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Characterization of Left Bundle
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Background: Left bundle branch area pacing (LBBAP) induces delayed RV activation
and is thought to be harmless, since the electrocardiographic signature is reminiscent
to native RBBB. However, to what extent the delayed RV activation during LBBAP truly
resembles that of native RBBB remains unexplored.

Methods: This study included patients with incomplete RBBB (iRBBB), complete RBBB
(cRBBB) and patients who underwent LBBAP. Global and right ventricular activation
times were estimated by QRS duration and R wave peak time in lead V1 (V1IRWPT)
respectively. Delayed RV activation was further characterized by duration, amplitude and
area of the terminal R wave in V1.

Results: In patients with LBBAP (n = 86), QRS duration [120ms (116, 132)] was longer
compared to iRBBB patients (n = 422): 104 ms (98, 110), p < 0.001, but shorter
compared to cRBBB (n = 223): 138 ms (130, 152), p < 0.001. VIRWPT during LBBAP
[84 ms (72, 92)] was longer compared to iRBBB [74 ms (68, 80), p < 0.001], but shorter
than cRBBB [96 ms (86, 108), p < 0.001]. LBBAP resulted in V1 R durations [42 ms (28,
55)] comparable to iIRBBB [42 ms (35, 49), p = 0.49] but shorter than in cRBBB [81 ms
(68, 91), p < 0.001]. During LBBAP, the amplitude and area of the V1 R wave were
more comparable with iRBBB than cRBBB. VIRWPT during LBBAP was determined by
baseline conduction disease, but not by LBBAP capture type.

Conclusion: LBBAP-induced delayed RV activation electrocardiographically most
closely mirrors the delayed RV activation as seen with incomplete rather than
complete RBBB.

Keywords: left bundle branch area pacing, conduction system pacing, cardiac pacing, right ventricular activation,
ventricular activation time
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INTRODUCTION

Right ventricular (RV) apex pacing has been considered the
standard pacing approach since its first attempt in 1958 (1).
Although this pacing strategy meets its primary objective (pacing
the heart), it can induce a dyssynchronous ventricular activation
which can lead to pacing-induced cardiomyopathy, adverse
cardiac remodeling and increased mortality (2-8). Conduction
system pacing (CSP) recently emerged as an alternative pacing
approach to achieve physiological pacing and it may avoid the
detrimental effects of RV pacing. Among the CSP modalities,
His bundle pacing (HBP) is considered the most physiological
since it optimally mimics the normal cardiac conduction, but
it is limited by high capture thresholds, low sensing amplitudes
and low implant success in patients with infranodal conduction
disease (9, 10). On the other hand, left bundle branch area
pacing (LBBAP) is a novel approach to achieve physiological
pacing and has more favorable pacing characteristics (i.e., lower
pacing thresholds and higher sensing amplitudes) compared to
HBP (11-15). LBBAP aims to capture the left bundle branch
(LBB) and results in a fast and homogenous activation of the left
ventricle (LV) comparable to HBP (16). In contrast, activation of
the RV is delayed, which is not the case in HBP. This delayed
RV activation is electrocardiographically characterized by a right
bundle branch block (RBBB) pattern on the electrocardiogram
(ECG), and is considered one of the hallmarks of successful
LBBAP (17). In patients without structural heart disease, delayed
RV activation due to native RBBB is generally considered benign
as it does not result in adverse outcome (18-23), and therefore
it can be postulated that LBBAP-induced delayed RV activation
is probably benign. However, to what extent LBBAP-induced
delayed RV activation truly resembles native RBBB activation
in healthy individuals is currently unknown. This study aims
to compare the electrocardiographic characteristics of delayed
RV activation in patients with native RBBB vs. patients with
LBBAP-induced RBBB-like ECG pattern.

METHODS
Study Design

The study enrolled consecutive adult in- and outpatients
diagnosed with either incomplete RBBB (iRBBB) or complete
RBBB (cRBBB) on standard twelve-lead ECG between January
2015 and September 2018. LBBAP patients implanted
between March 2020 and October 2021 were included in
the LBBAP group.

All patients were recruited at the Ghent University Hospital.
The study was approved by the Ethics Committee of the Ghent
University Hospital.

Selection of iRBBB and cRBBB Patients
Contemporary definitions of iRBBB and ¢cRBBB were used to
select RBBB patients. QRS duration cut-offs used for iRBBB and
cRBBB were 110-119 and >120ms respectively (22). Patients
with iRBBB and cRBBB were identified by the Marquette 12SL
algorithm (GE Healthcare, Chicago, IL, United States) in the
Muse ECG database (GE Healthcare).

LBBAP Implant and Definition of Capture

Type

LBBAP implant was performed as previously described and both
lumen-less and conventional stylet-driven pacing leads were used
(17, 24). Successful LBBAP was defined as either conduction
system capture (left bundle branch pacing, LBBP) or myocardial
capture (left ventricular septal pacing, LVSP). Following criteria
were used to define the type of capture (15, 17, 25, 26): (1)
appearance of a Qr, qR, rSr pattern in lead V1, (2) observed
transition in pacing responses (non-selective, selective LBBP or
myocardial capture) with changes in unipolar pacing output, (3)
stimulus to R wave peak time in lead V6 <75 ms in patients with
baseline narrow QRS or RBBB or <80ms in patients with left
bundle branch block (LBBB) or intraventricular conduction delay
(IVCD) (26). Patients that fulfilled the first criterium and at least
one additional criterium were considered LBBP; if only the first
criterium was met, the pacing response was defined as LVSP (17).

Electrocardiographic Analysis

ECG’s were recorded at a paper speed of 25 mm/s and a
calibration of 10 mm/mV with MAC 5500 ECG recording devices
(GE Healthcare). To avoid any fusion with intrinsic rhythm
during LBBAP, paced QRS morphologies were obtained during
VVI pacing with a lower rate 20-30 beats higher then intrinsic
heart rate. Global ventricular activation was measured as global
QRS duration, in which the QRS was measured from its onset to
the latest QRS offset in any lead (22, 27). The right ventricular
activation time (RVAT) was estimated by the R wave peak time
in lead V1 (VIRWPT), measured from QRS onset to the peak
of the R wave in lead V1 (i.e., the R wave in case of gR pattern
and the r' wave in rSr pattern). Left ventricular activation time
(LVAT) was calculated from QRS onset to the R wave peak in
lead V6 (V6RWPT) (26, 28). The interval between the R wave
peak time in V6 and V1 was defined as the V6-V1 interpeak
interval (V6V1 IPI) and used as an estimation of interventricular
electrical dyssynchrony (29).

All electrocardiographic measurements were performed with
digital calipers and adapted sweep speeds of 50 mm/s on the
digitally stored ECG’s. The delayed RV activation was further
characterized by measuring the duration, amplitude and area
of the delayed R wave in V1 using automated measurements
provided by the 12SL algorithm (GE Healthcare) (30).

Statistical Analysis

Categorical variables are expressed as absolute number
(percentage). Continuous variables are expressed as mean
= standard deviation in case of Gaussian distribution or median
[1st; 3rd quartile] if data follow a non-Gaussian distribution.
Normality was tested using the Shapiro-Wilk test. To compare
means and medians of continuous variables among groups
the one-way ANOVA and Kruskall Wallis test was used. The
Wilcoxon signed rank test was used for paired comparison of
non-Gaussian distributed continuous variables. Multivariate
analysis was performed to assess determinants of delayed
RV activation using multiple regression analysis. Statistical
significance was set at a two-tailed probability level of <0.05. All
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statistical analyses were performed using SPSS software (version
28.0, IBM, Armonk, NY, United States).

RESULTS

Patient Characteristics

Overall, the study included 731 patients with delayed RV
activation: 422 patients with iRBBB, 223 patients with cRBBB
and 86 patients with LBBAP. Baseline patient characteristics are
summarized in Table 1.

In patients who underwent LBBAP, pacing indication was
atrioventricular block in 62%, brady-tachy syndrome in 17%,
sinus node disease in 16% and heart failure in 5%. In patients
undergoing LBBAP, baseline QRS measured 112ms (94, 147),
with 55% having narrow QRS, 14.5% left bundle branch block
(LBBB), 14.5% RBBB and 17% non-specified intraventricular
conduction delay (NIVCD). LBBAP pacing response was labeled
as LBBP (non-selective and selective) in 62 (72%) patients,
whereas LVSP was achieved in 24 (28%) patients.

Ventricular Activation Times During LBBAP
in Comparison to iRBBB and cRBBB
Patients

Representative examples of ventricular activation time
measurements with iRBBB, cRBBB and LBBAP are shown
in Figure 1. Paced QRS duration during LBBAP was 120 ms
(116, 132), whereas QRS duration of iRBBB and cRBBB patients
was 104 ms (98, 110) and 138 ms (130, 152) respectively (p <
0.001). VIRWPT during LBBAP was 84 ms (72, 92) and longer
compared to iRBBB patients [74 ms (68, 80), p < 0.001], but
shorter in comparison to cRBBB patients [96 ms (86, 108), p <
0.001] (Figure 2A). VGRWPT during LBBAP [44 ms (36, 56)]
was only slightly longer than VORWPT measured during iRBBB
[40ms (36, 44), p < 0.001] and cRBBB [38ms (36, 44), p <
0.001]. The V6V1 IPI for LBBAP patients was comparable to
iRBBB patients [36 ms (24, 45) and 34 ms (28, 40), respectively;
p = 0.70]. Compared to cRBBB, the V6V1 IPI was shorter for
LBBAP patients [58 ms (48, 68) vs. 36 ms (24, 45), p < 0.001].

R’ duration in V1 with LBBAP-induced RBBB was 42 ms (28,
55) and was comparable to V1 R’ duration in iRBBB patients
[42ms (35, 49), p = 0.49], but shorter than in cRBBB patients
[81 ms (68, 91), p < 0.001] (Figure 2B). Mean V1 R’ amplitude
during LBBAP measured 297 uV (175, 645), which was also
smaller compared to cRBBB patients, but larger than iRBBB
patients [respectively 761 uV (551, 1,010) and 195 uV (126, 298),
p < 0.001] (Figure 2C). R’ area in V1 during LBBAP [316 uVs
(134, 831)] was smaller compared to cRBBB [1,782 uVs (1,182,
2,498), p < 0.001], but larger than in patients with iRBBB [236
uVs (140, 399), p = 0.008] (Figure 2D).

Ventricular Activation Times During LBBAP

According to Baseline Conduction Disease
With LBBAP, QRS duration shortened from 153 ms (142, 160) to
116 ms (104, 136) (p < 0.001) in patients with LBBB, from 147 ms
(137, 158) to 136 ms (122, 136) (p = 0.009) in RBBB patients and
from 135 ms (128, 153) to 128 ms (118, 133) (p = 0.33) in patients

with NIVCD. In patients with baseline narrow QRS (<120 ms),
QRS duration increased from 94 ms (84, 106) to 120 ms (115,
128) (p < 0.001) with LBBAP. Ventricular activation times during
LBBAP according to baseline conduction disease are summarized
in Table2. The longest VIRWPT were observed in LBBAP
patients with pre-existing RBBB [84 ms (72, 92)] and NIVCD
[90 ms (83, 100)], although the differences with narrow QRS
[82ms (72, 89)] and LBBB [72 ms (65, 79)] patients were small (p
= 0.014). R’ duration in V1 was significantly shorter for patients
with narrow QRS [39 ms (20, 52)] undergoing LBBAP, compared
to LBBAP patients with underlying RBBB [46 ms (38, 74)], LBBB
[48 ms (38, 55)] and NIVCD [49ms (35, 66)], p = 0.04. Of
interest, in LBBAP patients with presumed delay of the right
bundle branch conduction (such as RBBB and NIVCD patients),
the VIRWPT and V1 R’ duration were still shorter compared to
cRBBB patients (p = 0.03 and p < 0.001, respectively).

Ventricular Activation Times During LBBAP

According to LBBAP Capture Type

VIRWPT values were comparable for patients with LBBP (n
= 62) and LVSP (n = 24): 84ms (72, 88) vs. 80ms (72, 91),
respectively (p = 0.43); and VIRWPT of both LBBP and LVSP
patients resembled more VIRWPT of iRBBB patients compared
to cRBBB patients.

V6RWPT values were shorter in LBBP patients [42 ms (33,
54)] compared to patients with LVSP capture type [52 ms (45,
62), p = 0.01]. Due to the comparable VIRWPT but different
V6RWPT, patients with LBBP presented with longer V6V1 IPI
compared to LVSP [40 ms (32, 48) vs. 26 ms (24, 37), respectively,
p=0.001].

In patients with LBBP, V1 R’ duration, amplitude and area
[respectively 42 ms (27, 58), 337 uV (193, 686), 332 uVs (231,
418)] were comparable to LVSP [45ms (31, 54), p = 0.45; 254
uV (168, 523), p = 0.76; 285 uVs (129, 494), p = 0.45).

Determinants of Delayed Right Ventricular
Activation in iRBBB, cRBBB and LBBAP

Patients

Due to differences in baseline characteristics between iRBBB,
cRBBB and LBBAP patients (Table 1), determinants of delayed
RV activation were analyzed. In univariate analysis ischemic
heart disease, history of atrial fibrillation and presence of heart
failure were associated with longer VIRWPT and V1 R’ duration
among the entire population of iRBBB, cRBBB and LBBAP
patients. However, in a multiple regression analysis only the
presence of heart failure and patient group (iRBBB, cRBBB and
LBBAP) remained significant and independently associated with
VIRWPT and V1 R’ duration.

DISCUSSION
Main Findings

This study is the first to compare the electrocardiographic
pattern of LBBAP-induced delayed RV activation to the
delayed RV activation observed in patients with conduction
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TABLE 1 | Baseline patient characteristics.

iRBBB (n = 422) cRBBB (n = 223) LBBAP (n = 86) p-value
Baseline patient

characteristics

Age, years 51+18 57 £ 21 69 + 16 p < 0.001
Female gender, n (%) 282 (67) 164 (74) 61 (71) p=0.20
Weight, kg 75+ 15 76 + 19 80 + 19 p =0.05
Length, cm 174 £10 170+ 10 169 £ 13 p < 0.001
Medical history

Ischemic heart disease, n (%) 72 (17%) 46 (21%) 24 (28%) p < 0.001
Acute coronary syndrome, n 12 (3%) 46 (21%) 10 (12%) p < 0.001
(%)

Heart failure, n (%) 24 (6%) 46 (21%) 7 (8%) p < 0.001
Atrial fibrillation, n (%) 4 (2%) 4 (1%) 32 (37%) p < 0.001
Echocardiographic

characteristics

Left atrial diameter, mm 36+7 40+ 9 40+9 p < 0.001
Left ventricular end diastolic 46 +6 48 £7 49 +9 p = 0.007
diameter, mm

Electrocardiographic

characteristics

QRS duration, ms 104 (98, 110) 138 (130, 152) 112ms (94, 147) p < 0.001

Continuous variables are expressed as mean =+ standard deviation. Categorical variables are expressed as number of patients (percentage).

iRBBB, incomplete right bundle branch block; cRBBB, complete right bundle branch block. LBBAR, left bundle branch area pacing.
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FIGURE 1 | Representative examples of ventricular activation times measured during incomplete right bundle branch block (IRBBB), complete right bundle branch
block (cRBBB) and left bundle branch area pacing (LBBAP). QRSD: QRS duration. VIRWPT, V1 R-wave peak time; VBRWPT, V6 R-wave peak time; V6V1 IPI, V6-V1
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TABLE 2 | Ventricular activation times during native conduction and LBBAP according to baseline conduction disease.

V6RWPT (ms) ViIRWPT (ms) V1 R’ duration (ms) V1 R’ amplitude (uV) V1 R’ area (uVs) Vé6v1 IPI
iRBBB (n = 422) 40 (36, 44) 74 (68, 80) 42 (35, 49) 195 (126, 298) 236 (140, 399) 34 (28, 40)
cRBBB (n = 223) 38 (36, 44) 96 (86, 108) 81 (68, 91) 761 (651, 1010) 1782 (1182, 2498) 58 (48, 68)
LBBAP mean (n = 44 (36, 56) 84 (72, 92) 42 (28, 55) 297 (175, 645) 316 (134, 831) 36 (24, 45)
86)
LBBAP: narrow QRS 44 (36, 56) 82 (72, 89) 39 (20, 52) 246 (144, 504) 263 (213, 418) 32 (24, 45)
(n=47)
LBBAP: LBBB (n = 40 (32, 44) 72 (65, 79) 48 (38, 55) 449 (217, 782) 509 (94, 428) 32 (24, 44)
12)
LBBAP: RBBB (n = 46 (29, 62) 84 (72, 92) 46 (28, 74) 251 (135, 652) 325 (205, 451) 40 (24, 56)
12)
LBBAP: NIVCD (n = 46 (40, 62) 90 (83, 100) 49 (35, 66) 530 (240, 871) 798 (241, 448) 38 (32, 58)

15)

iRBBB, incomplete right bundle branch block; cRBBB, complete right bundle branch block; LBBAP: left bundle branch area pacing; RBBB, right bundle branch block; LBBB, left bundle
branch block; NIVCD, non-specified intraventricular conduction delay; V6V'1 IPI, V6-V'1 interpeak interval.

delay of the right bundle branch. Our results show that the
delayed RV activation during LBBAP electrocardiographically
mirrors more closely to native iRBBB than cRBBB, with
activation times in between those of iRBBB and cRBBB
patients. With LBBAP, the delayed RV activation seems to be
determined by the underlying conduction disease rather than
the type of LBBAP capture (i.e., conduction system capture vs.
myocardial capture).

Left Bundie Branch Area Pacing and Left

and Right Ventricular Activation Times

LBBAP aims to capture the left bundle branch itself (LBBP) or the
left-sided septal myocardium (LVSP) in the direct area of the left
bundle branch. Several studies investigated the contraction and
activation patterns of the left ventricle (LV) during LBBAP and
revealed a fast and homogenous activation of the LV resulting
in beneficial hemodynamic effects of LBBAP (12, 15). Although
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LV activation during LBBP seems to occur earlier compared to
LVSP, differences are small and may not be clinically relevant.
This could be explained by the deep left-sided septal position
of the pacing lead that quickly activates the adjacent left-sided
conduction fibers. Indeed, at the left side of the septum, the LBB is
a widely arborized structure and a pacing lead with a deep septal
position is more likely to be embedded in close proximity to
the conduction system, resulting in a homogenous LV activation
(12, 15). With LBBAP, the fast LV activation is estimated by the
so-called LVAT or either R wave peak time in lead V6 of the
ECG and is often used to define successful LBBAP (26, 28). Both
measurements are used interchangeably and assess the interval
between the pacing stimulus or QRS onset and the R wave peak
time in lead V4, V5 or V6. The shorter these intervals, the faster
and probably more homogenous the LV is thought to be activated
(26). Our findings show small differences in LVAT between native
RBBB and LBBAP (38 vs. 44 ms), which are potentially not even
clinically significant considering normal LVAT ranges between 35
and 40 ms (31).

In contrast to the LV activation patterns with LBBAP, data on
delayed RV activation during LBBAP are scarce. As LBBAP aims
to capture the LBB, the activation waveform needs to propagate
from the left to the right ventricle. The exact mechanism of
RV activation during LBBAP has not been elucidated, although
retrograde invasion of the conduction system is suggested (32).
Irrespective of the exact mechanism, RV activation during
LBBAP is delayed compared to LV activation (33, 34). This
delayed RV activation is characterized by an RBBB pattern on
the ECG, which is considered one of the hallmarks of successful
LBBAP (17). The delayed RV activation during LBBAP has gained
little attention and only a few reports measured RVAT (measured
as the interval from pacing stimulus or QRS onset to R wave
peak time in lead V1) (26, 28). No previous study assessed the
electrocardiographic pattern of delayed RV activation as such.
Our results show that with LBBAP, the delayed RV activation
encompasses ventricular activation times in between native
iRBBB and cRBBB. Despite differences in baseline characteristics
in patients with iRBBB, cRBBB and LBBAP, only presence of
heart failure was independently associated with longer VIRWPT
and V1 R’ duration, but could only partially account for the
differences in right ventricular activation times between iRBBB,
cRBBB and LBBAP patients.

Of interest, we observed that the delayed RV activation during
LBBAP is determined by baseline conduction delay and blocks,
but not by the type of LBBAP capture. Indeed, both LBBP
and LVSP resulted in similar electrocardiographic characteristics
of delayed RV activation. This raises the hypothesis that RV
activation with both LBBP and LVSP almost always occurs
by activation of the right-sided conduction system capture,
as pure myocardial conduction toward the RV would result
in ECG characteristics of delayed RV activation resembling
more to those seen with cRBBB. Moreover, even in patients
with baseline cRBBB, LBBAP further shortens QRS duration,
VIRWPT and V1 R’ duration, suggesting that RV activation
occurs through the right-sided conduction system. Whether the
pacing impulse during LBBAP systematically invades the right-
sided conduction system and whether activation of the RV

occurs through transseptal activation, or invading connection
fibers between the left and right bundle branch or exclusively by
retrograde invasion of the left bundle branch needs to be further
elucidated (35).

Long-Term Impact of LBBAP-Induced RV

Activation Delay

LBBAP is emerging as a popular pacing modality with growing
worldwide adoption. This is mainly explained as LBBAP is
characterized by excellent pacing characteristics (low pacing
thresholds and high sensing amplitudes), overcoming the main
limitations of HBP while still offering a near physiological pacing
strategy. The first experience with LBBAP was published in 2017
and several questions remain unanswered regarding the long-
term safety, lead performance, feasibility of lead extraction and
most important, the long-term clinical outcome. Reports have
shown preservation of left ventricular ejection fraction (LVEF)
in patients with normal cardiac function undergoing LBBAP and
significant improvements in LVEF when LBBAP is implanted in
heart failure patients with reduced LVEF (14, 36). However, the
follow-up time of these studies was limited, and the impact on
right ventricular function have not been considered to date.

During ventricular pacing the normal sequence of electrical
activation and electro-mechanical coupling is disrupted. It has
been well established that with standard RV apical pacing the
delayed activation of the LV can lead to deterioration of the LVEF,
pacing-induced cardiomyopathy and adverse outcome including
increased mortality (10, 12-14, 17). The pathophysiology of
pacing-induced dyssynchrony has been studied during RV
apical pacing and can be explained by two observations. First,
regions with the earliest activation (i.e., the ventricle which is
paced) will contract first, leading to a discoordinated mechanical
contraction, reduced ventricular efficiency and increased cavity
pressure (37). Secondly, the late-activated segments show
increased myocardial work, reduced myocardial blood flow and
differences in oxygen consumption and glucose uptake between
the first and last activated regions (38). This is a well-known
principle in pacing physiology: the ventricle that is first activated
exhibits the least myocardial workload, whereas the late-activated
ventricle shows increased myocardial workload. Therefore, the
delayed RV activation during LBBAP could theoretically result in
a higher workload for the RV and might adversely affect the RV
over time, but this remains to be explored.

Although both LBBAP and RBBB result in delayed RV
activation, global ventricular activation patterns are unlikely
to be identical. Indeed, with non-selective LBBP (the most
frequently observed LBBAP pacing response during follow-up),
direct myocardial capture of the basal septum occurs, which is
different from septal activation during RBBB.

To estimate the long-term effects of delayed RV activation
by LBBAP, the prognostic outcome of patients with RBBB is
sometimes extrapolated to patients with LBBAP. Our results
show that the LBBAP-induced delayed RV activation is situated
in between incomplete and complete RBBB, and mirrors more
closely to iRBBB than to cRBBB. We believe that this observation
may be relevant with regard to long-term outcome of LBBAP.
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First, it shows that with LBBAP the delayed RV activation
still occurs by activation of the right-sided conduction system,
resulting in only moderate conduction delay and probably a
more physiological RV contraction than would be the case with
purely myocardial conduction (as the LV experiences during RV
apical pacing). Secondly, iRBBB has not been associated with
adverse outcome in large population studies. As such, the delayed
activation of the RV during LBBAP is unlikely to convey an
adverse outcome.

Although it is traditionally accepted that in patients without
evidence of cardiac disease, cRBBB is not associated with
increased risk of cardiac morbidity or mortality, conflicting data
have emerged over the last years about the long-term prognostic
significance of incidental cRBBB, especially when cRBBB is
associated with heart failure (39). However, very few patients
with LBBAP experience cRBBB characteristics with such wide
QRS duration, as shown by our results. One group of particular
interest in whom LBBAP could result in detrimental effects on
the RV are patients with a depressed RV function at the time of
LBBAP implant. In these patients, slight delay in RV activation
during LBBAP could theoretically result in a further decline of
the dysfunctional right ventricle.

The effects of pacing-induced delayed RV activation by
LBBAP require careful follow-up and should be addressed in
long-term follow-up studies. No assessments of mechanical
contraction patterns or function of the RV were performed
in this study, although we recognize that long-term follow-up
studies with thorough evaluation of the myocardial contraction
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