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Objective: Left ventricular (LV) mechanical dyssynchrony (LVMD) is fundamental to the progression of heart failure and ventricular
remodeling. The status of LVMD in different patterns of bundle branch blocks (BBB) is unclear. In this study, we analyzed the
relationship between LVMD and left ventricular systolic dysfunction using real-time three-dimensional echocardiography (RT-3DE).
Methods: RT-3DE and conventional two-dimensional echocardiography were performed on 68 patients with left bundle branch block
(LBBB group), 106 patients with right bundle branch block (RBBB group), and 103 patients without BBB (Normal group). The RT-
3DE data sets provided time-volume analysis for global and segmental LV volumes. The LV systolic dyssynchrony index (LVSDI) was
calculated using the standard deviation (SD) and maximal difference (Dif) of time to minimum segmental volume (tmsv) for LV
segments adjusted by the R-R interval. LVMD was considered if the LVSDI (Tmsv-16-SD) was greater than or equal to 5%.
Results: LVSDI is negatively and significantly correlated with left ventricular ejection fraction (LVEF), but not with BBB or QRS
duration. The proportion of LVMD in the LBBB, RBBB, and Normal group was 30.88%, 28.30%, and 25.24%, respectively, and there
was no significant difference.

Conclusion: In dilated cardiomyopathy, LVMD is more closely related to LVEF reduction than QRS morphology and duration.
Keywords: bundle branch block, dilated cardiomyopathy, mechanical dyssynchrony

Introduction

Patients with chronic heart failure (HF) usually have cardiac enlargement and cardiac mechanical dyssynchrony. Cardiac
mechanical dyssynchrony further aggravate the symptoms of patients. Cardiac mechanical dyssynchrony is divided into
three aspects: (1) atrioventricular synchrony: left atrium and left ventricle movement coordination and their diastolic
relationship. (2) Interventricular synchrony: It focuses on the coordination of movement and contraction between the
right and left ventricles. (3) Ventricular synchrony: It focuses on the coordination of movement and contraction of the left
ventricular myocardium. Cardiac mechanical dyssynchrony, particularly left ventricular mechanical dyssynchrony
(LVMD), has been identified as an important substrate and malignant prognostic factor of heart failure (HF), which
can be partially corrected by cardiac resynchronization therapy (CRT) using bi-ventricular pacing.' Despite the fact that
CRT is currently considered a class I indication in patients with drug-refractory heart failure and a QRS duration > 150
ms, nearly 30% of patients do not show improvements in clinical symptoms and 40-50% do not exhibit significant LV
reverse remodeling after CRT.* Recently, some studies have discovered that electrocardiographic dyssynchrony (QRS

duration) is not always correlated with mechanical dyssynchrony and that rectifying LVMD is beneficial in increasing the
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rate of response to CRT.>>° Few studies have been conducted to date on the relationship between the LVMD and
ventricular electroexcitation mode (QRS morphology and duration) in patients with or without HF. This is an important
issue for better identifying candidates who may benefit from CRT. In the past decade, real-time three-dimensional
echocardiography (RT-3DE) has been established and validated as a convenient, reliable, and reproducible technique for
assessing LVMD through simultaneous evaluation of multiple regional systolic changes of the LV volume and calculation
of a global systolic dyssynchrony index (SDI) against angiography, radionuclide angiography, and magnetic resonance
imaging (MRI).”” In this study, we used RT-3DE to evaluate LVMD in patients with DCM and healthy controls with
different QRS morphology and duration in order to investigate their correlation and contribution to HF (dilated
cardiomyopathy (DCM)).

Materials and Methods

A total of 277 patients admitted to the Second Affiliated Hospital of Nantong University between October 2010 and
January 2018 were included in the single-center observational study. Among them, 76 patients with heart failure (HF)
were diagnosed with dilated cardiomyopathy (HF group) and 201 patients were without heart failure (non-heart failure
group). TF is a complex clinical syndrome, which includes three aspects: (1) abnormal cardiac structure and/or function
leading to impaired ventricular filling (diastolic function) and/or ejection capacity (systolic function); (2) Produce the
corresponding clinical symptoms and (or) signs related to heart failure; (3) It is usually accompanied by elevated levels
of beneficial natriuretic peptides, and/or objective evidence of cardiogenic pulmonary or systemic congestion on imaging,
or elevated ventricular filling pressure on hemodynamic examination.

Patients with non-sinus rhythm, prior pacemaker implantation, a history of myocardial infarction and severe coronary
stenosis (=70%), asymmetric hypertrophic cardiomyopathy, and valvular heart disease were excluded. All the participants
underwent a standard 12-lead electrocardiography and a complete 2D/3D echocardiographic examination, including
a specific LVMD evaluation. The participants were divided into three groups based on QRS morphology: 68 participants
(20 in the HF group, 48 in the NHF group) with left bundle branch blocks (LBBB), 106 participants (30 in the HF group,
76 in the NHF group) with right bundle branch blocks (RBBB), and 103 participants (26 in the HF group, 77 in the NHF
group) without bundle branch block (Normal). This study was conducted in accordance with the declaration of Helsinki
and approved by the Ethics Committee of Affiliated Hospital 2 of Nantong University. Written informed consent was
obtained from all participants.

Standard 12-lead electrocardiograms were acquired using a scale of 10 mm/mV and a paper speed of 25 mm/s. Two
independent electrophysiologists who were blinded to the clinical status of the participants conducted the measurements
of QRS duration (recorded from the surface leads demonstrating the greatest values) and the assessment of QRS
morphology.

Prior to RT-3DE, a conventional two-dimensional (2D) echocardiographic examination (IE 33, Philips Medical
System, Andover, USA) was undertaken using a 1-5 MHz phased array transducer. The participants were examined in
the left lateral decubitus position to optimize the image. Two-dimensional LV volumes and ejection fractions were
assessed using the biplane Simpson method.'® RT-3DE studies were conducted using the iE33 ultrasound system with an
S5-1 transducer (Philips Medical Systems, Andover, MA, USA) according to the guidelines. As previously described,
three-dimensional datasets were acquired in the apical window with an ECG-gated acquisition.'' Dedicated software
incorporated into the system enabled the acquisition of four small sub-volumes in real-time from alternate cardiac cycles.
Subsequently, a pyramidal volume was obtained by capturing the LV in its entirety. The 3D studies were considered
unsuitable for analysis if more than two segments could not be visualized or if they contained visible translation artifacts.
On average, three or more cardiac cycles were analyzed by two experienced investigators who were blinded to the
etiology and clinical status of the patients.

As previously described, RT-3DE datasets were analyzed using 3D-Advanced Quantification 6.0 (Philips Medical
Systems) on a QLAB workstation.” The 3D software displayed the volume-time curves for the 17 segments in which the
LV volume was divided. The time to minimal systolic volume (Tmsv) in 16 segments (excluding the true apex) was
identified, and the derived systolic synchrony indices were automatically calculated, including: (i) standard deviation of
Tmsv in all 16 LV segments (Tmsv-16-SD); (ii) standard deviation of Tmsv in 6 basal and 6 mid segments (Tmsv-12-
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SD); (iii) standard deviation of Tmsv in 6 basal segments (Tmsv-6-SD); (iv) maximal difference of Tmsv among all 16
segments (Tmsv-16-Dif); (v) maximal difference of Tmsv of 6 basal and 6 mid segments (Tmsv-12- Dif); and (vi)
maximal difference of Tmsv of 6 basal segments (Tmsv-6-Dif). The segments correspond to the LV 16-segment model as
described by the American Society of Echocardiography. All these six parameters were finally expressed as (%R-R)
Tmsv after R-R interval adjustment.® Therefore, those participants with higher indices were more significantly identified
as having LVMD. LVMD was considered if the LVSDI (Tmsv-16-SD) was >/= 5%.”’

The data was analyzed using SPSS version 22. The median and interquartile range (IQR) represent continuous
variables. Categorial variables are expressed as frequencies in numbers (n) and percentages (%) of participants. The
Mann—Whitney test was used to compare LVMD status for continuous variables and the Pearson’s chi-squared test for
categorical variables. Partial correlation analyses were used to analyze correlations between LV synchronicity para-
meters, LVEF, and QRS width. LVSDIs from DCM and NHF participants were analyzed using a receiver operating
characteristics (ROC) curve analysis. The area under the curve (AUC) with a 95% coefficient index (CI) and optimal cut-
off (Youden’s index) was calculated. The DeLong method was used for the comparison of two ROC curves.
Multivariable and logistic binomial regressions were used to estimate the independent risk variables of BBB and
DCM. A two-tailed P <0.05 was considered statistically significant.

Results
Among the 277 evaluated participants, 188 were male, with a median age of 60 and an interquartile range of 17 years.
Table 1 displays the stratification of participant characteristics based on QRS morphology. There is no significant
difference between the three QRS groups in the distribution of HF, hypertension, diabetes, and the majority of
LVSDIs. In Table 2, multivariable logistic regression shows that the LVSDIs have no correlation with either LBBB or
RBBB after adjusting for age, hypertension, diabetes, QRS width, and LVEF.

After applying the QRS adjustment, all LVSDIs were significantly and negatively correlated with LVEF. There was
no independent correlation between LVSDI and QRS width. QRS width and LVEF also play a role, as shown in Table 3.

Table | The Clinical Characteristics and Ultrasonic Parameters of the Three QRS Groups. P:
Level of Significance

LBBB(n=68) | RBBB(n=106) | Normal(n=103) | p(Overall)

Age(years) median (IQR) 63(14.5) 63.5(15) 54(18) <0.01
Male/female (n) 38/30 74/32 76127 0.042
HF/NHF (n) 20/48 30/76 26177 0.8l
NT-proBNP(pg/mL) median (IQR) | 164.35(130.1) | 175.35(402.8) 115(982) 0.061
Hypertension n (%) 19(27.94%) 33(31.32%) 12(11.65%) <0.01
Diabetes n (%) 11(16.18%) 20(18.87%) 13(12.62%) 0.467
QRS duration (ms)median (IQR) 138(16) 135(18) 107(9) <0.01
Medications used

Digitalis n (%) 7(10.3%) 5(4.72%) 4(3.83%) 0.178

Loop diuretics n (%) 12(17.6%) 18(17%) 15(14.6%) 0.838

Spironolactone n (%) 19(27.9%) 27(25.5%) 26(25.2%) 0914

ACEI/ARB n (%) 23(33.82%) 42(39.62%) 39(37.86%) 0.74

ARNI 8(11.76%) 12(11.32%) 11(10.68%) 0.975

f3-Blocker 43(63.24%) 65(61.32%) 71(68.93%) 0.497

Calcium channel blocker 18(26.47%) 48(45.28%) 33(32.04%) 0.025

Nitrate 13(19.11%) 17(16.04%) 14(13.6%) 0.625
2D echocardiographic parameter

LVEDD (mm) median (IQR) 56(12) 52(10) 52(15) 0.119

LVEF (%) median (IQR) 50(16) 58(23) 56.4(16.9) 0.017

LVEDV(mL) median (IQR) 91.05(48.65) 86.95(41.5) 94.1(45.36) 0.026

E/e’ 8.45(2.08) 8.84(2.78) 9.21(2.96) 0.709

(Continued)
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Table 1 (Continued).

LBBB(n=68) | RBBB(n=106) | Normal(n=103) | p(Overall)

Synchrony indices

Tmsv16-SD (%) median (IQR) 2.33(4.63) 2.645(3.5) 2.7(3.08) 0.961

Tmsv12-SD (%) median (IQR) 2.135(4.655) 2.085(3.4) 2.56(2.81) 0413

Tmsv6-SD (%) median (IQR) 2.54(3.09) 1.96(3.21) 3.19(4.55) <0.01

Tmsv16-Dif (%) median (IQR) | 8.49(7.625) 7.015(9.25) 8.85(7.99) 0.175

Tmsv12-Dif (%) median (IQR) | 6.67(6.47) 5.5750(8.2) 7.67(7.5) 0.028

Tmsv6-Dif (%) median (IQR) 5.685(5.865) 4.6(6.81) 6.13(6.08) 0.667
LVMD n (%) 21(30.88%) 30(28.30%) 26(25.24%) 0.715

Notes: Table | displays the stratification of participant characteristics based on QRS morphology. There
difference between the three QRS groups in the distribution of HF and diabetes, uses of Digitalis, Loop diuretics,
Spironolactone, ACEI/ARB, ARNI, B-Blocker and Nitrate, and 2D echocardiographic parameter including LVEDD, E/e’,
Tmsv16-SD, Tmsv12-SD, Tmsv|6-Dif, Tmsvé-Dif and LVMD.
Abbreviations: HF, heart failure; IQR, interquartile range; LBBB, left Bundle branch block; LYMD, left ventricular intra-
ventricular mechanical dyssynchrony; NHF, non-heart failure; RBBB, right bundle branch block.

Table 2 LVSDI in Multivariable Logistic Regression of BBB. Other Included Variables: Age, Hypertension,
Diabetes, QRS Duration, LVEF. RR: Risk Ratio; P: Level of Significance

is no significant

Tmsvl16-SD TmsvI12-SD Tmsvé6-SD Tmsvl 6-Dif Tmsvi2-Dif Tmsvé-Dif

RR P RR P RR P RR p RR p RR P
LBBB VS Normal 1.08 0.62 1.21 0.35 1.01 0.96 1.04 0.48 1.03 0.60 1.17 0.06
RBBB VS Normal 1.10 0.55 1.18 0.43 1.01 0.93 1.05 0.27 1.04 0.44 1.20 0.03

Notes: In Table 2, multivariable logistic regression shows that the majority of LVSDIs have no correlation with either LBBB or RBBB

after adjusting for age, hypertension, diabetes, QRS width, and LVEF. But Tmsvé-Dif have a correlation with LBBB and RBBB.

Abbreviations: BBB, bundle branch block; LVSDI, left ventricular systolic dyssynchrony index; LBBB, left Bundle branch block; RBBB,

right bundle branch block.

Table 3 Partial Correlation Analyses of LVSDIs, LVEF and QRS Duration. R: Correlation
Coefficient; P: Level of Significance

LVSDIs LVSDIs with QRS Duration | LVSDIs with LVEF | QRS Duration with LVEF
R P R P R P
Tmsv16-SD (%) | 0.036 0.554 —0.426 <0.01 0.114 0.059
TmsvI2-SD (%) | 0.045 0.454 -0.436 <0.01 0.118 0.051
Tmsv6-SD (%) —-0.089 0.142 —-0.368 <0.0l 0.068 0.257
Tmsvl16-Dif (%) | —0.033 0.583 —0.484 <0.01 0.079 0.189
Tmsv12-Dif (%) | —0.04 0.506 —0.451 <0.01 0.079 0.190
Tmsv6-Dif (%) 0.006 0.922 —0.365 <0.01 0.104 0.086

Notes: As shown in Table 3, after applying the QRS adjustment, all LVSDIs were significantly and negatively correlated with
LVEF. There was no independent correlation between LVSDI and QRS width. Correlation between QRS width and LVEF was

not significant.

Abbreviations: LVSDI, left ventricular systolic dyssynchrony index; LVEF, left ventricular ejection fraction.

DCM diagnostic efficiency in the LBBB group, similar to NT-proBNP. (Figure 3)

The proportion of LVMD was 30.88%, 28.30%, and 25.24% in the LBBB, RBBB, and Normal groups, respectively,
with no significant difference between groups. (Table 1) The prevalence of LVMD in participants with DCM was

As displayed in Figure 1, all the LVSDIs are significantly higher in the DCM group. Figure 2 depicts the ROC curve.
Subgroup ROC curve analysis based on QRS morphology revealed that Tmsv16-Dif had the highest DCM diagnostic
efficiency in the RBBB group (AUC = 0.842, P < 0.001), which was equivalent to NT-proBNP (P = 0.43) but had no
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Figure | Comparison of LVSDIs between the HF and NHF groups. Nonparametric tests of two independent samples with the Mann—Whitney test are used for the
difference examination.
Abbreviations: LVSDI, left ventricular systolic dyssynchrony index; P, level of significance.

33.33%, 57.33%, and 46.15% in the LBBB, RBBB, and Normal groups, respectively, with no statistically significant
difference between groups. As displayed in Table 4, multivariable logistic binomial regression analysis shows: (1) LVMD
is independently linked with HF in the overall study participants, RBBB, and Normal groups, while it is not indepen-
dently linked in the LBBB group. (2) QRS duration has no correlation with HF in the overall patient population and each
subgroup. (3) Diabetes is a strong risk factor for HF, regardless of QRS morphology and duration.

Discussion

LV contraction occurs in a highly coordinated manner. Mechanical activation is triggered by the rapid propagation of
electrical signals through a specialized conduction system. The systolic performance of left ventricle is affected not only
by the state of myocardial contraction, but also by the synchrony of myocardium. LVMD refers to the mechanical effects
of out-of-sync ventricular contraction and diastole, which may or may not be related to conduction disorders. Mechanical
dyssynchrony has adverse effect on left ventricular systolic performance. Addressing LVMD with CRT has been shown
to significantly reduce morbidity and mortality in patients with symptomatic systolic heart failure.

QRS widening, especially due to LBBB, indicates interventricular and intraventricular dyssynchrony in patients with
heart failure and is being used as a selection criterion for CRT.'> However, even in implanted patients with a Class
I recommendation, the nonresponse rate reaches up to 30-35%.'* In recent years, an increasing number of studies have
found that diagnosing and treating cardiac mechanical dyssynchrony, especially LVMD, rather than the expanding QRS
duration, is the key to benefiting from CRT."*"'7 As a result, there is a gap between electrocardiographic dyssynchrony
and mechanical dyssynchrony, and the latter appears to be more relevant in cardiac dysfunction and remodeling. LVMD
can occur with normal QRS, however, patients with BBB do not always exhibit LVMD.'®?° Through RT-3DE,
Bhambhani et al found that the frequency of LVMD was equivalent or even lower in patients with HF and LBBB
compared to narrow QRS (47.8% vs 55.7%, P=NS)," which is similar to our results (33.3% vs 46.5%, P = NS). The
decreased frequency of LVMD in our DCM group is most likely attributable to the difference in etiology. The cases in the
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Figure 2 The ROC curve analysis of LVSDIs between patients with dilated cardiomyopathy (HF) and non-heart failure (NHF) participants.
Abbreviations: LVSDI, left ventricular systolic dyssynchrony index; AUC, area under the curve; P, level of significance.

study by Bhambhani et al included a number of patients with ischemic cardiomyopathy (ICM) (46%),"® whose LVMD
status was theoretically more severe due to scars. A recent study using SPECT to evaluate LVMD in patients with LBBB
and RBBB found that the prevalence of LVMD is significantly higher in patients with LBBB (85%) than in patients with
RBBB (40%) (P < 0.01),%° which is contradictory to our findings; a significant number of patients with ICM (more than
40%) were included in this study, which confirmed that LV scar was an independent factor in predicting LVMD; they
concluded that LVMD was correlated with LVEF but not QRS duration, and that LVMD predicted CRT response better
than QRS duration,?® which is in line with our findings.

In our study, we discovered that the correlation between LVMD and HF in the LBBB group was smaller than in the
RBBB and Normal groups. We speculate that the interventricular dyssynchrony in the LBBB group was more severe,
which led to heart dysfunction. LBBB was more receptive to CRT because it was frequently accompanied by a delay and
diminishing of the entire LV, which contributed to low LVEE.'>?!* LVMD is merely one of multiple independent targets
of CRT,* and conventional biventricular pacing may be harder to rectify than interventricular dyssynchrony. Although
CRT has been shown repeatedly to make no difference or worsen outcomes in patients without LBBB,***° improved
outcomes in these patients have been shown, particularly when LV lead placement is targeted intra-procedurally to areas
of greatest electrical activation delay and mechanical dyssynchrony.”” 2° Our result that LVMD has a larger impact on
LV systolic dysfunction in the RBBB and Normal groups than in the LBBB group helps to explain this phenomenon. As
seen in Figure 3, NT-proBNP has low diagnostic efficiency for LV systolic dysfunction in the LBBB participants. This
may be partly due to the fact that heart failure with preserved ejection fraction (HFpEF) was not excluded in our non-HF
group. NT-proBNP in our participants with normal LVEF was significantly higher in the LBBB group (median: 163.5,
IQR: 113.6) than the RBBB group (median: 161.8, IQR: 76.2) and the Normal group (median: 82.0, IQR: 85.5) (P <
0.01). More research is required to determine whether LBBB or LVMD is a risk factor for HFpEF. According to a recent
study, the prevalence of LVMD is similar in patients with LBBB with HFpEF (84.4%) and HFrEF (91.3%).>° Whether
these patients can also benefit from CRT, is a topic worth researching further. Finally, it is unclear how differently the
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Figure 3 Comparison of ROC curve using the DeLong method between the LVSDI with the maximum AUC and NT-proBNP to differentiate patients with dilated
cardiomyopathy (HF) in the three QRS subgroups and the overall participants.

Abbreviations: LVSDI, left ventricular systolic dyssynchrony index; LBBB, left bundle branch block; RBBB, right bundle branch block; AUC, area under the curve; P, level of
significance.

medication therapy impacts LVMD and LVEF. More patients in the LBBP group had been prescribed positive inotropic
medications (digitalis), which may contribute to this disparity.

The spatial resolution of RT-3DE is low. In addition, relatively low volume rates (with a temporal resolution of about
40 to 50 ms) may not be sufficient to accurately assess left ventricular dyssynchrony. In addition, 3DE is limited by its
inability to distinguish between active and passive movements. If it is not a single beat acquisition, it is also difficult to
analyze arrhythmias. The 3DE SDI protocol has not been standardized. The SDI reference values of healthy subjects
were significantly different among different software types.

There were some limitations in the present study. The sample size for this cross-sectional study is relatively modest
and there was no control group and no follow up. We did not analyze the issue of interventricular dyssynchrony and its
combined influence on heart failure. Atypical LBBB was neither excluded nor analyzed in the LBBB group. Subgroup
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Table 4 Multivariable Logistic Binomial Regression of Factors
Associated with Heart Failure (DCM) in Three QRS Subgroups and
Overall Subjects. RR: Risk Ratio; P: Level of Significance

Factor LBBB RBBB Normal Overall
RR | p RR | p RR | p RR | p
Age 1.0 092 | 1.0l | 0.63 1.05 | 0.01 | 1.03 | 0.04

Gender(male) | 2.67 | 0.12 | 1.35 | 0.63 224 | 024 | 1.80 | 0.07
Hypertension | 1.43 | 0.58 | 0.33 | 0.12 125 | 0.78 | 0.64 | 0.23

Diabetes 4.64 | 0.04 | 5.59 | 0.0l 2.23 | 0.26 | 2.60 | 0.0l
QRS duration | 0.99 | 0.75 | 0.88 | <0.0l | 1.02 | 0.52 | 0.99 | 0.09
LVMD 0.63 | 0.50 | 3.40 | 0.03 3.58 | 0.02 | 248 | <0.0l

Notes: As displayed in Table 4, multivariable logistic binomial regression analysis shows: (1)
LVMD is independently linked with HF in the overall study participants, RBBB, and Normal
groups, while it is not independently linked in the LBBB group. (2) QRS duration has no
correlation with HF in the overall patient population and each subgroup. (3) Diabetes is
a strong risk factor for HF, regardless of QRS morphology and duration.

Abbreviations: LVMD, left ventricular intra-ventricular mechanical dyssynchrony; LBBB,
left Bundle branch block; RBBB, right bundle branch block.

analyses of those with concurrent left anterior fascicular block or left posterior branch block were not conducted in the
RBBB group. Patients with intraventricular block were excluded. We will expand the sample size and set up a control
group for long-term follow-up to provide insights into the progression of LVMD to evaluate its long-term impact on left
ventricular cardiac function in the future.

Conclusion
LVMD, rather than QRS morphology or duration, is closely related to DCM and correlates with the degree of its LV
systolic function decline, especially in patients without LBBB.
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