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Abstract Measurement of left ventricular (LV)

mechanical dyssynchrony from single photon emis-

sion computed tomography (SPECT) myocardial

perfusion imaging (MPI) allows optimization of

cardiac resynchronization therapy in heart failure

patients. We compared the discriminatory ability and

reproducibility of a new software method, Corridor

4DM (4DM) to the established method, Emory

Cardiac Toolbox (ECTb) in normals and heart failure

patients. LV dyssynchrony was measured in 100

control (Group 1) and 100 patients with LVEF\35%

(Group 2) using time to peak thickening with first

harmonic, fourth harmonic, and volume curve meth-

ods with the 4DM software, and compared to ECTb.

Of the 3 4DM methods, first harmonic had the best

correlation with the ECTb (R = 0.88, slope = 1.00,

P \ 0.0001, bias = -0.18� [95% CI: -20�; 16�] for

phase standard deviation; and similarly for histogram

bandwidth, while volume curve analysis had the

greatest variation. The intra and inter-observer

reproducibility for 4DM time to peak thickening with

first harmonic was very good (R = 0.99, P \ 0.0001

and coefficient of variability 10% [95% CI 9.2–12%]

for intra-observer, and R = 0.97, P \ 0.0001, coeffi-

cient of variability 16% [15–17%] for inter-observer,

respectively). Finally, in patients with LVEF \35%,

the area under the curve on receiver operator charac-

teristic analysis was 0.93 [95% CI: 0.89–0.97] to

detect significant mechanical dyssynchrony (i.e. stan-

dard deviation C43�) using 4DM versus ECTb. The

4DM-software provides an accurate and reproducible

alternative method of dyssynchrony analysis of

SPECT MPI for evaluation and management of heart

failure.
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Introduction

In a research environment, dyssynchrony analysis by

several different imaging modalities provides impor-

tant information in the identification and optimization

of patients with heart failure who may benefit from

cardiac resynchronization therapy (CRT) [1, 2]. There

have been several hundred published papers on left

ventricular (LV) mechanical dyssynchrony using

multi-imaging modalities within the last decade.
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Phase analysis of gated single photon emission

computed tomography (SPECT) myocardial perfusion

imaging (MPI) has recently emerged as a robust,

automated, and reproducible technique to quantify LV

mechanical dyssynchrony [3]. Alternative techniques

such as echocardiography do not reliably predict

responders [1, 4]. Although the application of mechan-

ical dyssynchrony in daily clinical decision making by

any modality is still limited, the increasing use of CRT

and the growing heart failure population identify an

important clinical need.

Since SPECT MPI is frequently performed in the

heart failure population to identify the presence of

ischemia and viability, information on dyssynchrony

is readily available in such patients without the need to

do additional testing. Published data on SPECT MPI

dyssynchrony has predominately relied on the Emory

Cardiac Toolbox software (ECTb Atlanta, GA) to

generate the dyssynchrony indices (phase standard

deviation and histogram bandwidth), in diverse patient

populations [3, 5–13], and with limited data using

other software such as QGS [14]. A new software

program for SPECT MPI dyssynchrony analysis that

provides three different methods of analysis has been

developed (Corridor4DM, 4DM Invia, Ann Arbor,

MI) [15]. Since this software provides an alternative

method of analysis to ECTb for research and clinical

applications of dyssynchrony, the purpose of our study

was to compare the 3 methods of dyssynchrony

analysis available in Corridor 4DM with the ECTb (as

reference method in out study), to expand the available

clinical tools to measure mechanical dyssynchrony by

SPECT MPI.

Methods and materials

Patient selection

From the prospective SPECT MPI clinical database

maintained at the Cleveland Clinic and approved by

the Institutional Review Board, we identified 2

consecutive groups of patients between April 2007

and February 2008. Group 1 (N = 100) had normal

LV ejection fraction (EF) (C50%), normal MPI, and

QRS duration \120 ms; Group 2 (N = 100) had

LVEF\35% with no restriction on QRS duration. All

patients had a low dose rest/high dose stress Tc-99m

tetrofosmin MPI with gated SPECT. Patients with

hypertrophic cardiomyopathy, end-stage renal dis-

ease, congenital heart disease, and CRT were

excluded. The demographics, co-morbidities and

medications were entered into an IRB approved data

base at the time of testing.

Gated SPECT MPI

Gated SPECT MPI was obtained at rest (low dose

9–15 mCi) and stress (exercise or pharmacological)

(high dose *30–45 mCi) using Tc-99m tetrofosmin

according to American Society of Nuclear Cardiology

guidelines [16]. Using a dual-headed detector gamma

camera with high resolution, low energy collimators,

images were acquired in a 64 9 64 matrix with a step

and shoot protocol, 180o elliptical orbit and 64 total

projections. A window of ±15% was centered on the

140 keV gamma peak, and the gating was done with

16 frames per RR cycle. Imaging was started

30–60 min after resting or pharmacological stress

(i.e. adenosine) and 10–20 min following exercise

stress. Images were reconstructed by filtered back

projection using Ramp and Butterworth filters (5th

order Butterworth and cut-off frequency of 0.4 for

gated images, and 3rd order Butterworth and cut-off

frequency 0.66 for nongated tomograms). Scatter and

attenuation correction were not performed. All images

were reviewed for quality by a nuclear technologist

and a board certified nuclear cardiologist.

The LV volumes, mass, and EF were measured

from the higher dose stress gated images. The presence

and extent of ischemia and infarction was assessed

visually, and quantified using semi-automated polar

maps as previously described [17, 18].

Phase analysis with Emory Toolbox

The phase standard deviation and histogram band-

width were measured from the stress gated SPECT

(higher counts due to hyperemia and higher tracer

dose) by a single observer (WA). The method has

been extensively described and reviewed [3, 19].

Briefly, 3-dimensional count distributions were

extracted from each of the LV short -axis data sets

and Fourier transformed to generated a 3-dimentional

phase distribution (0–360�) spanning the entire R–R

interval and represented on a histogram (Fig. 1). The

phase standard deviation represented the standard

deviation of the phase distribution, while the
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histogram bandwidth represented the duration of the

cardiac cycle during which 95% of the myocardium

initiated contraction [3].

Phase analysis with Corridor4DM

The dyssynchrony indices (phase standard deviation

and histogram bandwidth) were generated with the

4DM software using three different methods. Method

1 estimates the time to peak thickening using a single

harmonic fit (TPT-1), and is closely modeled to the

algorithm used in the ECTb. In this method, the

maximum myocardial intensity as a function of the

gating interval is recorded from a 3-dimensional

sampling of the LV myocardium. Each of the time-

intensity curves are fitted to a first-order harmonic

using Fourier analysis, 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 peak of mechanical contraction. Even

though the ECTb method defines the phase that

measures the onset of mechanical contraction, the

time point at which the maximal count curve crosses

the DC or mean line [19], the time to peak mechanical

contraction of Method 1 is the same as the onset of

mechanical contraction of the ECTb method but

shifted by ?90 degrees. This is because the angular

distance between the point of the increasing curve

intersecting with the DC line and the maximum point

of the first harmonic sinusoid is always a constant 90

degrees, as can be shown by taking the difference of

the roots of a sinusoid and its derivative. By this

equivalence, the temporal resolution of Method 1 is

also 1/64 of a cardiac cycle whether 8 or 16 frames/

cycle per used for image acquisition [20].

Method 2 uses the same time-intensity curve as in

Method 1 but fits the curve to a continuous 4th order

Fig. 1 Representative contractility histogram with the 4DM

software. The upper panel has two representative histograms of

a patient with normal LVEF, MPI and QRS duration\120 ms,

showing narrow phase distribution with the ECTb (left) and

4DM software (right), respectively; while the lower panel
shows the histograms of a patient with LVEF 30% and QRS

\ 120 ms but with significant mechanical dyssynchrony with

both software. The phase standard deviation and 95% histogram

bandwidth are expressed as % of the R–R interval in the 4DM

software, and the corresponding values in degrees are derived by

multiplying by 3.6 (360/100). 4DM (Corridor4DM software);

BW (histogram bandwidth); ECTb (Emory cardiac toolbox);

LVEF (left ventricular ejection fraction); MPI (myocardial

perfusion imaging); SD (phase standard deviation)
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harmonic function (TPT-4), which includes the first 4

harmonics, from which the time from end-diastole to

the maximum value is found to be the time to peak

thickening. The temporal resolution of Method 2 is the

same as that of Method 1 or less, since a 4th order

harmonic is higher resolution function.

Method 3 is analogous to the method used in 3D

echo to find the time to peak contraction (TPC). This

method uses the 4DM estimated endocardial surfaces

of the LV to estimate regional changes in volume

during the cardiac cycle. Using a 3-dimensional hybrid

cylindrical/spherical sampling, the regional volumes

are computed for each frame, based on the respective

formulas for a volume of a cylindrical or spherical

wedge. Each regional volume as a function of the

gating interval is fitted to a continuous 4th order

harmonic function, which includes the first 4 harmon-

ics, from which the time from end-diastole to the

minimum value is found to be to analogous to the time

to peak mechanical contraction.

The generated indices were displayed as percentage

of the RR cycle, and converted into degrees by

multiplying by 3.6 (360/100) (Fig. 1). The derived

parameters were compared against those obtained by

the ECTb. The intra- and inter-observer reproducibil-

ity of the phase were assessed by two blinded

experienced readers who have re-read all 200 studies

after 4 weeks of the first reading (WA and WJ).

Statistical analysis

A descriptive analysis was performed examining

selected variables for each group. Continuous vari-

ables were expressed as means ± standard deviation,

and categorical variables as percentages. The unpaired

Student t test was used to compare continuous

variables, and Pearson Chi-square test for categorical

variables. Linear regression was used for the correla-

tion of dyssynchrony indices between 4DM and

ECTb, and Bland–Altman plots were generated to

assess for bias. Receiver-operating characteristic

(ROC) analysis was used to compare the results of

the 4DM software versus the ECTb in diagnosing

mechanical dyssynchrony. Intra and inter-observer

reproducibility were assessed using the Spearman

correlation coefficient, coefficient of variability and

Bland–Altman plots for continuous variables. A

P value \ 0.05 was set a priori and considered

statistically significant. All statistical analyses were

performed using the Statistical Package for Social

Sciences, version 11.5, for Windows (SPSS, Chicago,

Illinois).

Results

There were 100 patients in Group 1 (age

65 ± 12 years, LVEF 70 ± 9%, all with normal

perfusion and QRS \ 120 ms) and 100 patients in

Group 2 (age 68 ± 11 years, LVEF 29 ± 5%, 51%

with prior myocardial infarction, and 17% with left

bundle branch block). The pertinent demographics,

co-morbidities, medications, and gated-SPECT MPI

variables are displayed in Table 1.

Three different methods to generate dyssynchrony

indices by the 4DM software were tested in all patients

(N = 200). TPT-1 correlated best with the ECTb

(R = 0.88, slope = 1.00, P \ 0.0001, Bland–Altman

bias = -1.8� [95% CI: -20�; 16�] for phase standard

deviation; and R = 0.84, slope = 0.67, P \ 0.0001,

Bias = 22� [95% CI: -82�; 127�] for histogram

bandwidth), while TPC showed the most variability

and inconsistency (Fig. 2). Furthermore, the intra and

interobserver reproducibility was high, particularly for

TPT-1, R = 0.99, P \ 0.0001 and coefficient of

variability 10% (95% CI 9.2–12%) for intra-observer,

and R = 0.97, P \ 0.0001, coefficient of variability

16% (15–17%) for inter-observer, respectively for all

patients (N = 200) (Fig. 3). For patients in Group 1,

the correlation coefficient for intra and inter-observer

reproducibility were R = 0.93 and 0.94, respectively;

while for patients in Group2, the corresponding

correlation coefficients were R = 0.99 and 0.96,

respectively (P \ 0.0001 for all values). In addition,

the standard deviation and histogram bandwidth

showed excellent correlation (R = 0.98 and

R = 0.95, with 4DM and ECTb, respectively,

P \ 0.0001 for both) for all patients.

Group 2 patients with cardiomyopathy had a

significantly higher phase standard deviation and

histogram bandwidth (4DM) than the control Group

(Fig. 4). Similar values were found with the ECTb

(standard deviation 41� ± 20� versus 7.9� ± 4.8�, and

bandwidth 123� ± 67� versus 24� ± 11�, for group 2

versus group 1, respectively, P \ 0.0001 for both).

Also, in patients with cardiomyopathy, those with

wide QRS had higher dyssynchrony indices than those

with narrow QRS duration (Fig. 4).
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The area under the curve (AUC) on ROC analysis

was 0.97 (95% CI: 0.95–0.99) to differentiate normal

versus abnormal synchrony, using a phase standard

deviation cut-off of 17.5� = mean ? 29 standard

deviation from Group 1 with ECTb (N = 200), and

0.93(0.89–0.97) to detect significant mechanical dys-

synchrony (i.e. SD C 43�) [12] in patients with

cardiomyopathy (Group 2, Fig. 5).

Discussion

Our results show that SPECT MPI dyssynchrony

phase analysis indices obtained by the 4DM software

using the first harmonic method of analysis provide

comparable results to those obtained using the well

established ECTb. The method is able to discriminate

between normals and patients with cardiomyopathies

and is highly reproducible. Although mechanical

dyssynchrony is not routinely measured in daily

clinical decision makings, the frequency with which

SPECT MPI is being performed in the heart failure

population makes this a readily available technique to

predict response to CRT and optimize patient selection

[1, 2, 21].

Since the majority of the published work on

mechanical dyssynchrony with phase analysis on

gated SPECT has relied on a single software program,

ECTb, the availability of alternative methods of

software analysis such as 4DM, will make the

Table 1 Baseline

demographics of patient

cohort

Variable Group 1

(N = 100)

Group 2

(N = 100)

P value

Demographics

Age (years) 65 ± 12 68 ± 11 0.07

Male 51 (51%) 76 (76%) \0.001

African Americans 32 (32%) 25 (25%) 0.3

Co-morbidities

Hypertension 75 (75%) 93 (93%) \0.001

Diabetes mellitus 29 (29%) 31 (31%) 0.9

Atrial fibrillation 3 (3%) 11 (11%) 0.048

Prior Myocardial infarction 20 (20%) 51 (51%) \0.001

Previous coronary artery bypass graft 13 (13%) 42 (42%) \0.001

Smoker 64 (64%) 66 (66%) 0.9

Medications

Beta blockers 19 (19%) 50 (50%) \0.001

Angiotensin concerting enzyme

inhibitor/angiotensin receptor blocker

15 (15%) 47 (47%) \0.001

Statin 18 (18%) 57 (57%) \0.001

Spironolactone 1 (1%) 13 (13%) 0.001

Electrocardiogram

Left bundle branch block 0 (0%) 17 (17%) \0.001

RBBB 0 (0%) 7 (7%) 0.014

V pacing 0 (0%) 14 (14%) \0.001

Gated single photon emission computed tomography

Exercise stress test 41 (41%) 17 (17%) \0.001

Left ventricular end-diastolic volume (ml) 65 ± 25 240 ± 96 \0.001

Left ventricular end-systolic volume (ml) 21 ± 12 172 ± 79 \0.001

Left ventricular mass (g) 101 ± 21 214 ± 79 \0.001

Left ventricular ejection fraction (%) 70 ± 9 29 ± 5 \0.001

Total perfusion defect size (%) 0 ± 0 32 ± 21 \0.001

Total perfusion defect size in patients with abnormal

myocardial perfusion imaging (%)

0 ± 0 38 ± 17 \0.001
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technique more widely available. Results have also

been published using a 3rd software program QGS

[14].

Of the three potential methods of analysis by 4DM,

TPT-1 correlated best with the ECTb, and had the

highest intra and inter-observer reproducibility, and

least bias (Fig. 2). The results were somewhat

expected as the TPT-1 algorithm is most similar in

principle to the algorithm (i.e. time-intensity curves

fitted to a single harmonic) used in the ECTb, although

they differed with the timing of phase angle measure-

ments, i.e. time to peak contraction versus onset of

mechanical contraction. Correlation between TPT-4

and ECTb was also good, but showed an increase in

bias in the SD value compared to TPT-1, which is

expected since adding further harmonics increases

noise. The TPC method is analogous to the method

used with real time 3D echocardiography; however, it

correlated the least with ECTb, most likely due to the

inaccurate edge detection associated with the rela-

tively low count SPECT data sets.

The measured phase angles with ECTb are done at

onset of mechanical contraction versus peak contrac-

tion with 4DM, which explains the variability in the

measured phase angles. However, the standard devi-

ation of the phase angle distribution in a given cardiac

cycle, which is the dyssynchrony index, remains

comparable, although both techniques and measures

are not interchangeable. Hence, for serial measure-

ments, the same software should be used for compar-

ison. In addition, 4DM derived phase standard

deviation and 95% histogram bandwidth had excellent

correlation since one defines the other, as previously

published with the ECTb [3, 5–7, 11, 22].

In this study, stress gated images (obtained with

high tracer dose) were used to derive dyssynchrony

indices. While most published studies have used

resting gated MPI (also obtained with high dose

tracer) to derive phase SD and bandwidth, our

resting images were obtained from low dose tracer

(same day protocol). Low tracer dose images have

low counts, and hence the phase analysis could be

more prone to artifacts, noise, and falsely higher

indices. In fact, recent study have shown that

dyssynchrony indices obtained from low tracer dose

rest images are significantly larger as compared to

those obtained from high tracer dose stress gated

images [23].
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Fig. 2 Validation of the 4DM-software against the ECTb.

Three different methods of the 4DM-software were tested

against the ECTb (panels a, b and c respectively for each

method). Linear regression and Bland–Altman plots are shown

in the upper and lower rows for each method, respectively.

ECTb (Emory Cardiac Toolbox); R (correlation coefficient); SD

(phase standard deviation); SEE (standard error of the estimate);

TPC (time to peak contraction); TPT-1 (time to peak thickening

using first harmonic); TPT-4 (time to peak thickening using

fourth harmonic)
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Fig. 3 Intra and Inter-observer reproducibility. The intra and

inter-observer reproducibility was very good as depicted in the

linear regression plot (upper row) and in the Bland–Altman plot

(bottom row) for method 1 (time to peak thickening with first

harmonic) (N = 200). R (Correlation coefficient); SD (phase

standard deviation)

Fig. 4 Dyssynchrony indices in normal cohort and patients

with cardiomyopathy. There is significant increase in dyssyn-

chrony indices by phase analysis using the 4DM software (TPT-

1 method) in patients with cardiomyopathy (group 2, mean

LVEF 29 ± 5%) versus normal cohort (N = 100 in each

group). Patients with QRS [ 120 ms had more significant

dyssynchrony. LVEF (left ventricular ejection fraction); TPT-1

(time to peak thickening with first harmonic)
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Study limitations

This study has the limitations as a retrospective study

from a single tertiary center. Also, it does not offer

clinical data yet using the new software, although such

studies are currently in progress.

The stress gated SPECT MPI was used in this study

as opposed to conventional rest gated studies because

the higher tracer dose provided better images and

counts as discussed in the method section. The

performance of gated images at least 30–45 min after

peak stress minimized potential error caused by

ischemia and stunning as 25% of patients in group 2

had at least moderate (C10%) and 13% had severe

(C20%) reversible perfusion defects. In fact, recent

study have shown no difference in dyssynchrony

indices obtained from stress versus rest gated SPECT

in patients with ischemia, including those with mod-

erate to large reversible perfusion defect size [9]9.

Furthermore, despite the very good correlation and

minimal bias, there was still some variation in the

results. Possible explanations are that the software use

different algorithms (onset of mechanical contraction

versus peak contraction to derive phase angle),

presence of artifacts, arrhythmias, and improper

border tracking. We opted however not to exclude

any data point, which strengthened our findings.

Although the software is automated, the intra and

inter-observer variability was not insignificant. The

main reason is that there is an operator dependancy

when selecting the image planes and apex, which can

be somewhat challenging in images with large perfu-

sion defect size. This variability was also reported

using the ECTb when assessing dyssynchrony on

serial images and follow-up studies, and was signif-

icantly smaller when the parameters were measured

using side by side processing [22]. In fact, similar intra

and inter observer error is seen when generating LV

volumes and EF despite having an automated soft-

ware. Future studies to assess the reproducibility of the

4DM software with serial gated imaging, as well as

optimizing selection of patients for resynchronization

therapy based on a standard deviation threshold are

warranted.

Furthermore, we did not have an independent

reference standard used to define dyssynchrony.

Although we compared two software using gated

SPECT to derive dyssynchrony parameters, the ECTb

was validated in prior studies against echocardiogra-

phy. The poor reproducibility of echocardiography

derived dyssynchrony parameters, however, at least

with tissue Doppler imaging, have put in question

whether echocardiography is indeed the standard

reference method [4]. Hence, many currently feel that

phase analysis, at least because of its automaticity,

great reproducibility, and ability to average over

several RR intervals is a better tool for mechanical

dyssynchrony.

In addition, we did not include patients with mild-

moderate LV dysfunction. While the new software

Fig. 5 Receiver operating curve analysis showing diagnostic

accuracy in detecting mechanical dyssynchrony. Receiver

operating curve analysis with 95% confidence intervals lines

showing diagnostic accuracy of the 4DM-software (TPT-1) in

detecting mechanical dyssynchrony using different cut-off

values versus the Emory cardiac tool box (as gold standard).

AUC (area under the curve); LVEF (left ventricular ejection

fraction); ROC (receiver operator curve); SD (standard

deviation)
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showed difference in mechanical dyssynchrony in

patients with normal and abnormal LVEF, between

narrow and wide QRS (Fig. 4), further data are

warranted to show whether it can discriminate bundle

branch block or right ventricular pacing from normal

electrical conductance (shown in a small subset of

patients, Fig. 4), and whether it is predictive of clinical

outcomes. Such studies are being conducted. Also, the

effective temporal resolution of this new software

needs to be tested and verified, similar to the ECTb

[20].

Future directions

The same algorithm of the 4DM dyssynchrony toolbox

can be extrapolated to gated PET images which have

higher counts per pixel, better spatial and temporal

resolution, and theoretically should have less noise

and more accurate data. The prognostic value of such

parameters in patients with cardiomyopathy is of great

interest and is in progress.

Conclusion

In conclusion, the 4DM TPT-1 software provides a

semi-automated and reproducible tool to derive dys-

synchrony indices with comparable results with the

ECTb. Future studies to assess its reproducibility in

serial imaging, whether it optimizes patient selection

for resynchronization and impacts clinical decision

making are warranted.
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