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Development and validation of a phase analysis
tool to measure interventricular mechanical
dyssynchrony from gated SPECT MPI
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Objectives. The purpose of this study is to develop a right-ventricular (RV) phase analysis
tool which when coupled with our left ventricular (LV) phase analysis tool can provide mea-
surement of the interventricular mechanical dyssynchrony from gated SPECT myocardial
perfusion imaging (MPI), and validate the tool by electrocardiography (ECG).

Methods. For each patient, short-axis LV and RV SPECT MPI images were input into an
automatic sampling algorithm to generate the 3D maximal count circumferential profiles for
both LV and RV in each cardiac frame. Subsequently, the samples of LV and RV were sepa-
rately used by our phase analysis tool based on the first-harmonic Fourier approximation to
calculate the contraction onset for each sample. The difference between contraction onsets of
the middle LV free wall and middle LV septal wall represented the LV contraction delay; the
difference between contraction onsets of the middle RV free wall and middle RV septal wall
represented the RV contraction delay. The difference between the LV and RV contraction
delays represented the interventricular contraction delay, which was compared with the
interventricular conduction delay classified by ECG to validate the concordance of interven-
tricular mechanical and electrical dyssynchrony. Sixty-one bundle branch block (BBB) patients
with ischemic-dilated cardiomyopathy (26, 42.6%) or non-ischemic-dilated cardiomyopathy
(35, 57.4%), who underwent 12-lead surface ECG and gated resting Tc-99m sestamibi SPECT,
were retrospectively analyzed in this study.

Results. In the 30 patients with left bundle branch block (LBBB) by ECG, there were 27
patients whose LV contracted later than the RV according to SPECT; and in the 31 patients
with right bundle branch block (RBBB) by ECG, there were 26 patients whose LV contracted
earlier than the RV according to SPECT. In total, an agreement rate of 86.9% (53 of 61) was
achieved between SPECT and ECG. The Kappa agreement rate was 73.8% (95% confidence
interval 0.57-0.91).

Conclusion. The preliminary results showed promise for the measurement of interven-
tricular mechanical dyssynchrony in BBB patients with dilated cardiomyopathy using our
phase analysis tool. (J Nucl Cardiol 2017;24:1680–86.)

Key Words: SPECT Æ myocardial perfusion imaging Æ phase analysis Æ interventricular
dyssynchrony Æ ECG

Reprint requests: Dianfu Li, MD, PhD, Department of Cardiology, The

First Affiliated Hospital of Nanjing Medical University, Nanjing,

Jiangsu, China; doctorldf@163.com

1071-3581/$34.00

Copyright � 2016 American Society of Nuclear Cardiology.

1680

http://crossmark.crossref.org/dialog/?doi=10.1007/s12350-016-0503-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12350-016-0503-6&amp;domain=pdf


Abbreviations
RV Right ventricle/ventricular

LV Left ventricle/ventricular

SPECT Single-photon emission computed

tomography

MPI Myocardial perfusion imaging/images

ECG Electrocardiography

CRT Cardiac resynchronization therapy

LBBB Left bundle branch block

RBBB Right bundle branch block

OSEM Ordered subset expectation

maximization

INTRODUCTION

Interventricular mechanical dyssynchrony is an

important factor to select potential responders to cardiac

resynchronization therapy (CRT) in patients with heart

failure.1,2 Echocardiography is a frequently used clinical

tool to measure interventricular mechanical dyssyn-

chrony in the current clinical practice.1-3 However, the

reproducibility of measuring mechanical dyssynchrony

by echocardiography may limit its clinical applicability.4

Phase analysis from gated SPECT MPI may provide

an alternative clinical tool tomeasure left ventricular (LV)

mechanical dyssynchrony.5-7 The LV dyssynchrony

parameters have been demonstrated to correlate well with

those by echocardiography.8,9 RV myocardium usually

has very low counts on SPECT MPI images due to its

Table 1. Baseline demographics of enrolled patients (n = 61)

Age 65 ± 13 (min: 17, max: 93)

Male 52 (85%)

LVEF, % 28 ± 11 (min: 9, max: 49)

QRS duration, ms 163 ± 24 (min: 98, max: 206)

NYHA class I (3, 4.9%)

II (4, 6.6%)

III (47, 77.0%)

IV (7, 11.5%)

Type of cardiomyopathy*

LBBB

Ischemic-dilated cardiomyopathy 9 (14.8%)

Non-ischemic-dilated cardiomyopathy 21 (34.4%)

RBBB

Ischemic-dilated cardiomyopathy 17 (27.9%)

Non-ischemic-dilated cardiomyopathy 14 (23.0%)

* Both complete bundle branch block and non-complete bundle branch block patients were enrolled in this study

See related editorial, pp. 1687–1689

thinner myocardium compared to the LV albeit RV

perfusion has been quantified.10 As a consequence, the

low RV myocardial counts make it difficult to extend the

phase analysis tool for LV mechanical dyssynchrony to

measure RVmechanical dyssynchrony. Nevertheless, RV

is visible on MPI in certain patient populations, for

example, patients with dilated cardiomyopathy. Accord-

ingly, it may be feasible to develop RVphase analysis tool

to compare the onset of contraction between the LV and

RV in order to measure interventricular mechanical

dyssynchrony in those patients.

The purpose of this study was to develop a RV

phase analysis tool to measure interventricular mechan-

ical dyssynchrony from gated SPECT MPI and validate

it against electrocardiograms (ECG).

MATERIALS AND METHODS

Patient Data

Sixty-one BBB patients with dilated cardiomyopathy,

who had undergone both 12-lead surface ECG and gated

resting Tc-99m sestamibi SPECT, were enrolled in this study.

All of the patients had left bundle branch block (LBBB) or

right bundle branch block (RBBB) classified by ECG. RV

myocardium was clearly visible on the MPI images for all of

the patients in this study. The baseline characteristics of all

patients are listed in Table 1.

Twelve-Lead Surface ECG

Twelve-lead ECG during sinus rhythm was conducted in

all patients with a Mac 5000 System (GE Medical Systems,

Milwaukee, WI, USA). QRS durations were measured either

manually or by a computerized ECG system analysis of
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intervals. The areas of QRS wave were measured manually

from ECG recordings. A small compartment on the ECG

recording paper was defined as 1 9 1 mm. The whole areas of

QRS wave were summed on all 12 leads.

SPECT Image Processing

The gated SPECT scan was performed around 60 minutes

post injection of 20-30 mCi of Tc-99m sestamibi. SPECT

planar images were acquired on a dual-headed camera (Philips

Medical Systems, Milpitas, CA, USA) using a standard resting

protocol. The imaging parameters were 20% energy window

around 140 keV, 180� orbit, 32 steps with 25 seconds per step,

8-bin gating, and 64 projections per gate. The total acquisition

time was 14 minutes for each patient.

Image reconstruction and reorientation were completed

with Emory Reconstruction Toolbox (ERToolbox; Atlanta,

GA). SPECT images were reconstructed by ordered subset

expectation maximization (OSEM) with 3 iterations and 10

subsets, and then filtered by a Butterworth low-pass filter with

a cutoff frequency of 0.3 cycles/mm and an order of 10. The

pixel size of reconstructed images was 6.4 9 6.4 9 6.4 mm3.

The LV and RV short-axis images were submitted to

interactive interfaces to manually identify LV and RV param-

eters as illustrated in Figure 1A, B, which included the apex,

base, and the myocardial center and radius of LV and RV,

respectively. These parameters were input into an automatic

sampling algorithm, which searched in 3D for the maximal

count circumferential profiles for LV and RV separately. The

phase analysis tool based on the first-harmonic Fourier

approximation5 was used to calculate the onset of contraction

for each sample. The phase angles of LV and RV samples were

displayed on the LV and RV polar maps, which were then

segmented using a 13-segmentation model used by electro-

physiologists11,12 to calculate the regional mean phases in the

segments, as illustrated in Figure 1C, D. The difference

between the mean phases of the middle LV free wall and

middle LV septal wall represented the LV contraction delay,

expressed as DLV. The difference between the mean phases of

the middle RV free wall and middle RV septal wall repre-

sented the RV contraction delay, expressed as DRV.

Figure 1. SPECT phase quantification. A An interactive tool to specify LV sampling parameters,
including the apex, base, and the center and radius of the LV myocardium. B An interactive tool to
specify RV sampling parameters, including the apex, base, and the center and radius of the RV
myocardium. In order to enhance the visibility of RV myocardium, all the pixels with C40%
maximum were set to the maximum brightness in RV SA. C The polar map of LV contraction
delays. D The polar map of RV contraction delays. The number in each segment of 13-segment
polar map is the mean phase in the region. The greater the number is, the later the segment
contracts. The average difference of the two segments enclosed by each of the four ellipses is the
measured contraction delay. Purple ellipse, the middle LV septal wall; yellow ellipse, the middle
LV free wall; red ellipse, the middle RV free wall; blue ellipse, the middle RV septal wall. SA,
short-axis; VLA, vertical long-axis; HLA, horizontal long-axis.
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Statistical Analysis

A dichotomous rule was applied to the phase analysis

results to determine the interventricular contraction delay: if

DLV[DRV, the LV contracted later than the RV; if

DLV\DRV, the LV contracted earlier than the RV. The

concordance between interventricular contraction delays by

SPECT and interventricular conduction delays by ECG was

evaluated by the kappa agreement rate calculated for all of the

enrolled 61 patients.

RESULTS

Figure 2 shows the contraction delays of LV (DLV)

and RV (DRV) for all the enrolled patients. The

individual below the line DLV = DRV is classified as

the patient whose LV contracts later than the RV.

Table 2 compares the interventricular contraction

delays measured by SPECT with the interventricular

conduction delays classified by ECG. In the 30 patients

with LBBB by ECG, there were 27 patients whose LV

contracted later the RV according to SPECT; and in the

31 patients with RBBB by ECG, there were 26 patients

whose LV contracted earlier than the RV according to

SPECT. The agreement rate was similar in both LBBB

and RBBB groups (90.0% and 83.9%, respectively). The

overall agreement rate was 86.9% for all of the 61

patients. The overall Kappa agreement rate was 73.8%

(95% confidence interval 0.57-0.91).

Figure 3 shows two patient examples using our LV

and RV phase analysis tool to measure the interventric-

ular mechanical dyssynchrony. Figure 3A shows a LBBB

patient for whom DLV=1.12� and DRV = -7.70�, so the

LV contracted later than the RV. Figure 3B shows a

RBBB patient for whom DLV = -1.13� and DRV =

3.63�, so the RV contracted later than the LV. The

interventricular contraction delays by SPECT were con-

cordant with the interventricular conduction delays by

ECG for both patients.

DISCUSSION

This is the first report of a RV phase analysis tool

which when coupled with our LV phase analysis tool5

measures the interventricular mechanical dyssynchrony

from gated SPECT MPI. With this new tool, the

contraction delays of LV and RV were quantified, and

then the interventricular contraction delay was deter-

mined. There was a concordance of 86.9% between the

interventricular contraction delays by SPECT and inter-

ventricular conduction delays by ECG in 61 BBB

patients with dilated cardiomyopathy.

Clinical Value of Interventricular
Mechanical Dyssynchrony

ECG is a standard tool to detect patients with

interventricular electrical dyssynchrony. QRS duration

classified by ECG has demonstrated its clinical value to

predict CRT response. Sinus rhythm, LBBB with QRS

duration C150 ms on ECG, LVEF B35%, NYHA class

II, III, or ambulatory IV symptoms are the standard

indications for CRT patient selection in the current

guidelines.13 Patients with RBBB are less likely to

benefit from CRT and can be even worse.14 In addition,

it was found that there was a significant correlation

between QRS duration and interventricular mechanical

delay.15

However, ECG is ineffective to measure the pres-

ence and severity of electrical dyssynchrony in all

ventricular segments and only significant myocardial

masses can influence QRS morphology and duration.16

Table 2. Interventricular delay measured by
gated SPECT MPI and ECG for the 61 patients

Number of patients

Gated SPECT MPI

DLV > DRV DLV < DRV

ECG

LBBB 27 3

RBBB 5 26

DLV[DRV: The LV contracted later than the RV. DLV\DRV:
The RV contracted later than the LV
LBBB, Left bundle branch block; RBBB, right bundle branch
block

Figure 2. Measured contraction delays of LV (DLV) and RV
(DRV) for all the enrolled patients.
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QRS duration is not specific enough to characterize the

exact electric and mechanical activation pattern.17

LBBB can result in different and heterogeneous electric

and mechanical LV contraction delay patterns, despite

similar surface ECG morphology and duration.18,19

Patients with more severe interventricular mechanical

dyssynchrony can benefit more from CRT, thus inter-

ventricular mechanical dyssynchrony has been used to

select CRT patients in clinical studies.1,20

In the current clinical practice, echocardiography is

a frequently used clinical tool to measure interventric-

ular mechanical dyssynchrony.1-3 In the CARE-HF

clinical trial,1 the interventricular mechanical delay

was calculated as the time difference between the onset

of forward flow in the LV and RV outflow tracts on

echocardiography images. An interventricular mechan-

ical delay of[40 ms can be pathological.

A major problem, which influences the clinical appli-

cability of measuring mechanical dyssynchrony from

echocardiography, is the relatively poor reproducibility of

this technique. In the PROSEPCT trial,4 it was found that

the reproducibility arising from technical and interpretative

factors influenced the clinical value of guidance parameters

measured from echocardiography; as a consequence, the

echocardiographic technique failed to improve the CRT

response beyond the current guidelines.

Figure 3. Two patient examples. A A patient with LBBB. The mean phases of the middle LV free
wall, middle LV septal wall, middle RV free wall, and middle RV septal wall, measured by SPECT,
were 93.18�, 92.06�, 84.58�, and 92.28�, respectively. The contraction delays of LV (DLV) and RV
(DRV) are 1.12� and -7.70�, respectively, indicating the RV contracts earlier than the LV. B A
patient with RBBB. The mean phases of the middle LV free wall, middle LV septal wall, middle
RV free wall, and middle RV septal wall, were 91.20�, 92.33�, 103.80�, and 100.17�, respectively.
The contraction delays of LV (DLV) and RV (DRV) are -1.13� and 3.63�, respectively, indicating
RV contracts later than the LV.
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Our Tool to Measure Interventricular
Mechanical Dyssynchrony

Phase analysis has been used to measure LV

mechanical dyssynchrony from gated SPECT MPI. It

was shown to have good temporal resolution,21 high

repeatability and reproducibility,22 and good robustness

with heart rate23 and perfusion defects.24 The LV

mechanical dyssynchrony parameters have been demon-

strated to correlate well with those by Tissue Doppler

imaging.8,9 It is clinically important to extend the phase

analysis technique to measure RV dyssynchrony and

interventricular mechanical dyssynchrony.

Recently, we have developed a new tool to

measure RV mechanical dyssynchrony by phase anal-

ysis on PET in patients with pulmonary hypertension.25

The results showed that there was a significant corre-

lation between RV dyssynchrony by phase analysis

from PET and that by speckle tracking from echocar-

diography. This study coupled the LV and RV tools to

measure the interventricular mechanical dyssynchrony

from gated SPECT MPI. The concordance with ECG in

61 patients suggested the LV and RV phase analysis

tool from gated SPECT MPI was promising to be a

clinical tool to measure the interventricular mechanical

dyssynchrony.

Clinical Applicability of Our Tool to
Measure Interventricular Mechanical
Dyssynchrony

A major concern to use this tool in the clinical

practice could be the visibility of RV. The timing of

image acquisition in the current protocol of gated

SPECT MPI is the maximal contrast agent uptake of

LV. RV myocardium on MPI usually has low counts due

to its thinner myocardium, so it may be unclear or even

invisible. Nevertheless, RV is visible on MPI in certain

patient populations, for example, patients with dilated

cardiomyopathy or pulmonary hypertension, making it

feasible to measure RV dyssynchrony by phase analysis.

Moreover, this technique is readily applicable to MPI

PET where new high contrast perfusion agents like

flurpiridaz demonstrate excellent RV visualization.26

The other concern could be the repeatability and

reproducibility of this tool since the manual operations

are required to specify the LV and RV parameters.

However, the previous study suggested the LV phase

analysis tool, which required manual specification of LV

parameters, had high repeatability and reproducibility.22

Since the RV phase analysis tool requires the similar

parameters as the LV phase analysis tool, no significant

difference in the repeatability and reproducibility is

expected between these tools.

Study Limitations

The technical accuracy of measuring the interven-

tricular mechanical dyssynchrony from gated SPECT

MPI was tested in a relatively small sample size and in a

single medical center. A larger multi-center clinical

study is needed to establish the clinical usefulness of this

technique.

NEW KNOWLEDGE GAINED

This is the first report of a RV phase analysis tool

which when coupled with our LV phase analysis tool5

measures the interventricular mechanical dyssynchrony

from gated SPECT MPI. In BBB patients with dilated

cardiomyopathy, the interventricular contraction delays

measured by SPECT were highly concordant with

interventricular conduction delays measured by ECG.

CONCLUSION

The preliminary results showed the promise for the

measurement of interventricular mechanical dyssyn-

chrony using our LV and RV phase analysis of gated

SPECT MPI in BBB patients with dilated

cardiomyopathy.
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