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Abstract

Background.—Left-ventricular systolic dyssynchrony (LVSD) has been an important prognostic
factor in the patients with dilated cardiomyopathy (DCM). However, the association between the
LV diastolic dyssynchrony (LVVDD) and clinical outcome is not well established. This study aims
to evaluate the prognostic values of both systolic and diastolic dyssynchrony in patients with
DCM.

Methods.—Fifty-two patients with DCM were enrolled and divided into two groups according to
cardiac deaths from the follow-up data. The phase-analysis technique was applied on resting gated
short-axis SPECT MPI images to measure LV systolic and diastolic dyssynchrony, including phase
standard deviation (PSD), phase histogram bandwidth (PBW), and phase entropy (PE). Variables
with £< 0.10 in the univariate analysis were included in the multivariate cox analysis.

Results.—During the follow-up period (2.9 £ 1.7 years), 18 (34.6%) cardiac deaths were
observed. Compared with survivors, patients with cardiac death had lower LVEF (P=0.011),
and more severe LV systolic and diastolic dyssynchrony. The univariate cox regression analysis
showed that hypertension, NT-proBNP, LVEF, systolic PSD, systolic PE, and diastolic PBW
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were statistically significantly associated with cardiac death. The multivariate cox regression
analysis showed that systolic PE and diastolic PE were independent predictive factors for cardiac
death. Furthermore, the receiver operating characteristic (ROC) analysis, when applied into the
combination of systolic PE and diastolic PE for predicting cardiac death, had an area under curve
(AUC) of 0.766, a sensitivity of 0.765, and a specificity of 0.722.

Conclusions.—Both the LVSD and LVDD parameters from SPECT MPI have important
prognostic values for DCM patients. Both systolic PE and diastolic PE are independent prognostic
factors for cardiac death.

Keywords

Dilated cardiomyopathy; Single photon emission computed tomography; Phase analysis; Left-
ventricular mechanical dyssynchrony

INTRODUCTION

Dilated cardiomyopathy (DCM) is associated with marked morbidity, mortality and frequent
hospitalizations.! However, treatment of DCM remains a major challenge in health care
practice.? It is essential to find more efficient factors for risk stratification and early
effective interventions to improve the outcome.3 Previous studies have demonstrated that a
number of variables relate to the outcome, such as age, sex, N-terminal pro brain natriuretic
peptide(NT-proBNP),left-ventricular ejection fraction (LVEF), New York Heart Association
(NYHA) class, body mass index (BMI), and QRS duration (QRS) on electrocardiogram
(ECG).*5 Yet, the mechanisms underlying the DCM have not been precisely identified,
which comprises left-ventricular (LV) remodeling, progressive LV dilation, deterioration

in ventricular contractile function, and LV mechanical dyssynchrony. In recent years, LV
dyssynchrony in heart failure has been increasingly discussed, and its prognostic value for
cardiac events has been frequently demonstrated.5”

The phase-analysis technique has been well established to measure LV mechanical

systolic dyssynchrony from gated myocardial perfusion single photon emission computed
tomography (SPECT) with high reproducibility and reliability. Several parameters have
been reported to characterize the global LV dyssynchrony, such as phase standard deviation
(PSD), phase histogram bandwidth (PBW), and phase entropy (PE). Nevertheless, the
previous studies were mainly focused on the parameters of LV systolic dyssynchrony
(LVSD). Few studies have been reported concerning diastolic dyssynchrony with long-term
follow-up. In fact, the LV diastolic dyssynchrony (LVDD) also plays an important role

in patients with heart failure,® which is more common than LVSD in both diastolic and
systolic heart failure patients. Echocardiography has been commonly used to assess LVDD
in the majority of DCM studies; however, it is operator-dependent.910 On the other hand, it
was found that there was much difference between LVSD and LVDD.! LVDD parameters
may have unique prognostic values in DCM patients. Accordingly, the aim of this study

is to investigate the prognostic value of both the LV systolic and diastolic dyssynchrony
parameters in patients with DCM.
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METHODS

Patient Population

Fifty-two patients with DCM were retrospectively enrolled in this study at the First
Affiliated Nanjing Medical University Hospital from September 2009 to August 2016.
DCM was diagnosed with the patient’s history and an exclusion of other etiological
factors that might cause LV dysfunction, with LV ejection fraction (LVEF) < 45% by
echocardiography according to the recent criteria.12 Patients were excluded if they had
the following conditions: coronary artery disease, valvular heart disease, alcoholism,
inflammatory myocardial disease, or specific myocardial disease secondary to any known
systemic disease. Patients with atrial fibrillation were excluded because of their high heart
rate variability that might cause the gating error during gated SPECT image acquisition.
Patients who underwent pacemaker implantation were also excluded. All patients underwent
coronary angiography or dual-source computed tomography, and none of them had
epicardial coronary artery stenosis greater than 50%. Functional capacity of the patients
was assessed according to the NYHA functional classification. This study was approved
by the Institutional Ethical Committee of the First Affiliated Hospital of Nanjing Medical
University and informed consent was obtained from all individual participants.

Electrocardiography

A 12-lead surface continuous electrocardiogram (ECG) was recorded at rest after
hospitalization. The QRS duration was measured on ECG using the widest QRS complex
among the 12 leads. Premature ventricular contractions (PVVC) were detected in 24-hour
Holter monitoring data. Nonsustained ventricular tachycardia (NSVT) was defined as runs
of beats arising from the ventricles lasting for at least three beats and persisting less than 30
seconds with cycle length of less than 600 milliseconds in 24-hour Holter monitoring data.13

Gated Myocardial Perfusion SPECT

The resting gated SPECT MPI scan was performed approximately 60 minutes after injection
of 20-30 mCi of Tc-99m sestamibi. The MPI images were acquired on a dual-headed
camera (CardioMD, Philips Medical Systems) using a standard protocol. The imaging
parameters were 20% energy window around 140KeV, 180° orbit, 32 steps with 25 seconds
per step, 8-bin gating and 64 projections per gate. Image reconstruction and reorientation
were done using the Emory Reconstruction Toolbox (ERToolbox; Syntermed, Atlanta, GA).
SPECT images were reconstructed by ordered subset expectation maximization (OSEM)
with three iterations and 10 subsets, and then filtered by a Butterworth low-pass filter with a
cutoff frequency of 0.3 cycles/cm and an order of 10.

The resulting gated short-axis SPECT MPI images were input into an interactive tool

to identify the LV parameters. These parameters were then submitted to an automatic
myocardial sampling algorithm which searched in 3D for maximal count circumferential
profiles in each cardiac frame. Subsequently, the samples were used by a multiharmonic
phase-analysis tool based on the Fourier approximation to assess LVSD and LVDD. The
1-harmonic and 3-harmonic Fourier approximations were employed for each sample to
calculate the onset of mechanical contraction and relaxation, respectively.11
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Phase histogram and polar map were generated to visualize the dyssynchrony of systole
and diastole, as illustrated in Figure 1. Based on the phase histogram, the PSD, PBW, and
PE were computed as global indices®14:15 to quantify the mechanical dyssynchrony. PSD
represents the standard deviation of the phase distribution, PBW represents the width of
the phase band including 95% of the samples over the LV, and PE taking advantage of
information theory was computed based on the following equation:

- XV fixlog.f;

Phase Entropy(PE) = Tog.N

where N is the total number of samples in the phase histogram, and fi is the proportion
of the samples with the phase angle i over the total number of samples in the phase
histogram,16 as illustrated in Figure 1B and 1D.

The systolic PSD, PBW, and PE as derived from the contraction onsets of all the myocardial
samples were used as the global indices of LVSD, whereas the diastolic PSD, PBW, and PE
from the relaxation onsets of all the myocardial samples were used as the global indices of
LVvDD.

Follow-Up After SPECT MPI

The follow-up was performed through phone contact with patients or their relatives, as well
as checking patient hospital records and government records of death. The endpoint was
cardiac death, including cardiac arrest or death from circulatory failure occurring within the
first hour or refractory chronic heart failure. Patients were divided into two groups according
to the follow-up data (the cardiac death group and the survivor group).

Statistical Analysis

Statistical analysis was performed with SPSS 20.0 software (SPSS Inc., Chicago, IL,
USA). Normality of continuous variables was tested and expressed as mean = SD and

the categorical variables was expressed by percentages or numbers. Comparisons between
the cardiac death group and survivor group were performed using Student #test for
normally distributed continuous variables, Wilcoxon comparison test for nonnormally
distributed continuous variables, and Chi-square test for categorical variables. The hazard
ratio (HR) and 95% confidence interval (CI) for each variable were calculated by the

cox univariate analysis. Continuous variables of dyssynchrony parameters were converted
to binary variables according to their median. The cox regression analysis was applied

to determine independent predictors of major adverse cardiac events. Variables with a
value of £<0.10 in the univariate analysis and variables with clinical significance were
included in the multivariate cox analysis including LVEF, Hypertension, NT-proBNP, and
dyssynchrony parameters. Furthermore, the dyssynchrony variables with £< 0.05 in the cox
multivariate regression analysis were combined by the binary logistic regression to predict
the probability value (PV) of cardiac death for the receiver operating characteristic (ROC)
curve analysis.1718 And then, the normal distribution of normal diastolic PE was set to 2.5
standard deviations. The patients with normal diastolic PE vs those with abnormal PE were
performed by K-M curve. A P-value < 0.05 was considered to be statistically significant.
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RESULTS

Patient Characteristics

Table 1 lists the patient baseline characteristics. For all the patients, the age was 50.8 + 15.6
years, and 42 (80.1%) patients were male. 35 (67.3%) patients were classified as having
NYHA functional class 111, 15 (28.8%) as NYHA class 1, and only 2 (3.8%) as NYHA
class I. All patients were treated with guideline-directed medical therapy for heart failure.
Medication consisted of diuretics (90.4% of patients), angiotensin-converting enzyme
inhibitors (ACEI) or angiotensin (AT) Il antagonists (92.3% of patients), beta-blockers
(96.2% of patients), and digoxin (28.8% of patients). Moreover, during the follow-up period
(2.9 + 1.7 years), 18 (34.6%) had cardiac deaths and were categorized as the cardiac

death group, and the rest of patients were categorized as the survivor group. No significant
differences were noted in age, gender, hypertension, diabetes, QRS duration or NT-proBNP
(all A>0.05) between the two groups. Meanwhile, arrhythmias including NSVT, PVC, and
complete left bundle branch block (CLBBB) had no significant difference (all #> 0.05).

Table 1 also shows the LV function parameters measured from gated SPECT MPI. The
LVEF was significantly lower in the cardiac death group than that in the survivor group
(17.6 £5.9% vs 23.1 + 7.7%, P=0.011). For the LVSD parameters, the PSD, PBW, and PE
in the cardiac death group were significantly larger than those in the survivor group (45.1 £
13.7°vs 31.5 + 13.6°, P=0.001; 182.9 + 66.2° vs 131.2 + 64.5°, £=0.009; 0.818 + 0.042
vs 0.762 +0 .063, P=0.001, respectively). Meanwhile, for the LVDD parameters, the PSD,
PBW, and PE in the cardiac death group were significantly larger than those in the survivor
group (50.6 + 18.1° vs 60.77 + 9.8°, P=0.014; 236.8 + 73.9° vs 180.0 £ 73.7°, A= 0.011;
0.847 £ 0.052 vs 0.793 £ 0.860, 2= 0.018, respectively) as well.

Table 2 shows the correlations between LVSD and LVDD parameters. The correlation
coefficients between LVSD and LVVDD parameters were 0.81, 0.88, and 0.81 for PSD, PBW,
and PE, respectively. Furthermore, as suggested by the Bland-Altman plot in Figure 2, there
is a great agreement between systolic PE and diastolic PE (95% CI - 0.02 £ 1.96 x SD).
However, the LVSD parameters were significantly different from the LVDD parameters by
the paired #test (PSD: 36.2 + 15.0° vs 55.2 + 18.9°, A< 0.001; PBW: 149.1 + 69.1° vs 199.7
+ 77.6°, P<0.001) or Wilcoxon comparison (PE, 0.782 + 0.063 vs 0.811 + 0.08, A< 0.001).

Prediction of Cardiac Death

In Table 3, the univariate cox regression analysis showed that hypertension, NT-proBNP,
LVEF, systolic PSD, systolic PE, and diastolic PBW were associated with cardiac death

(all £<0.05). When systolic PE was input into the multivariate cox regression separately
(Table 4), it was the only independent predictive factor for cardiac death (OR: 3.23, 95% CI
1.016-10.276, A= 0.047). When diastolic PE was used (Table 5), it was also an independent
predictor of cardiac death (OR: 3.177, 95% CI 1.004-10.050, A= 0.049) along with LVEF
(OR: 0.907, 95% CI 0.829-0.991, £P=0.032). In the ROC analysis of diastolic PE alone,

the area under the curve (AUC), optimal cutoff value, sensitivity, and specificity were

0.695, 0.832, 0.722, and 0.647, respectively; meanwhile, in the ROC analysis of systolic PE
alone, the AUC, optimal cutoff value, sensitivity, and specificity were 0.766, 0.800, 0.722,
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and 0.735, respectively. Furthermore, the systolic PE and diastolic PE were combined to
compute the PV by binary logistic regression for predicting cardiac death:

PV = 1/(1 + 1/exp(diastolicPE*0.027
—systolicPE*0.244 + 16.185)),

The ROC analysis based on the PV suggested that the AUC, sensitivity, and specificity

were 0.766, 0.765, and 0.722, respectively. On the basis of the survival analysis, the Kaplan—
Meier curve showed that at 76 months, the survivor proportions were 83.3% in the group
with normal diastolic PE and 50.0% in the group with abnormal diastolic PE, respectively
(log-rank P=10.079; Figure 3).

DISCUSSION

Advantages of Phase Entropy as the Global Index of LV Dyssynchrony

The phase entropy is considered a promising parameter to characterize the dyssynchrony
of the onset of mechanical contraction.2415 It is defined as a term of information theory
that reflects the disorder or uncertainty of a system. The phase entropy has been reported to
be not influenced by the outliers (histogram bars located farther from the histogram peak),
which increase the value of PSD and PBW to a greater extent.1® Wassenaar et al.19 also
found that the phase entropy is able to detect mechanical dyssynchrony with low inter- and
intra-observer variability in CRT patients. Furthermore, the phase entropy seems potentially
more sensitive for assessing the index of dispersion than the PSD.20 In addition, compared
with PSD and PBW, phase entropy may be less influenced by the selection of LV base site
especially in patients with DCM because of large LV variability.2! Kano et al.1® showed
that the phase entropy was a novel prognostic predictor in patients with DCM exhibiting
narrow QRS complex, but did not further report the specificity and sensitivity and thus did
not quantitatively evaluate its prognostic accuracy in DCM patients.

Our study demonstrated that both systolic PE and diastolic PE were independent predictive
factors. Meanwhile, the systolic and diastolic PE correlated well (#= 0.81). Our result
confirmed the previous study that systolic PE measured from gated SPECT MPI was a
useful prognostic parameter in patients with DCM.15

Systolic Dyssynchrony and Diastolic Dyssynchrony in DCM

LV dyssynchrony in heart failure and its clinical relevance have been increasingly
discussed in the recent years. LV dyssynchrony leads to impairment in myocardial
perfusion, progressive deterioration of myocyte structure and function, conduction delay,
and discoordination between contraction and relaxation. Previous studies have shown that
patients with obvious LVSD are at the risk of adverse cardiac events.11:22 Moreover,

LVDD is more frequent than LVSD in both diastolic and systolic heart failure patients

and may explain the lack of CRT response despite good systolic synchrony.210 Kim et al.23
demonstrated that systolic and diastolic dyssynchrony played an important role in diastolic
dysfunction among those with HF symptoms or not. In addition, previous studies were
mainly focused on echocardiography evaluation which is limited in reproducibility. The
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measurements of LVSD and LVDD assessed by phase analysis from gated SPECT MPI can
reveal more global and detailed dyssynchrony of the whole LV mechanical activation with
high reproducibility and reliability.

In this study, we measured both systolic and diastolic dyssynchrony from gated MPI in
patients with DCM. The global diastolic dyssynchrony parameters (PSD, PBW, and PE)
showed excellent correlations with systolic dyssynchrony parameters (r=0.81, 0.88, and
0.81, respectively). Our results are partially in accordance with the previous research in
which it was found that there was a good correlation between diastolic dyssynchrony by
phase analysis from SPECT and that by TDI.24 Chen et al.11 showed that the correlation
coefficients between the systolic and diastolic dyssynchrony parameters from SPECT were
0.53 and 0.61 for PSD and PBW in 30 normal subjects, respectively; and in 121 patients
with end-stage renal disease and normal LVEF, the correlation coefficients between the
systolic and diastolic dyssynchrony parameters were 0.78 and 0.79 for PSD and PBW,
respectively. Hsu et al.2> demonstrated that the patients with severe LV systolic dysfunction
had severe LV systolic dyssynchrony, but the patients with LV diastolic dysfunction did not
necessarily have LV diastolic dyssynchrony. The systolic and diastolic dyssynchrony were
physiologically related, but they measured different LV mechanisms. The previous study
by Kano et al. identified that high systolic PE was an independent predictive factor for
cardiac death in DCM patients;1° our study had the similar finding. Furthermore, in our
study, the multivariate cox regression for long-term prediction of adverse cardiac events
suggested that diastolic PE as a global diastolic dyssynchrony parameter was an independent
predictive factor along with LVEF, indicating that diastolic dysfunction might provide
incremental value in patients with DCM. Besides, on the basis of the death analysis, the
Kaplan—Meier curve showed that at 76 months patients with normal DPE showed a trend
of better outcomes compared with patients with abnormal DPE. However, considering the
relatively small patient population in this study, our conclusion might be preliminary.

Clinical Value of Our Findings

Our study adds important evidence about the incremental clinical value of diastolic PE in
predicting adverse cardiac events.

Our data clearly indicate that both systolic PE and diastolic PE are independent predictive
factors for DCM patients. Although the underlying mechanisms of diastolic PE remain

to be systematically investigated, our study demonstrates that diastolic dyssynchrony has
incremental value compared with systolic dyssynchrony in DCM, which is conventionally
ignored in clinical practice. Because the diastolic dyssynchrony occurring in all heart failure
patients influences the long-term prognosis of DCM patients, this abnormality should be
identified and quantified in each DCM patient, which would be helpful for the therapeutic
strategy. Moreover, after applying the ROC analysis into the combination of systolic PE and
diastolic PE to predict adverse cardiac events, the AUC, sensitivity, and specificity were
0.766, 0.765, and 0.722, respectively. Besides, the mismatch between LVSD and LVDD may
provide further insight while exploring the mechanisms in DCM.
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LIMITATIONS

First, the population of enrolled patients is relatively small, which is a disadvantage for
screening the predictive factors for adverse cardiac events. Second, although all the study
population received medical treatment without assistant cardiac devices, the therapeutic

schedule might be different for each patient, which was not referred and might cause

variability of the clinical course. Third, the follow-up period was relatively short for the
chronic episode. Fourth, the dyssynchrony data in DCM patients were not compared to
those in normal subjects. Besides that, because of relatively small AUC which determines
the prediction accuracy, additional prospective multicenter studies in a larger population are

needed.

CONCLUSION

Both the LVSD and LVDD parameters from gated SPECT MPI have important prognostic

values in patients with DCM. Systolic PE and diastolic PE are independent prognostic
factors for cardiac death.
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Figure 1.

Ar? example of a patient showing the systolic and diastolic phase polar maps and histograms.
A and B are the systolic phase polar map and histogram, respectively. C and D are the
diastolic phase polar map and histogram, respectively. The brighter regions mean greater
phase values (phase bins).
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Figure 2.
The Bland-Altman difference plot between systolic PE and diastolic PE, with a mean

absolute difference (bold continuous line) and 95% confidence interval of mean differences
(dashed lines). PE phase entropy; SD standard deviation.
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The Kaplan—Meier event-free survival curve.
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