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Abstract
Background—The purpose of this study was to establish the repeatability of left-ventricular
(LV) dyssynchrony and function parameters measured from serial gated myocardial perfusion
SPECT (GMPS) studies.

Methods—Thirty patients, who met standard criteria for cardiac resynchronization therapy
(CRT), were prospectively enrolled. One hour after resting injection, a standard GMPS was
performed, and repeated 30 minutes later after repositioning the patient. The two serial studies
were processed blinded from each other by an experienced operator, and processed side-by-side by
another experienced operator using iterative reconstruction, Butterworth filtering, and the Emory
Cardiac Toolbox with phase analysis. Phase standard deviation, phase histogram bandwidth, LV
ejection fraction, end-systolic volume, and end-diastolic volume were calculated and compared.

Results—All measured parameters were highly correlated (r > .90) between the serial studies
without significant difference by paired t test. The variations of the parameters measured by side-
by-side processing were significantly smaller than those measured by blinded processing.

Conclusion—These results indicated high repeatability of LV dyssynchrony and function
parameters when measured serially by GMPS, especially when the serial studies were processed
side-by-side. The measured variations of these parameters can be used to evaluate changes in LV
dyssynchrony and function measured by GMPS before and after CRT.
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INTRODUCTION
Cardiac resynchronization therapy (CRT) has been shown to improve quality of life,
functional class, exercise capacity, left ventricular ejection fraction (LVEF), and survival
probability in selected patients with LV systolic dysfunction and symptomatic heart failure.
Based on prior clinical trials, criteria for CRT consist of NYHA class III-IV heart failure,
LVEF <35%, and QRS duration on the surface electrocardiogram (ECG) >120 ms.1-6

However, when selected based on the above criteria, up to 40% of CRT recipients do not
respond.7 Therefore, studies have explored the utility of directly measuring LV mechanical
dyssynchrony in order to optimize patient selection for CRT.8-10

Tissue Doppler Imaging (TDI) has been used to measure LV dyssynchrony and predict CRT
response.11-13 A recent study has shown that serial assessment of LV mechanical
dyssynchrony by Tissue Doppler Imaging (TDI) before and after CRT can be used to predict
long-term outcome.14 However, the measurement variability in echo-based parameters of
dyssynchrony was very high when tested in a recent multi-center PROSPECT trial
(Predictors of Response to Cardiac Resynchronization Therapy).15

Phase analysis of gated myocardial perfusion SPECT (GMPS) (SyncTool™, Emory
University, Atlanta, GA, USA) has been used for the assessment of LV dyssynchrony.16

This technique approximates the change of LV wall thickness using continuous Fourier
harmonic functions so that it has sufficient temporal resolution to analyze LV dyssynchrony.
17 This technique was shown to appropriately discriminate between normal controls and
various patient cohorts (left bundle branch block, right bundle branch block, ventricular
paced rhythms, and LV dysfunction with LVEF <40%) who were expected on average to
have different degrees of LV dyssynchrony.18 Moreover, phase analysis showed good
correlation with TDI in a study of 75 heart failure patients,19 and good sensitivity and
specificity (>70%) for the prediction of response to CRT in another study of 42 heart failure
patients.20 Importantly, serial assessment of LV dyssynchrony before and immediately after
CRT by phase analysis of GMPS using a single injection of radiotracer has been shown
feasible and is likely to provide valuable clinical information.21 A previous study has shown
high reproducibility (the variation of a measurement by a single operator in different times
or by different operators) of phase analysis, which indicated that different operators with
different image processing settings could obtain highly correlated (r > .95) LV
dyssynchrony parameters from the same GMPS studies.22 However, the repeatability (the
variation of successive measurements) of phase analysis has not yet been evaluated. The
variability in these parameters is expected to be higher between serial GMPS studies than
when re-processing the same GMPS studies. Determining the limits of variability in the LV
dyssynchrony and function parameters between serial GMPS studies is essential, if serial
GMPS assessment of LV dyssynchrony and function is used to assess CRT response.
Accordingly, the purpose of this study was to determine the repeatability of the LV
dyssynchrony and function parameters, which characterizes the variation of these parameters
when measured using similar image processing settings from serial GMPS studies.

MATERIALS AND METHODS
Patient Studies

Thirty patients were prospectively enrolled in this study from the First Affiliated Hospital of
Anhui Medical University, Hefei, Anhui, China. These patients were hospitalized because of
severe heart failure symptoms. Table 1 shows the characteristics of the patients when they
were hospitalized. All patients were in NYHA III or IV heart failure, LVEF <35%, and QRS
>120 ms, eligible for CRT based on conventional criteria. After hospitalization and medical
treatment, 8 of the 30 patients had improved cardiac function. When they were discharged,

Lin et al. Page 2

J Nucl Cardiol. Author manuscript; available in PMC 2010 November 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



they were in NYHA class II heart failure with slightly improvement in LVEF. The GMPS
studies were performed on these patients during hospitalization.

A protocol using a single resting injection of Tc-99m sestamibi, followed by two serial
resting GMPS scans performed 30 minutes apart was used. One hour after resting injection
of 25 mCi of Tc-99m sestamibi, a standard GMPS resting scan was acquired using a GE
Infinia system with low-energy high-resolution collimators. The patient was then taken off
the table. The scan was repeated 30 minutes later after repositioning the patient. For both
scans, images were acquired over a 180° noncircular orbit from 45° right anterior oblique to
45° left posterior oblique, with 30 seconds per projection, 60 projections, 64 × 64 matrix,
and 140 keV ± 20% energy window for emission images. No attenuation correction was
performed.

Image Processing
All patient studies were reconstructed by ordered subsets expectation maximization (OSEM)
with 3 iterations and 10 subsets. A Butterworth filter with a cutoff frequency of .4 cycles ·
cm-1 and a power of 10 was used to filter the summed images. For gated images, the cutoff
frequency of the Butterworth filter was reduced to .35 cycles · cm-1, as the gated images
contained more noise than the summed images. Image reconstruction was totally automatic.
The reconstructed images were submitted to oblique reorientation (adjusting centers and
angles of the LV to generate gated short-axis images) and LV region-of-interest (ROI)
determination (determining LV center, radius, apex slice, and base slice in the Emory
Cardiac Toolbox). Oblique reorientation and LV ROI determination involved manual image
processing depending on the operator's preference.

Two image processing settings, which represented typical clinical settings, were evaluated.
The first setting was independent processing, where an experienced operator processed the
two serial GMPS studies separately in different weeks. The operator was blinded from his
first processing when he processed the second study. This setting represented a typical
clinical setting to compare two GMPS studies that were processed independently. The
second setting was side-by-side processing, where another experienced operator processed
the two serial GMPS studies together (one as “stress” and the other as “rest”, similar to a
typical stress/rest GMPS scan) to minimize potential inconsistency in oblique reorientation
and LV ROI determination between the two serial GMPS studies. This setting represented a
desirable clinical setting to compare two GMPS studies after re-alignment.

Once the images were processed, LV dyssynchrony [phase standard deviation (PSD) and
phase histogram bandwidth (PHB)] and function parameters [LVEF, LV end-systolic
volume (LVESV), and LV end-diastolic volume (LVEDV)] were calculated by the Emory
Cardiac Toolbox, and then compared between the two serial GMPS studies.

Statistical Analysis
The LV dyssynchrony and function parameters between the two serial GMPS studies were
compared using the paired t test and Pearson's correlation analysis.

The differences in LV dyssynchrony and function parameters between the two serial GMPS
studies were expected to be normally distributed. No significant differences in these
parameters were expected between the serial images of the same patients. Therefore, the
mean (μ) and standard deviation (σ) of the differences in these parameters should represent
the measurement variability. The variability of the LV dyssynchrony and function
parameters measured by independent processing and side-by-side processing was compared
using the F test.
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Once μ and σ are determined, changes in LV dyssynchrony and function (for example, due
to CRT) on serial GMPS studies in any particular patient can be evaluated by one-sample z
test as follows.

(1)

where x is the difference in LV dyssynchrony and function parameters of the patient
between the two serial studies. With the z score beyond ± 1.645 or ± 1.96, there will be 95%
confidence (based on two-side or one-side z test, respectively) that significant changes in LV
dyssynchrony and function have occurred.

RESULTS
The measured differences in the LV dyssynchrony and function parameters between the
serial GMPS studies are shown in Table 2 (independent processing) and Table 3 (side-by-
side processing). Paired t test showed no significant difference in any parameter between the
serial studies. The measured parameters were highly correlated between the serial studies.
The standard deviations of difference in PSD and PHB were significantly (P < .01 for all
parameters by the F test) smaller by side-by-side processing than by independent processing,
indicating that inconsistent oblique reorientation and LV ROI determination between the
serial GMPS studies introduced a considerable amount of variation in the LV dyssynchrony
and function parameters. The coefficients of variability of the LV dyssynchrony and
function parameters were calculated for each patient as the standard deviation of the
measured parameters divided by the mean of the measured parameters. The average
coefficients of variability in the 30 patients were also improved from about 20% to less than
10% for all LV dyssynchrony and function parameters when side-by-side processing was
used instead of independent processing. These results indicated high repeatability of LV
dyssynchrony and function measurement when using a side-by-side image processing
setting to align the serial GMPS studies.

Figure 1 shows the two serial GMPS studies of a patient example by independent and side-
by-side processing. The two serial GMPS studies of the patient, when processed
independently, had inconsistent oblique reorientation (different orientation of the horizonal
long-axis images) and LV ROI determination (different apical slice selection). Such
inconsistency resulted in higher variation in the LV dyssynchrony and function parameters
than that obtained by side-by-side processing, which better aligned the two images and
matched the apical and basal slice selection.

Figure 2 shows an example of using serial GMPS to assess patient response to CRT. A 72-
year-old male with ischemic cardiomyopathy underwent CRT for NYHA class III
symptoms, severe LV dysfunction, and wide QRS duration. The upper and lower panels
show the phase analysis results from the pre- and post-CRT scans, respectively. Left
ventricular (LV) dyssynchrony parameters significantly improved following CRT with z
scores of –3.09 and –3.12 for phase standard deviation (PSD) and phase histogram
bandwidth (PHB), respectively. Comparison of the phase polar maps before and after CRT
shows that phase delay was reduced remarkably after CRT in the lateral wall, where the LV
pacing lead was positioned. LV function parameters did not change significantly after CRT
with z scores of –.42, .33, and –.07 for LV ejection fraction (LVEF), LV endsystolic volume
(LVESV), and LV end-diastolic volume (LVEDV), respectively.
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DISCUSSION
This study evaluated the repeatability of LV dyssynchrony and function measurement using
serial GMPS studies of 30 heart failure patients who were eligible for CRT. The measured
LV dyssynchrony and function parameters were highly correlated between the serial GMPS
studies. The limits of variability of these parameters were established in this study, so that it
can be applied to serial GMPS evaluation of CRT response. This study also showed that
inconsistent oblique reorientation and LV ROI determination introduced a considerable
amount of variation in the LV dyssynchrony and function parameters when comparing the
two serial GMPS studies. Thus, processing serial GMPS studies side-by-side is desirable,
since this approach will reduce variation resulting from image processing, and it can
measure smaller changes in LV dyssynchrony and function in serial GMPS studies.

A recent study using serial assessment of LV dyssynchrony with TDI before and after CRT
in 100 heart failure patients showed that acute improvement in TDI parameters predicted a
sustained response with 100% negative predictive value and 95% positive predictive value.
14 While these data provided a basis for the measurement of changes in dyssynchrony
parameters soon after CRT, it must be noted that the use of echocardiography parameters for
this purpose has been limited by high variability in measurement, when applied in large,
multicenter clinical trials.15 Our data indicated much smaller variability in the LV
dyssynchrony parameters measured by phase analysis of GMPS, even when the variability
was derived from two separate, serial GMPS studies. If proven in larger multicenter studies,
this will be an advantage of the phase analysis approach to dyssynchrony measurement,
compared to echocardiography.

It must be noted that the limits of variability derived from this study pertain to serial GMPS
using identical acquisition parameters. These limits would, therefore, be not applicable if the
acquisition parameters differed between studies. Similarly, these limits of variability cannot
be extrapolated to patients with normal LV function.

CONCLUSION
Serial GMPS measurements of LV dyssynchrony and function in CRT-eligible heart failure
patients are highly repeatable when acquisition and processing parameters are carefully
controlled. The derived limits of variability could be used to evaluate changes in LV
dyssynchrony and function following CRT.
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Figure 1.
Two serial GMPS studies of a patient example by independent and side-by-side processing.
The two serial GMPS studies of the patient, when processed independently in different
weeks, had inconsistent oblique reorientation and apical slice selection. Such inconsistency
resulted in higher variation in the LV dyssynchrony and function parameters than that given
by side-by-side processing, which better aligned the two images and matched the apical and
basal slice selection.
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Figure 2.
Serial assessment of LV dyssynchrony and function using phase analysis of GMPS before
(upper panel) and after (lower panel) CRT. Left ventricular (LV) dyssynchrony parameters
significantly improved after CRT with z scores of –3.09 and –3.12 for phase standard
deviation (PSD) and phase histogram bandwidth (PHB), respectively, based on the measured
variability of these parameters in this study. Comparing the phase polar maps before and
after CRT, it was observed that phase delay was reduced remarkably after CRT in the lateral
wall, where the LV pacing lead was positioned. LV function parameters changed
insignificantly after CRT with z scores of –.42, .33, and –.07 for LV ejection fraction
(LVEF), LV end-systolic volume (LVESV), and LV end-diastolic volume (LVEDV),
respectively, based on the measured variability of these parameters in this study.
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Table 1

Clinical characteristics of the study population (n = 30)

Age (yrs) 60.5 ± 18.2

Men 14 (46.7%)

Ischemic cardiomyopathy 10 (33.3%)

Previous infarction 6 (20%) (4 anterior, 2 inferior)

Idiopathic dilated cardiomyopathy 20 (66.7%)

Previous infarction 6 (20%)

QRS duration (ms) 145 ± 14

Echo LVEF (%) 29.1 ± 3.6

NYHA class 3.43 ± .50

Data are presented as mean ± standard deviation, or as number (%).

LVEF, Left ventricular ejection fraction; NYHA, New York Heart Association.
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