the normal ranges for
dyssynchrony indices for stress and rest gated images, and a
larger cohort is needed for further validation and to test
whether stress derived indices with gated PET are better
predictors of outcome, particularly response to CRT.

It would be interesting to define the range of difference in
dyssynchrony variables between stress and rest studies, and
investigate the significance of a wider difference, and
whether it is more clinically relevant than stress or rest
variables in isolation. Furthermore, outcome results to clar-
ify the meaning of lower mechanical dyssynchrony from
stress gated PET, and whether it is a better predictor of
response to CRT, as shown with low-dose dobutamine
echocardiography [21], are of great interest. Another poten-
tial impact of stress phase analysis in clinical practice is the
evaluation of patients with ischemia where LV stunning and
worsening of LV dyssynchrony may occur at peak stress,
particularly those with left main or severe three-vessel dis-
ease who have balanced ischemia; whether mechanical dys-
synchrony can increase the sensitivity and specificity of
MPI to detect left main or three-vessel severe coronary
artery disease needs further evaluation. While a study of a
small number of patients with gated SPECT showed that
reversible perfusion defect size does not affect the measured
dyssynchrony indices (stress vs rest) [23], such findings
may not apply to PET which acquires images at peak stress
and might exhibit LV myocardial stunning particularly with
a large ischemic burden.

Limitations

The study has the limitations of a retrospective study from a
single tertiary center with a relatively small number of
patients. The study was not designed or powered to assess
for clinical outcomes, particularly response to CRT. The
4DM software has not been validated in gated PET studies,
but the analysis algorithm was extrapolated from gated
SPECT studies. However, a recent paper with a small num-
ber of patients showed gated PET images yielded similar
dyssynchrony indices to SPECT for patients who had both
studies using the same algorithm of the Emory Cardiac
Toolbox (ECTb) (R00.88) [8], and the 4DM software has
also been validated against the ECTb [10]. In addition, there
was a lack of an independent and gold standard reference for
mechanical dyssynchrony. While phase analysis has been
validated against echocardiography [24, 25], the poor repro-
ducibility of echocardiography (particularly tissue Doppler
imaging) [26] and the numerous potential indices that could
be used have put in question whether echocardiography is
truly the gold standard, and if so, which index to use. Phase
analysis on the other hand offers a simple, automated, and

reproducible method to generate a single dyssynchrony
index from a 3-D data set averaged over multiple R-R
intervals. Also, the temporal resolution of the technique is
low (8 frames/cycle), but the effective temporal resolution
seems to approach 15 ms at a heart rate of 60 bpm, at least as
shown with the ECTb [13]. However, this needs to be tested
and validated separately with 4DM software. The baseline
right ventricular function and blood pressure at the time of
image acquisition were not available; both of these param-
eters could potentially affect LV contractility at peak stress
and therefore LV synchrony. Also, the actual counts from
the stress and rest images were not available since the PET
raw data were deleted after image processing. This was
evaluated indirectly, and perhaps partially, by stratifying
the results based on two scanners with ≈ fivefold differences
in sensitivity and count distribution. There was no separate
and standard criterion for normalcy in patients with pre-
served LVEF and normal MPI previously published with
PET; we defined normalcy as values up to 2× SD from the
mean from our cohort and as described in a previously
published study [12]. The cutoff value for SD of 43° has
been extrapolated from a single study with SPECT and
needs further validation [4]. Finally, the study excluded
patients with perfusion defect size in whom mechanical
dyssynchrony would have been important to assess, pre-
dominately to avoid a potentially confounding effect from
stress-induced ischemia on LV synchronicity. Hence, our
findings cannot be generalized to all patients with cardio-
myopathy, and a separate study is needed to evaluate those
with abnormal MPI.

In patients with normal MPI, LV mechanical dyssyn-
chrony indices by phase analysis are smaller and statistically
different when derived from stress versus rest gated PET
images, irrespective of the LV systolic function and despite
using a similar tracer dose. The difference is perhaps par-
tially related to the effect of stress physiology on LV syn-
chrony and improvement of LV function, particularly in
those with normal LVEF. Further validation studies are
warranted. The clinical implications and predictors of re-
sponse to CRT of lower mechanical dyssynchrony indices
from stress gated PET need to be evaluated in further out-
come studies.

Conflicts of interest None.
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