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Background: To date, no research has been conducted on the electrical activity and mechanical 
dyssynchrony of idiopathic left bundle branch block (iLBBB) with normal left ventricular ejection fraction 
(LVEF). This study sought to assess the left ventricular summation of energy loss (EL-SUM) and average 
energy loss (EL-AVE) using vector flow mapping as well as myocardial work using pressure-strain loop (PSL) 
in patients with iLBBB and normal LVEF.
Methods: We prospectively recruited 35 patients with iLBBB and 35 control participants with normal 
LVEF. Echocardiography was performed. Conventional echocardiographic parameters, myocardial work, 
and energy loss (i.e., the EL-SUM and EL-AVE) were calculated.
Results: In relation to global myocardial work, compared to the control participants, the iLBBB 
patients showed decreased global longitudinal strain (GLS; –15.32%±2.58% vs. –18.27%±2.12%; 
P=0.001), a decreased global work index (GWI; 1,428.24±338.18 vs. 1,964.87±264.16 mmHg%; P<0.001), 
decreased global work efficiency (GWE) (84.48±5.19 vs. 91.73±5.31 mmHg%; P<0.001), and significantly 
increased global waste work (GWW; 341.60±132.62 vs. 161.80±106.81 mmHg%; P<0.001). In relation 
to the regional index, the iLBBB patients had a significantly reduced basal anteroseptal segment 
(879.15±370.50 vs. 1,746.38±154.44 mmHg%; P<0.001), basal inferoseptal segment (1,111.42±389.04 vs.  
1 ,677 .25±223 .10  mmHg%;  P<0 .001 ) ,  mid-anterosep ta l  s egment  (1 ,097 .54±394 .83  v s .  
1,815.06±291.22 mmHg%; P<0.001), mid-inferoseptal segment (1,012.54±353.33 vs. 1,880.88±254.39 mmHg%; 
P<0.001), apical anterior segment (1,592.42±366.64 vs. 1,910.00±170.27 mmHg%; P=0.001), 
apical lateral segment (1,481.62±342.95 vs. 1,817.19±227.55 mmHg%; P=0.001), apical septal 
segment (1,437.65±428.22 vs. 1,852.25±275.19 mmHg%; P=0.001), and apex (1,542.62±342.89 
vs. 1,907.06±197.94 mmHg%; P<0.001). The iLBBB patients had increased EL-AVE and EL-
SUM during the late-diastole, isovolumic-systole, and rapid-ejection periods [EL-AVE in T2: 
28.3 (8.7, 49.0) vs. 6.8 (5.4, 9.4) J/(s·m3); P=0.029]; [EL-AVE in T3: 24.7 (13.0, 46.8) vs. 7.2 (5.4, 
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Introduction

Left bundle branch block (LBBB) is a characteristic 
model of ventricular electromechanical dyssynchrony. 
It is associated with increased risk of cardiovascular 
disease, ventricular dysfunction, heart failure and higher 
mortality than people without LBBB (1-3). In the overall 
population, the prevalence of LBBB is <1% (4), but by the 
age of 80 years, it increases to 17% (5). LBBB is usually 
associated with structural heart disease, coronary artery 
disease, or cardiomyopathy. Idiopathic left bundle branch 
block (iLBBB) may be present in individuals without 
detectable cardiovascular disease and has a prevalence 
rate of 0.1% in the general population (6,7). In patients 
with LBBB, structural heart disease, and iLBBB, the 
dyssynchronous electrical activation of the left ventricle 
(LV) may stimulate progressive LV structural remodeling 
and lead to heart failure (8). A case-control study by Sze  
et al. (9) showed a significant decrease in the left ventricular 
ejection fraction (LVEF) of patients with LBBB compared 
to controls. Over a 3.8-year follow-up period, 36% of 
the patients in the LBBB groups showed a reduction in 
LVEF of <45%, while only 10% of the controls showed a 
reduction in LVEF. Some studies have shown that due to 
LV electromechanical dyssynchrony, patients with iLBBB 
present with reduced LVEF and increased LV volumes 
compared to healthy controls. iLBBB caused structural 
remodeling, left ventricular dysfunction, and eventually 
heart failure (1). Conversely, others (10,11) have found that 
iLBBB is associated with a low mortality rate and incidence 
of cardiomyopathy. Given these paradoxical results, it is 
essential to more clearly understand the electromechanical 
activity of the left ventricle in patients with iLBBB. The 
electrical activity and mechanical dyssynchrony of iLBBB, 

which slowly affects LV function, cannot be ignored, 
especially in those with normal LVEF. This study sought 
to observe the changes in the hemodynamics of patients 
with iLBBB and normal LVEF from the perspective of left 
ventricular myocardial work and left ventricular energy loss 
(EL). To achieve our objective, we used novel techniques 
to assess the LV electromechanical activity and cardiac 
function of patients with iLBBB.

Noninvasive LV myocardial work based on the pressure-
strain loop (PSL) can be used to quantify regional 
myocardial work (12). Using brachial blood pressure instead 
of left ventricular pressure, this method was applied to 
2-dimensional (2D) speckle tracking technology to generate 
a left ventricular strain curve, and the left ventricular 
strain and pressure were then integrated to estimate 
the myocardial work. Mechanical dyssynchrony affects 
intracardiac hemodynamics, which can be visualized and 
evaluated by magnetic resonance imaging (12), particle 
imaging velocimetry (13), and vector flow mapping (VFM). 
In 2013, Itatani et al. (14) modified the 2D speckle tracking 
technique by applying it to VFM and used the continuum 
equation to calculate the blood flow vector to obtain the 
energy dissipation from the viscous friction of blood flow. 
The intraventricular energy dissipation represents an 
additional EL due to the friction of blood flow within the 
LV, which is a type of LV workload. The EL represents 
the consumption of blood flow energy caused by fractions 
of blood in the turbulent flow and can be used to predict 
both the ventricular load in various heart diseases and the 
spatial dispersion of blood flow signal in the ventricle. 
VFM is a novel approach for visualizing and quantitatively 
evaluating intraventricular flow velocity vectors using color 
Doppler and speckle tracking data (14). Previous studies 
have reported on the EL of the LV in a variety of different 

10.8) J/(s·m3), P<0.001]; [EL-AVE in T4: 18.3 (12.0, 27.6) vs. 7.7 (4.1, 11.6) J/(s·m3), P=0.002];  
[EL-SUM in T2: 8.3 (2.2, 14.5) vs. 2.1 (1.6, 3.2) J/(s·m), P=0.049]; [EL-SUM in T3: 7.6 (4.0, 14.5) vs. 2.2  
(1.7, 3.3) J/(s·m), P<0.001]; [EL-SUM in T4: 5.3 (3.6, 9.7) vs. 2.2 (1.4, 3.0) J/(s·m), P=0.004].
Conclusions: The GWI and GWE were reduced in patients with iLBBB, especially in the septum and 
apex. The EL-SUM and EL-AVE were higher in patients with iLBBB during the late-diastole, isovolumic-
systole, and rapid-ejection periods. EL and PSL reflect the LV hemodynamics of patients with iLBBB.
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diseases. For instance, one study reported that patients with 
aortic regurgitation showed higher EL than did normal 
patients during diastole (15). Calculating the loss of energy 
derived from the intraventricular flow velocity vector field, 
which reflects viscous dissipation in turbulent blood (14), 
can provide a new perspective on changes in heart function.

This study evaluated the LV motion pattern of patients 
with iLBBB from the perspective of myocardial work and 
EL based on the 2 techniques mentioned above to gain a 
deeper understanding of the electromechanical activity for 
use in clinical settings.

Methods

Patients

Between January 2018 and December 2019, 70 patients 
at the Cardiology Department of The First Affiliated 
Hospital of Nanjing Medical University were prospectively 
recruited and divided into the following two groups: (I) the 
iLBBB group and (II) the control group. To be eligible for 
inclusion in the iLBBB group, the patients had to meet the 
following inclusion criteria: (I) be aged over 18 years; (II) 
meet the LBBB criteria (see below); and (III) have LVEF 
>50%. The LBBB criteria were as follows: a complete 
LBBB, which was defined as a QRS duration of ≥140 ms in 
men and ≥130 ms in women; a negative terminal deflection 
in leads V1 and V2 (QS or rS) and mid-QRS complex 
slowing or notching in leads V1, V2, V5, V6, I, and  
aVL (16). Patients were excluded from the study if they met 
any of the following criteria: (I) had a history of or evidence 
indicating a diagnosis of coronary heart disease, valvular 
heart disease, or hypertrophic cardiomyopathy; (II) had 
a cardiac pacemaker implantation; (III) had poor quality 
ultrasound images; and/or (IV) had a non-sinus rhythm. 
Patients enrolled in the control group were matched to 
those in the iLBBB group in terms of gender, age, height, 
LVEF, and weight. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). The 
study was approved by the Institutional Review Board of 
The First Affiliated Hospital of Nanjing Medical University, 
and informed consent was obtained from all the individual 
participants.

Electrocardiography

All the participants underwent a standard, resting 12-lead 
electrocardiogram (ECG; Hewlett-Packard Pagewriter 

XIi). The QRS duration was measured from the beginning 
to the end of the QRS complex with simultaneous 12-lead 
ECG signals (maximum QRS; high-pass filter 0.05 Hz; low-
pass filters 150 Hz, 100 mm/mV, and 25 mm/s). All digital 
data were transferred to two different cardiologists for 
interpretation.

Blood pressure

All the participants were seated, and after they had rested 
for >20 minutes, an electronic sphygmomanometer cuff 
(Omron HEM-7124) was placed over the right upper 
extremity. The height of the cuff was at the same level as 
the heart. The blood pressure was manually obtained by 
pressing the start button. The measurements of all the 
participants were taken 3 times, and the average value was 
recorded.

Echocardiography

We used the GE Vivid E95 and Hitachi Aloka Prosound 
F75 color Doppler ultrasound machines equipped with 
an M5S probe and a UST-52105 probe, respectively. 
Conventional echocardiographic parameters and LV 
myocardial work parameters as quantified by the LV 
PSL were measured by the GE Vivid E95 with an M5S 
probe. EL was measured by VFM using the Hitachi Aloka 
Prosound F75 with the UST-52105 probe.

All the participants underwent echocardiography in the 
left lateral decubitus position connecting with the ECG 
electrodes. All the images were ECG-triggered and stored 
with 3 consecutive cardiac cycles. The GE VIVID E95 was 
used to measure conventional echocardiographic parameters 
by experienced sonographers. All the 2D echocardiographic 
parameters represented the average of 3 consecutive 
cardiac cycles and were performed according to current 
recommendations. LVEF was measured using Simpson’s 
biplane method (17). The collected echocardiographic 
measurements included peak blood flow velocities at the 
mitral valve during early filling (E wave) and late diastole (A 
wave). The E/e’ ratio was the average value of the E wave 
separately divided by the peak myocardial velocities at the 
septal mitral annulus and lateral mitral annulus.

LV myocardial work by quantification of the LV PSL

Dynamic images of 3 consecutive cardiac cycles in apical 
4-chamber, 2-chamber, and 3-chamber views, as well as 
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dynamic images of the mitral and aortic valve flow spectrum 
were imported into Echopac software (GE Healthcare). 
The strain values were measured by automatic functional 
imaging. The system automatically selected the apical 
views, and the endocardial and epicardial boundaries were 
automatically tracked by the software in sequence. If the 
automatic tracing failed, the endocardial and epicardial 
boundaries were manually traced. Next, 17-segment strain 
curves and bull’s-eye diagrams of the LV were automatically 
generated. To analyze the myocardial work, the blood 
pressure values were entered into the software, and the 
standardized reference curve was adjusted according to the 
different cardiac cycle phases (i.e., the isovolumic-systole 
and ejection phase based on aortic and mitral valve opening 
and closing times), resulting in the myocardial PSL curve 
and the myocardial work parameter values. The overall 
parameters were global longitudinal strain (GLS), the 
global work index (GWI), global constructive work (GCW), 
global waste work (GWW), and global work efficiency 
(GWE). The segmental parameter was the myocardial work 
index (MWI), which was calculated for each segment based 
on the bull’s-eye diagram (Figure 1).

EL by vector flow mapping

Images for flow visualization were acquired in the VFM 
mode in an apical 3-chamber view, 4-chamber view, and 
2-chamber view of 3 consecutive cardiac cycles using the 
Hitachi Aloka Prosound F75. The probe frequency and 
depth were dynamically adjusted, while the image frame 
rate was kept at 25 frames per second. We ensured that 
the blood flow sampling frame surrounded the entire LV. 
Blood flow images at the apical long-axis, 4-chamber, 
and 2-chamber views were obtained within 3 consecutive 
cardiac cycles at a frame frequency >18 Hz by VFM. The 
images covered the entire LV. The VFM images were 
stored in DICOM file format for off-line analysis using the 
commercially available VFM analysis software DAS-RS1 
(Hitachi Aloka Medical Ltd.). The ventricular endocardial 
boundary was manually traced with the software by 
applying 2D speckle tracking throughout the entire cardiac 
cycle. If the aliasing phenomenon was observed in the color 
Doppler data, the aliased area was manually corrected. After 
the region of interest was determined by tracing the entire 
LV, the EL distribution was displayed. The blood flow EL 
was defined as the energy of frictional heat generated due to 
viscosity at the sites at which turbulent flow occurred. EL 
was the most significant at the sites at which a considerable 

change of vectors was locally observed and the smallest at 
the laminar flow site. From the velocity vector fields of the 
intraventricular blood flow, the EL was calculated for each 
frame of the cine loop image. EL was calculated as follows:
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i j

i i

uuEL u dv
x x
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where μ represents the blood viscosity coefficient, which 
was set as 0.004 Pa·s, and i and j represent the coordinates 
of the 2D Cartesian coordinate system (18). The total EL 
(EL-SUM) and the average EL (EL-AVE) were calculated 
for each time phase and each segment by tracing the basal, 
mid, and apical segments of the LV using the formula 
established by Itatani et al. (14), as shown in Figure 2. The 
EL-AVE indicates the EL per square meter (Figure 2).

Heart rate was calculated based on the R-wave interval 
of the cardiac cycle on the ECG. During the cardiac cycle, 
the following 4 points were determined by combining 
the ECG, valve opening time, and time-flow curve: early 
diastole period (rapid filling) (T1), late-diastole period (atrial 
systole) (T2), isovolumic-systole period (T3), and rapid-
ejection period (T4). During the T1, T2, T3, and T4, the 
following indices were measured: EL-AVE and EL-SUM.

Reproducibility

The intra- and interobserver variability for EL in different 
locations and myocardial work in different segments was 
analyzed repeatedly in 10 randomly selected participants. 
The repeat analysis was performed more than 7 days after 
the initial analysis. To assess intraobserver variability, 
1 observer evaluated the same studies on 2 separate 
occasions. To assess interobserver variability, 2 independent 
observers performed the analyses separately.

Statistical analyses

All the data were analyzed using SPSS 24.0 (IBM Corp.). 
The continuous variables are presented as the mean ± 
standard deviation or median (interquartile range), and 
the categorical data are presented as the percentage or 
frequency. The continuous data with a normal distribution 
were compared using the Student t test, and those with a 
non-normal distribution were compared using the Mann-
Whitney test. The categorical variables across the groups 
were compared using the chi-square test. A P value <0.05 
was considered statistically significant for all tests.
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Figure 1 Parameters of myocardial work. (A) Control; (B) iLBBB. LVP, left ventricle pressure; ANT_SEPT, anteroseptal; INF, inferior; 
LAT, lateral; POST, posterior; GLS, global longitudinal strain; GCW, global constructive work; GWW, global waste work; GWE, global 
work efficiency; BP, blood pressure; iLBBB, idiopathic left bundle branch block.
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 Fig2A  Fig2B 

Energy Loss Energy Loss

A B

Energy loss Energy loss

Figure 2 The EL-SUM and the EL-AVE at the basal, mid, and apical segments during the isovolumic-systole period. (A) Control; (B) 
iLBBB. EL-SUM, summation of energy loss; EL-AVE, average energy loss; iLBBB, idiopathic left bundle branch block.

Results

General characteristics

The demographic and echocardiographic characteristics 
of the participants are listed in Table 1. We enrolled  
35 patients with iLBBB (20 males and 15 females) and 
matched them to 35 controls in this study. The QRS 
duration was significantly longer in the iLBBB patients than 
in the controls (154.68±12.56 vs. 91.07±3.83 s; P<0.001). E/
A (the ratio of peak velocity blood flow from left ventricular 
relaxation in early diastole (the E wave) to peak velocity flow 
in late diastole caused by atrial contraction (the A wave) was 
significantly lower in the patients with iLBBB than in the 
controls (0.71±0.05 vs. 0.92±0.18; P=0.008). No significant 
differences were observed in the other parameters between 
the controls and the patients with idiopathic LBBB (Table 1).

Left ventricular myocardial work

In relation to global  myocardial  work,  compared 
to the controls ,  the patients with iLBBB showed 
decreased GLS (–15.32%±2.58% vs. –18.27%±2.12%; 
P=0.001),  a  decreased GWI (1,428.24±338.18 vs.  
1,964.87±264.16 mmHg%; P<0.001), decreased GWE 
(84.48±5.19 vs. 91.73±5.31 mmHg%; P<0.001), and 
signif icantly increased GWW (341.60±132.62 vs. 
161.80±106.81 mmHg%; P<0.001; Table 2). In relation to 
the regional index, the patients with iLBBB had significantly 
reduced segmental MWIs of the basal anteroseptal 
segment (879.15±370.50 vs. 1,746.38±154.44 mmHg%; 
P<0.001), basal inferior segment (1,391.54±421.52 vs. 

1,749.94±257.82 mmHg%, P=0.004), basal inferoseptal 
segment (1,111.42±389.04 vs. 1,677.25±223.10 mmHg%; 
P<0.001), mid-anteroseptal segment (1,097.54±394.83 
vs. 1,815.06±291.22 mmHg%; P<0.001), mid-inferior 
segment (1,207.54±290.83 vs. 1,882.44±195.53 mmHg%; 
P<0.001), mid-inferoseptal segment (1,012.54±353.33 
vs. 1,880.88±254.39 mmHg%; P<0.001), apical anterior 
segment (1,592.42±366.64 vs. 1,910.00±170.27 mmHg%; 
P=0.001), apical lateral segment (1,481.62±342.95 vs. 
1,817.19±227.55 mmHg%; P=0.001), apical septal segment 
(1,437.65±428.22 vs. 1,852.25±275.19 mmHg%; P=0.001), 
and apex (1,542.62±342.89 vs. 1,907.06±197.94 mmHg%; 
P<0.001; Table 3). 

The patients with iLBBB showed increased EL-AVE 
and EL-SUM levels in the T2, T3, and T4: [EL-AVE in 
T2: 28.3 (8.7, 49.0) vs. 6.8 (5.4, 9.4) J/(s·m3); P=0.029]; [EL-
AVE in T3: 24.7 (13.0, 46.8) vs. 7.2 (5.4, 10.8) J/(s·m3), 
P<0.001]; [EL-AVE in T4: 18.3 (12.0, 27.6) vs. 7.7 (4.1, 
11.6) J/(s·m3), P=0.002]; [EL-SUM in T2: 8.3 (2.2, 14.5) vs.  
2.1 (1.6, 3.2) J/(s·m), P=0.049]; [EL-SUM in T3: 7.6 (4.0, 
14.5) vs. 2.2 (1.7, 3.3) J/(s·m), P<0.001]; [EL-SUM in 
T4: 5.3 (3.6, 9.7) vs. 2.2 (1.4, 3.0) J/(s·m), P=0.004]. No 
significant differences were found between the two groups 
in the T1. The most notable difference was observed in the 
T3 (P<0.001) (Tables 4,5).

The EL-AVE and EL-SUM levels in the basal segment 
of the patients with iLBBB increased considerably 
throughout the T2, T3, and T4. Notably, the EL-AVE 
level increased significantly during the T3 (P<0.001). 
The EL-AVE and EL-SUM levels in the middle segment 
increased during the T2, T3, and T4; and the EL-SUM 
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Table 2 Left ventricular myocardial work

Variables Normal (N=35), mean ± SD iLBBB (N=35), mean ± SD t P

GLS (%) –18.27±2.12 –15.32±2.58 –3.730 0.001*

GWI (mmHg%) 1,964.87±264.16 1,428.24±338.18 5.25 <0.001*

GCW (mmHg%) 2,036.27±278.81 1,926.40±344.55 1.045 0.303

GWW (mmHg%) 161.80±106.81 341.60±132.62 –4.449 <0.001*

GWE (%) 91.73±5.31 84.48±5.19 4.243 <0.001*

*, P<0.05. iLBBB, idiopathic left bundle branch block; mean ± SD, mean ± standard deviation; GLS, global longitudinal strain; GWI, global 
work index; GCW, global constructive work; GWW, global waste work; GWE, global work efficiency. 

Table 1 Participants demographic and echocardiographic characteristics

Variables Normal (N=35), mean ± SD iLBBB (N=35), mean ± SD t P

Age (years) 64.33±5.92 68.56±11.38 –1.330 0.192

Height (cm) 167.27±8.19 164.36±7.39 1.157 0.255

Weight (kg) 64.47±8.69 62.04±8.88 0.843 0.404

QRS (s) 91.07±3.83 154.68±12.56 –19.012 <0.001*

LVEF (%) 63.47±1.63 62.35±2.30 1.258 0.224

SBP (mmHg) 123.33±9.56 121.96±5.97 0.561 0.578

DBP (mmHg) 77.87±4.87 77.08±6.52 0.404 0.689

HR (bpm) 72.60±9.18 73.84±8.42 –0.436 0.665

LAD (mm) 32.70±3.50 34.60±5.76 –0.892 0.384

LVDd (mm) 45.70±3.50 47.10±3.60 –0.882 0.39

IVS (mm) 9.80±1.03 10.50±0.97 –1.561 0.136

LVPW (mm) 9.60±0.84 10.20±0.920 –1.521 0.146

RAD (mm) 32.00±2.36 31.40±2.50 0.552 0.588

RVDd (mm) 31.60±1.90 32.60±2.91 –0.910 0.375

E (cm/s) 77.20±12.24 69.80±9.83 1.491 0.153

A (cm/s) 80.00±29.06 96.60±17.80 –1.541 0.141

E/A 0.92±0.18 0.71±0.05 3.379 0.008*

E/e’ 8.79±2.04 10.31±3.06 –1.308 0.207

TAPSE (mm) 20.50±0.97 19.60±0.97 2.077 0.051

TR (cm/s) 2.35±0.12 2.50±0.20 –2.043 0.056

*, P<0.05. iLBBB, idiopathic left bundle branch block; mean ± SD, mean ± standard deviation; QRS, Q wave, R wave and S wave; LVEF, left 
ventricular ejection fraction; SBP, systolic pressure; DBP, diastolic pressure; HR, heart rate; LAD, left atrial diameter; LVDd, left ventricular end 
diastolic dimension; IVS, interventricular septum; LVPW, left ventricular posterior wall; RAD, right atrial diameter; RVDd, right ventricular end 
diastolic dimension; E/A, the ratio of peak blood flow velocities at the mitral valve during early filling (E wave) and late diastole (A wave); e’, early 
diastolic mitral annular tissue velocity; TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid regurgitation.
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levels increased the most during the T3 and T4 (P<0.001). 
The apex also showed increased EL-AVE and EL-SUM 
levels during the T2, T3, and T4, among which the EL-
SUM level was the most prominent during the T3 and T4 
(P<0.001; Figures 3,4).

Reproducibility

Inter- and intraobserver variabil i ty showed good 
reproducibility. The interclass correlation coefficients were 
all >0.8, which indicated that the myocardial work and EL 

Table 3 Myocardial work index of each segment 

Variables
Myocardial work index, mmHg%, mean ± SD

t P
Normal iLBBB

Basal anteroseptal 1,746.38±154.44 879.15±370.50 10.54 <0.001*

Basal anterior 1,795.19±195.18 1,611.19±408.63 1.961 0.057

Basal anterolateral 1,768.38±211.63 1,748.42±375.96 0.22 0.827

Basal inferolateral 1,747.81±257.96 1,748.73±433.93 –0.008 0.994

Basal inferior 1,749.94±257.82 1,391.54±421.52 3.059 0.004*

Basal inferoseptal 1,677.25±223.10 1,111.42±389.04 5.987 <0.001*

Mid-anteroseptal 1,815.06±291.22 1,097.54±394.83 6.282 <0.001*

Mid-anterior 1,828.25±231.89 1,714.23±394.24 1.18 0.245

Mid-anterolateral 1,780.13±278.71 1,666.73±335.71 1.131 0.265

Mid-inferolateral 1,787.00±283.84 1,652.77±382.02 1.212 0.232

Mid-inferior 1,882.44±195.53 1,207.54±290.83 8.194 <0.001*

Mid-inferoseptal 1,880.88±254.39 1,012.54±353.33 8.544 <0.001*

Apical anterior 1,910.00±170.27 1,592.42±366.64 3.801 0.001*

Apical lateral 1,817.19±227.55 1,481.62±342.95 3.465 0.001*

Apical inferior 1,740.25±214.07 1,630.42±375.66 1.065 0.293

Apical septal 1,852.25±275.19 1,437.65±428.22 3.45 0.001*

Apex 1,907.06±197.94 1,542.62±342.89 3.863 <0.001*

*, P<0.05. iLBBB, idiopathic left bundle branch block; SD, standard deviation.

Table 4 EL-AVE in the control group and the LBBB group

Variables
EL-AVE, J/(s·m3), median (IQR)

P 
Normal iLBBB

T1 12.8 (9.3, 23.2) 13.8 (4.7, 34.3) 0.912

T2 6.8 (5.4, 9.4) 28.3 (8.7, 49.0) 0.029*

T3 7.2 (5.4, 10.8) 24.7 (13.0, 46.8) <0.001***

T4 7.7 (4.1, 11.6) 18.3 (12.0, 27.6) 0.002**

*P<0.05, **P<0.01, ***P<0.001 vs. control group. EL-AVE, average energy loss; LBBB, left bundle branch block; iLBBB, idiopathic left 
bundle branch block; IQR, interquartile range; T1, early diastole period; T2, late-diastole period; T3, isovolumic-systole period; T4, rapid-
ejection period. 
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measurements had high reliability and repeatability (Table 6).

Discussion

As recently demonstrated, normal LVEF in patients 
with LBBB does not always represent normal systolic  
function (18). The dyssynchronous electrical activity of 
LBBB affects the mechanical systolic function of LV. We 
analyzed the LV myocardial work using the PSL technique 
to observe the LV functional changes in patients with 
iLBBB and normal LVEF. Strain refers to the change in 

morphology of a solid substance under an external force. 
This parameter is load-dependent. It has been shown that 
an increase in afterload leads to a decrease in strain (19). A 
previous study (20) showed that strain varies after dialysis 
because of the preload changes.

The PSL is a new noninvasive parameter that can be 
used for the quantitative evaluation of LV systolic function 
from a mechanical view. The PSL is obtained by combining 
afterload and strain data, which overcomes the effect of 
afterload on strain and better reflects LV contraction. 
The PSL evaluation of global myocardial work includes 

Figure 3 EL-AVE in the basal (EL-base), mid (EL-mid), and apical (EL-apex) segments of the left ventricle in the control group and the 
iLBBB group (J/s·m3). *P<0.05; **P<0.01; ***P<0.001. T1, early diastole period; T2, late-diastole period; T3, isovolumic-systole period; T4, 
rapid-ejection period; LBBB, left bundle branch block; EL-AVE, average energy loss.
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Table 5 EL-SUM in the control group and the LBBB group

Variables
EL-SUM, J/(s·m), median (IQR)

P
Normal iLBBB

T1 3.4 (2.8, 7.7) 3.5 (1.7, 7.7) 0.739

T2 2.1 (1.6, 3.2) 8.3 (2.2, 14.5) 0.049*

T3 2.2 (1.7, 3.3) 7.6 (4.0, 14.5) <0.001***

T4 2.2 (1.4, 3.0) 5.3 (3.6, 9.7) 0.004**

*P<0.05, **P<0.01, ***P<0.001 vs. control group. EL-SUM, summation of energy loss; LBBB, left bundle branch block; iLBBB, idiopathic 
left bundle branch block; IQR, interquartile range; T1, early diastole period; T2, late-diastole period; T3, isovolumic-systole period; T4, 
rapid-ejection period. 
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Figure 4 The EL-SUM in the basal (EL-base), mid (EL-mid), and apical (EL-apex) segments of the left ventricle in the normal group and 
the iLBBB group (J/(s·m)). *P<0.05; **P<0.01; ***P<0.001. T1, early diastole period; T2, late-diastole period; T3, isovolumic-systole period; 
T4, rapid-ejection period; LBBB, left bundle branch block; EL-SUM, summation of energy loss.
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Table 6 Interobserver and intraobserver reproducibility of myocardial work and EL measurements

Variables
Interobserver Intraobserver

ICC 95% CI P ICC 95% CI P

GLS 0.875 0.578 to 0.968 <0.001* 0.851 0.512 to 0.961 <0.001*

GWI 0.901 0.672 to 0.976 <0.001* 0.981 0.927 to 0.995 <0.001*

GCW 0.986 0.946 to 0.997 <0.001* 0.997 0.911 to 0.994 <0.001*

GWW 0.999 0.997 to 1.000 <0.001* 0.999 0.991 to 0.999 <0.001*

GWE 0.960 0.847 to 0.990 <0.001* 0.964 0.864 to 0.991 <0.001*

EL-AVE T1 0.978 0.914 to 0.994 <0.001* 0.886 0.609 to 0.970 <0.001*

EL-AVE T2 0.998 0.990 to 0.999 <0.001* 0.995 0.979 to 0.999 <0.001*

EL-AVE T3 1.000 0.999 to 1.000 <0.001* 0.998 0.992 to 1.000 <0.001*

EL-AVE T4 0.999 0.996 to 1.000 <0.001* 0.999 0.998 to 1.000 <0.001*

EL-SUM T1 0.853 0.414 to 0.980 <0.001* 0.885 0.606 to 0.970 <0.001*

EL-SUM T2 0.998 0.991 to 0.999 <0.001* 0.963 0.859 to 0.991 <0.001*

EL-SUM T3 0.996 0.983 to 0.999 <0.001* 0.999 0.997 to 1.000 <0.001*

EL-SUM T4 0.866 0.482 to 0.968 0.006* 0.872 0.517 to 0.978 0.003*

*P<0.05. EL, energy loss; ICC, interclass correlation coefficient; CI, confidence interval; GLS, global longitudinal strain; GWI, global work 
index; GCW, global constructive work; GWW, global waste work; GWE, global work efficiency; EL-AVE, average energy loss; EL-SUM, 
summation of energy loss.
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the following parameters: the GWI, GCW, GWW, and 
GWE. The GWI represents the total work in the PSL area 
formed by mitral valve closure to opening and is also known 
as the sum of the myocardial work. GCW represents the 
myocardial work done by the shortening of the myocardium 
in the systolic phase and the elongation of the myocardium 
in the isovolumic diastolic phase, which is also known as the 
assisting work of left ventricular ejection. GWW represents 
the myocardial work done by the elongation of the 
myocardium during the systolic phase and the shortening 
of the myocardium during the isovolumic diastolic phase, 
which is the adverse work of ventricular ejection. GWE 
is calculated using the following formula: GWE = GCW/
(GCW + GW) × 100%. (19).

We found that the GLS, the GWI, and GWE were 
significantly lower in the iLBBB group than in the control 
group, while GWW was significantly higher. iLBBB 
induces dyssynchrony in the left ventricular free wall relative 
to the septum, which leads to a pathological lag in the 
electromechanical activity of the posterior or lateral walls 
of the LV, reducing the septal support for left ventricular 
contraction in turn. The paradoxical motion of the septum 
significantly affects cardiac electrophysiology, contractile 
function, and local myocardial perfusion, and reduces 
myocardial deformation capacity. Thus, the left ventricular 
myocardial work indices of GWI and GWE decrease. 
Dyssynchrony in the left ventricular free wall causes 
additional energy to be expended in ineffective ejection, 
increasing GWW and decreasing myocardial work efficiency.

Strain describes the deformation of the myocardium 
that occurs during the cardiac cycle in the longitudinal, 
circumferential, and radial planes. During systole, the LV 
undergoes longitudinal and circumferential shortening 
and radial thickening. GLS is a remarkably robust systolic 
function marker (21). In our study, we found that the LVEF 
was similar in the two groups, but the GLS in the iLBBB 
group was significantly reduced. This was consistent with 
the findings of Ashraf et al. (10), who examined 2,522 
patients over a follow-up period of 8.4±3.2 years and found 
that the incidence rate of cardiomyopathy in patients with 
iLBBB over 1 year was 3.2% and that over 10 years was 
9.1%; moreover, 7% of the patients developed heart failure 
in 1 year, and 18% of the patients developed heart failure 
over 10 years. This indicates that the cardiac function 
of most patients with iLBBB is normal in the early stage 
and develops slowly. Conversely, in our study, even when 
the LVEF of the two groups was similar (i.e., even when 
both were in the normal range), the GLS, GWI, GWW, 

and GWE differed significantly, which shows that these 
myocardial work parameters are more sensitive than is 
LVEF in the early stage of the disease.

We observed myocardial work indices in 17 segments 
of the LV in both groups and found that the MWI in the 
septum, basal inferior and mid-inferior segments, apical 
anterior segment, apical lateral segment, and apex were 
significantly decreased in the iLBBB group. A previous 
study (22) reported that the typical echocardiographic 
findings of patients with LBBB were septal flash and apical 
rocking. Septal flash (22) is a premature shortening of the 
septum during the T3 that affects myocardial contraction in 
this segment. Our study also found that the septal MWIs (of 
both the anterior and posterior septum) were decreased in 
patients with iLBBB. Apical rocking (23) is a back-and-forth 
motion of the LV apex related to the mutual stretching of 
the opposing walls. This back-and-forth motion affects the 
contraction of the apex. 

In this study, we observed a significant decrease in the 
MWIs of the apical anterior, apical lateral, and apical septal 
segments, and the apex. The uncoordinated septal motion 
also affects the activity of its neighboring segments. In this 
study, a decrease in the MWIs was also observed in both the 
basal inferior and mid-inferior segments. It has also been 
noted in the literature that the typical longitudinal strain 
curve changes in the LBBB include (I) the early shortening 
of at least 1 basal or mid-ventricular segment in the septal 
wall and the early stretching of at least 1 basal or mid-
ventricular segment in the lateral wall, (II) early septal peak 
shortening (within the first 70% of the ejection phase), 
and (III) lateral wall peak shortening after aortic valve  
closure (24). In the LBBB mode, the left ventricular lateral 
wall motion is also uncoordinated; however, in the patients 
with iLBBB enrolled in our study, the MWIs did not change 
significantly in the basal and mid-lateral segments, but the 
MWI of the apical lateral segment was significantly affected, 
which may be related to the longer electromechanical 
conduction delay in this segment.

In this study, the patients with iLBBB had increased EL-
SUM and EL-AVE during the T2, T3, and T4 compared 
to the controls; meanwhile, energy consumption in all 
the segments was similarly higher in iLBBB than control 
in these 3 phases, most notably during the T3. The 
dyssynchrony of electrical activity in patients with iLBBB 
causes the premature contraction of the basal or intermediate 
segments of the septum and the stretching of the basal or 
intermediate segments of the lateral wall during T3 (23). 
This mechanical dyssynchrony inevitably leads to an elevated 
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LV EL. As previously reported (25), LBBB mainly leads to 
a prolongation of the T3 and a decrease in the peak rate 
of pressure rise (dP/dtmax). The EL is increased by sharp 
increases in velocity, which cause more turbulence during 
the T3. This was also observed in patients with uremic 
cardiomyopathy (26). Our study also found the EL-SUM 
and EL-AVE to be increased during the T3. During the T4, 
the patients with idiopathic LBBB showed significant apical 
rocking (23) in the LV, indicating mechanical dyssynchrony 
and more significant EL. We also discovered that the EL-
SUM of the apex rose most during the T3 and T4, which 
corresponds to apical rocking during the systolic period.

Septal flash refers to an early septal thickening/thinning 
during the isovolumic contraction period due to the 
septal contraction against a reduced load in patients with  
iLBBB (22). Such brief motion fluctuations result in increased 
EL due to variations in blood flow shear during the systolic 
period, which explains the EL-SUM changes in the middle 
segment. Our study also found that mechanical dyssynchrony 
was not limited to the systolic period. The shortening of the 
lateral wall of the LV occurs after aortic valve closure (27), and 
the delayed excitation of the lateral wall in patients with iLBBB 
affects the mitral valve and the papillary muscle, causing mitral 
regurgitation and dragging on the mitral valve, which hinders 
the filling of the LV (28). During the isovolumic relaxation 
period, the aortic and mitral valves are still closed, there is little 
residual blood flow in the chambers, the blood flow changes 
slowly, and EL is at the lowest stage of the cardiac cycle. 
Due to LV compliance, LV EL is minimal in early diastole. 
However, the mechanical asynchrony of the LV lateral wall 
and its effect on the mitral valve causes a considerable increase 
in LV EL in mid-to-late diastole. When blood flows from the 
left atrium into the LV, high-speed blood flow diffuses from 
the basal to the intermediate and apical segments, causing 
shear friction with a larger shear angle at the base and a smaller 
shear angle at the intermediate and apical segments (29), which 
in turn results in an increase in EL in mid-to-late diastole, with 
the basal segment being much more pronounced than other 
segments. The phenomenon mentioned above was observed 
in this investigation, demonstrating impaired myocardial work 
and blood flow efficiency in patients with idiopathic LBBB.

Study limitations

This research was a pilot study with a limited number of 
participants. In the future, studies with larger cohorts need 
to be conducted to verify the myocardial work changes and 

EL changes in patients with iLBBB.

Conclusions

Patients with idiopathic LBBB have increased GWW, 
decreased GLS, a decreased GWI, and decreased GWE, 
but have normal LVEF. The MWI dropped markedly in 
the septum and the apex. To further understand the decline 
of its work efficiency, we used VFM and found that EL 
mainly occurs during the T2, T3, and T4, especially during 
T3because of mechanical dyssynchrony. Thus, EL and PSL 
can be used to evaluate diastolic and systolic hemodynamic 
functioning in individuals with iLBBB.
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