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Abstract

Background: Ventricular contractile responses to β-blockers remain largely unknown in patients with Atrial
Fibrillation (AF) and Heart Failure (HF), despite the recommended use of β-blockers as first-line pharmacotherapy
for these patients. This study investigated β-blocker effects on ventricular contractile mechanisms, namely the
Frank-Starling Mechanism (FSM), Mechanical Restitution (MR), and Postextrasystolic Potentiation (PESP), which
are closely associated with ventricular contractile function, in AF patients with HF with preserved (HFpEF) versus
reduced Ejection Fraction (HFrEF).

Methods: Twenty AF patients were divided into two groups based on EF: the HFpEF group (EF ≥ 50%, n=14)
and the HFrEF group (EF<40%, n=6). Using impedance cardiography, an FSM-MR graph and a PESP graph were
created by applying (dZ/dt) min values representing the peak velocity of aortic blood flow on the y-axis against
preceding RR interval (RR1) or RR1/pre-preceding RR interval (RR2) ratio values on the x-axis at baseline and after
administration of a β-blocker in AF patients with HFpEF versus HFrEF.

Results: With the β-blocker administration, rates of increase in median (dZ/dt) min values showed a significant
positive correlation with the rates of increase in median RR1 values as the functions of the FSM-MR in AF patients
with HFpEF (ρ=0.88, P<0.001), in contrast to those with HFrEF (ρ=−0.43, P=0.40). PESP index values representing
the extent of the effect of PESP were similarly and significantly decreased after administration of the β-blocker in
both groups: AF patients with HFpEF (baseline: median 5.9 [Interquartile Range (IQR) 2.0-16.9] vs. after β-blocker:
median 1.6 [IQR 0.62-7.2]; P=0.023), and AF patients with HFrEF (baseline: median 6.6 [IQR 0.66-22.6] vs. after β-
blocker: median 1.2 [IQR 0.06-15.1]; P=0.028).

Conclusions: From the perspective of ventricular contractile mechanisms in AF, the β-blocker may be effective
on the Frank-Starling mechanism and mechanical restitution in AF patients with HFpEF, but not HFrEF.

Keywords: Atrial fibrillation; Heart failure; Ventricular function;
Beta-blocker; Impedance cardiography

Introduction
Due to the aging of society, the prevalence of patients with AF, HF,

and co-existing AF and HF is increasing [1-4]. The current guidelines
recommend that the use of β-blockers should be a cornerstone in the
medical treatment of AF patients with HF [1-3].

However, ventricular contractile responses to β-blockers remain
largely unknown in patients with AF and HF. The underlying cause
may be that beat-to-beat variations characterized by irregular RR
intervals in AF make it difficult to reproducibly assess ventricular
contractile function [5]. Therefore, the author has developed a
ventricular function graph reflecting ventricular contractile responses
to beat-to-beat variations of RR intervals in AF using impedance
cardiography [6-8] which is a non-invasive method for monitoring
beat-to-beat cardiac function [9].

Furthermore, the involvement of three ventricular contractile
mechanisms in ventricular contractile function of AF has been

recognized. Two of them are dependent on the preceding RR interval
(RR1), namely the Frank-Starling mechanism [10,11] and mechanical
restitution [12,13]. The third is dependent on the pre-preceding RR
interval (RR2), namely Postextrasystolic Potentiation (PESP) [12,13].
The author has also developed a method for visual and quantitative
analysis of the degree of the involvement of these ventricular
contractile mechanisms in AF using impedance measurements [6-8].

The purpose of this study was to investigate β-blocker effects on
ventricular contractile mechanisms (i.e., FSM, MR, and PESP), which
are closely associated with ventricular contractile function, in AF
patients with concomitant heart failure with preserved ejection
fraction (HFpEF) vs. reduced ejection fraction (HFrEF) using
impedance cardiography and the analytical method of ventricular
contractile mechanisms in AF.
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Materials and Methods

Study patients
Twenty AF patients with both AF and HF were recruited from the

Ushiroda Medical Clinic (Fukushima, Japan). Patients were eligible for
the study based on the following criteria: 1) AF that had persisted for
>1 year; 2) HF defined according to the American College of
Cardiology Foundation/American Heart Association guideline [3] and
HFpEF and HFrEF determined by Left Ventricular Ejection Fraction
(LVEF) ≥50% and <40%, respectively (assessed by echocardiography);
3) New York Heart Association (NYHA) class I or II; 4) stable clinical
condition, defined as no hospital admissions for greater than 1 year
before study inclusion. Patients receiving current β-blocker therapy or
with a cardiac implantable electronic device, severe chronic obstructive
pulmonary disease, congenital heart disease with intracardiac shunt,
hypertrophic obstructive cardiomyopathy, severe aortic valve stenosis,
hypotension (systolic blood pressure ≤ 90 mm Hg), and bradycardia
(heart rate<50 beats per minute) were excluded. This study conformed
to the ethical guidelines of the Declaration of Helsinki and written
informed consent was obtained from all patients.

Study protocol
The twenty AF patients were divided into two groups based on the

LVEF, which was determined using the modified Simpson’s method
with 2-dimensional Doppler echocardiography (EUB-7500; Hitachi,
Tokyo, Japan): the HFpEF group (n=14) and the HFrEF group (n=6).
Each patient was placed in the supine position on the bed and was
given 200 mL of a 0.9% saline solution by a constant intravenous drip
infusion throughout the study to maintain intravenous access for a β-
blocker administration. Electrocardiogram, heart rate, blood pressure,
and various hemodynamic parameters were non-invasively and
continuously measured during the study using impedance
cardiography (Task Force Monitor: CNSystems, Graz, Austria). Five
minutes after start of measurement, all patients received an
intravenous bolus injection of 0.125 mg/kg landiolol hydrochloride
(Corebeta, Ono Pharmaceutical Co., Osaka, Japan) in 0.9% saline
solution over a median 75-second period [interquartile range (IQR)
60-90], followed by a constant drip infusion of the saline solution [14].
Landiolol hydrochloride is an ultra-short-acting (half-life: 4-minute)
β-adrenergic receptor blocker that has high β1-selectivity (β1/β2=255)
and can be administered intravenously. Four minutes of measurements
were obtained from patients before the bolus injection of the β-blocker
and beginning 2 minutes after administration of the β-blocker (Figure
1A-1C) to analyze ventricular contractile mechanisms of AF with
HFpEF or HFrEF.

Methods for analyzing ventricular contractile mechanisms of
AF based on thoracic impedance measurements

Previous described procedures were used as follows [6-8], and
similarly calculations of hemodynamic measurements and the creation
of various graphs and equations were performed using Excel software
version 2013 (Microsoft, Redmond, WA, USA).

Creating a ventricular function graph in AF using impedance
cardiography: The beat-to-beat measurements of RR intervals, namely
RR1and RR2, and the corresponding (dZ/dt) min values representing

the peak value of the first derivative of the heart-synchronous thoracic
impedance changes indicated by delta Z (ΔZ) (Figure 1B), were
obtained during 4 minutes at baseline and after administration of the
β-blocker.

Application of (dZ/dt) min values obtained using impedance
cardiography to create a ventricular function graph in AF is a
theoretical method, because it has long been recognized that (dZ/dt)
min values are strongly associated with the peak velocity of aortic
blood flow ejected from the left ventricle and represent a surrogate for
myocardial contractility [9,15,16].

A ventricular function graph representing ventricular contractile
responses to irregular RR intervals in AF was therefore created by
applying (dZ/dt) min values corresponding to RR1 values on the y-axis
against RR1 values on the x-axis as a two-dimensional scatter plot. In
addition, a ventricular function curve accompanied by both a
logarithmic equation and a coefficient of determination (R2) fitted to
this scatter plot was obtained by logarithmic regression using the least-
squares method (Figures 2A-2H, and 3A-3H).

Analyses of ventricular contractile mechanisms in AF: With respect
to ventricular contractile mechanisms (i.e., FSM, MR, and PESP)
closely related to ventricular contractile function in AF, when
RR1/RR2 ≤ 1 (Figure 1C(I)), a ventricular beat depends only on RR1-
dependent mechanisms, namely FSM and MR. Both the functions of
the FSM and MR (termed “FSM-MR”) are briefly described as follows:
as the RR1 increases, the strength of contraction of the ventricular beat
corresponding to the RR1 increases.

Figure 1: (A) Timeline of the study protocol. (B) Impedance
cardiography in Atrial Fibrillation (AF). ECG: Electrocardiogram,
ΔZ: heart-synchronous thoracic impedance changes, dZ/dt: first
derivative of the ΔZ, (dZ/dt) min: peak value of the first derivative
of the ΔZ, and the beat indicated by asterisk accompanied by
preceding RR interval (RR1) and pre-preceding RR interval (RR2).
(C) Ventricular contractile mechanisms in AF. (I) Contractility of
the beat indicated by asterisk depends on the Frank-Starling
Mechanism (FSM) and Mechanical Restitution (MR), namely FSM-
MR when RR1 is less than or equal to RR2 (RR1/RR2 ≤ 1); (II)
Contractility of the beat indicated by asterisk depends on not only
FSM-MR but also Postextrasystolic Potentiation (PESP) when RR1
is greater than RR2 (RR1/RR2>1), namely PESP-FSM-MR.
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Figures 2: Case 11 with AF and heart failure with preserved ejection fraction (HFpEF). (A) A ventricular function graph and a ventricular
function curve at baseline; (B) a two-colored scatter plot is obtained by classifying points in the ventricular function graph (A) into two groups
using RR1/RR2 ratios: an open circle (○) represents ventricular beat involved in PESP-FSM-MR and a closed circle (●) represents ventricular
beat involved in FSM-MR, to which each logarithmic regression curve is fitted; (C) a FSM-MR graph with a logarithmic regression curve is
selected from a two-colored scatter plot (B) using RR1/RR2 ratios ≤ 1 (i.e., closed circles (●) of the two-colored scatter plot); (D) a PESP graph
with a regression line is created using RR1/RR2 ratios >1 in ventricular beats involved in PESP-FSM-MR (i.e., open circles (○) of the two-
colored scatter plot); (E-H) changes in the each graph after administration of the β-blocker.

Figures 3: Case 15 with AF and heart failure with reduced ejection
fraction (HFrEF). (A-D) At baseline; (E-H) after administration of
the β-blocker.

The reason why functions of the FSM and MR were evaluated
together in this study is that the FSM is investigated by changes in
ventricular volume at a fixed stimulation interval, whereas the MR is
investigated by changes in stimulation intervals at a fixed ventricular
volume [17]; thus the method of this study using only RR1/RR2 ratios
cannot distinguish between the function of the FSM and the function
of the MR due to changes in the ventricular volume of the in situ
human heart.

In contrast, when RR1/RR2>1 (Figure 1C(II)), a ventricular beat
depends on not only RR1-dependent mechanisms mentioned above
(i.e., FSM-MR), but also the RR2-dependent mechanism, namely PESP
[18] (termed “PESP-FSM-MR”). The PESP has been characterized as

enhanced myocardial contractility caused by a ventricular beat with a
longer RR1 following a ventricular premature beat with a shorter RR2.
It follows from the physiological point of view of the PESP that the
RR1/RR2 ratio is always greater than 1 [12,13]. In addition, as the RR2
decreases (i.e., an increase in the ratio of RR1/RR2) the strength of
contraction of the ventricular beat corresponding to the RR2 increases
[12,13].

According to RR1/RR2 ratios described above, the two-colored
scatter plots (Figures 2B, 2F, 3B and 3F) were created by classifying
points representing ventricular beats on the ventricular function
graphs (Figures 2A, 2E, 3A and 3E) into two groups: one group of
points representing ventricular beats involved in the PESP-FSM-MR,
and another group of points representing ventricular beats involved in
the FSM-MR. Then, a logarithmic regression curve accompanied by
both a logarithmic equation and a coefficient of determination (R2)
fitted to the PESP-FSM-MR points, and those fitted to the FSM-MR
points were obtained by the logarithmic regression using the least-
squares method.

Moreover, the extent of the effect of PESP involved in the PESP-
FSM-MR points was visually displayed on a two-dimensional scatter
plot by applying (dZ/dt) min values corresponding to RR1/RR2 values
on the y-axis against the RR1/RR2 values on the x-axis, even though
RR1/RR2 values are maintained >1. A PESP-regression line
accompanied by both a straight line equation and a coefficient of
determination (R2) fitted to this scatter plot was obtained by linear
regression using the least-squares method (Figures 2D, 2H, 3D, and
3H). The PESP-regression line makes it possible to assess quantitatively
the extent of the effect of PESP (termed “PESP index value”) by using
the following formula: a slope of a PESP-regression line × a coefficient
of determination (R2) × 100.
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Statistical analyses
Continuous variables are presented as median and IQR. Categorical

variables are expressed as numbers and percentages, and were
evaluated using the Fisher’ Exact test. Changes in heart rate, systolic
and diastolic blood pressure, median (dZ/dt) min values, median RR1
values and PESP index values in the patients between baseline and
after administration of the β-blocker were compared using the
Wilcoxon signed-rank test. The percentage of change in each
hemodynamic parameter from baseline to after administration of the
β-blocker between AF patients with HFpEF and those with HFrEF, and
baseline characteristics for continuous variables between two groups
were examined using the Mann-Whitney U test. The correlation
between two variables was estimated using Spearman rank-correlation
coefficient. A P<0.05 (2-tailed) was considered statistically significant.
Statistical analyses were performed using SPSS version 21.0 (IBM,
Armonk, NY, USA).

Results

Baseline patient characteristics
Twenty patients with AF and HF were divided into two groups

based on LVEF: the AF with HFpEF group and the AF with HFrEF
group (Table 1). The AF patients with HFpEF were older than those
with HFrEF. Concerning echocardiography parameters, LV systolic
and diastolic diameters in the AF with HFrEF group were larger than
those in the AF with HFpEF group. LVEF and Fractional Shortening
(FS) were significantly lower in the AF with HFrEF group compared
with the AF with HFpEF group, whereas left atrial dimensions, E/e’,
and e’ values were similar between the two groups. Moreover, sex, HF
stage, NYHA classification, plasma Brain Natriuretic Peptide (BNP)
values, and medications did not differ significantly between the two
groups.

Hemodynamic responses to β-blocker in AF patients with HF
After administration of the β-blocker, systolic and diastolic blood

pressure in the AF with HFpEF group and heart rate in the both
groups were significantly decreased. However, the percentage of
change in each hemodynamic parameter from baseline to after
administration of the β-blocker was not significantly different between
the two groups (Table 2).

Ventricular contractile mechanisms in AF patients with
HFpEF

Figure 2 shows ventricular contractile mechanisms in case 11
involving a patient with AF and HFpEF. The median (dZ/dt) min value
in the FSM-MR graph at baseline (Figure 2C) was significantly
increased after administration of the β-blocker (Figure 2G) (median
0.970 –Ω/s [IQR 0.739-1.315] vs. median 1.220 –Ω/s [IQR
0.890-1.487]; P=0.005). The median RR1 value in the FSM-MR graph
at baseline (Figure 2C) was also significantly increased after
administration of the β-blocker (Figure 2G) (median 765 ms [IQR
684-872] vs. median 881 ms [IQR 767-1028]; P<0.001).

In addition, the PESP index value calculated using the above
formula at baseline decreased from 17.7 to 0.72 after administration of
the β-blocker (Figure 2D and 2H).

Baseline Characteristics HFpEF (n=14) HFrEF (n=6)
P-
value

Age (years), median (IQR) 74 (65-81) 66 (62-70) 0.039

Male gender, n (%) 9 (64) 6 (100) 0.26

Stages of HF, n (%) 0.61

B 10 (71) 3 (50)

C 4 (29) 3 (50)

NYHA class, n (%) 0.52

I 13 (93) 5 (83)

II 1 (7) 1 (17)

Plasma BNP (pg/mL), median
(IQR) 73 (29-130) 110 (73-126) 0.28

Echocardiography, median (IQR)

LAD (mm) 41 (36-49) 41 (40-47) 0.84

LVDd (mm) 48 (45-52) 55 (52-60) 0.013

LVDs (mm) 28 (26-32) 40 (38-41) 0.003

LVEF (%) 64 (56-71) 38 (33-38) <0.001

FS (%) 42 (33-44) 30 (26-32) 0.001

E/e' 11.4 (9.6-14.4) 10.4 (9.4-11.8) 0.41

e' (-cm/s) 7.6 (6.8-8.6) 6.8 (5.3-9.2) 0.62

Medications, n (%)

ACEI/ARB 7 (50) 5 (83) 0.32

Loop diuretics 5 (36) 2 (33) 1

Spironolactone 5 (36) 1 (17) 0.61

Digoxin 6 (43) 3 (50) 1

Diltiazem 3 (21) 2 (33) 0.61

Table 1: Baseline atrial fibrillation patients’ characteristics. Values are
presented as the median and interquartile range (IQR) or as n (%). HF:
Heart Failure; NYHA: New York Heart Association; BNP: Brain
Natriuretic Peptide; LAD: Left Atrial Dimension; LVDd: Left
Ventricular end-Diastolic diameter; LVDs: Left Ventricular end-
systolic Diameter; LVEF: Left Ventricular Ejection Fraction; FS:
Fractional Shortening; E: Early diastolic wave velocity; e’: early
diastolic mitral annual velocity, ACEI: Angiotensin-Converting
Enzyme Inhibitor; ARB: Angiotensin II Receptor Blocker; HFpEF:
Heart Failure with preserved Ejection Fraction, HFrEF: Heart Failure
with reduced Ejection Fraction.

In the AF with HFpEF group (n=14), according to Table 3, when
administering the β-blocker, the rates of increase in median (dZ/dt)
min values strongly correlated with the rates of increase in median
RR1 values as the functions of the FSM-MR (ρ=0.88, P<0.001), despite
the fact that there were 6 patients with AF and HFpEF in whom each
median (dZ/dt) min value at baseline was not significantly increased
after administration of the β-blocker (Figure 4A and 4B).
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HFpEF (n=14) HFrEF (n=6)

Baseline After β-blocker P-value Baseline After β-blocker P-value

Parameter, median (IQR)

Heart rate (/min) 77 (71-86) 68 (61-74) 0.001 81 (71-88) 69 (62-81) 0.028

Systolic blood pressure (mmHg) 116 (108-126) 108 (103-26) 0.008 116 (113-23) 112 (108-18) 0.058

Diastolic blood pressure (mmHg) 78 (68-92) 74 (68-86) 0.042 79 (77-92) 78 (72-84) 0.14

Percentage of change from baseline, median (IQR) P-value

Heart rate (%) 14.5 (8.6-6.3) 14.6 (8.9-6.1) 0.87

Systolic blood pressure (%) 4.2 (0.3-7.5) 4.3 (0.7-6.5) 0.93

Diastolic blood pressure (%) 4.6 (-1.9-7.8) 5.2 (-1.3-2.6) 0.71

Table 2: Hemodynamic responses to β-blocker in AF patients with HF.

With respect to differences in responses to the β-blocker as the
functions of the FSM-MR in AF patients with HFpEF, statistically
significant differences between cases with a significant increase in
median (dZ/dt) min value in each FSM-MR graph and cases with no
significant increase in each FSM-MR graph, when administering the β-
blocker, were observed only for the extent of the effect of PESP (i.e., the
PESP index value) at baseline (Table 4).

Furthermore, according to Figure 5A, the PESP index values in AF
patients with HFpEF at baseline were significantly decreased after
administration of the β-blocker (median 5.9 [IQR 2.0-16.9] vs. median
1.6 [IQR 0.62-7.2]; P=0.023).

Ventricular contractile mechanisms in AF patients with
HFrEF

Figure 3 shows ventricular contractile mechanisms in case 15
involving a patient with AF and HFrEF. The median (dZ/dt) min value
in the FSM-MR graph at baseline (Figure 3C) was not significantly
increased after administration of the β-blocker (Figure 3G) (median
0.363 –Ω/s [IQR 0.235-0.516] vs. median 0.357 –Ω/s [IQR
0.219-0.541]; P=0.69). However, the median RR1 value in the FSM-MR
graph at baseline (Figure 3C) was significantly increased after
administration of the β-blocker (Figure 3G) (median 633 ms [IQR
513-717] vs. median 698 ms [IQR 602-805]; P<0.001). In addition, a
PESP index value calculated using the above formula at baseline
decreased from 7.8 to 1.3 after administration of the β-blocker (Figure
3D and 3H).

In the AF with HFrEF group (n=6), according to Table 3, when
administering the β-blocker, the rates of increase in median (dZ/dt)
min values did not significantly correlate with the rates of increase in
median RR1 values as the functions of the FSM-MR (ρ=−0.43, P=0.40)
(Figure 4B).

However, according to Figure 5B, the PESP index values in AF
patients with HFrEF at baseline were significantly decreased after
administration of the β-blocker (median 6.6 [IQR 0.66-22.6] vs.
median 1.2 [IQR 0.06-15.1]; P=0.028).

Discussion
This study is the first to demonstrate that when administering the β-

blocker, first, the rates of increase in median (dZ/dt) min values
showed a significant positive correlation with the rates of increase in
median RR1 values as the functions of the FSM-MR in AF patients
with HFpEF. Second, the rates of increase in median (dZ/dt) min
values did not significantly correlate with the rates of increase in
median RR1 values as the functions of the FSM-MR in AF patients
with HFrEF. Third, the PESP index values in both AF patients with
HFpEF and those with HFrEF were similarly and significantly
decreased.

When administering the β-blocker, the rates of increase in median
(dZ/dt) min values showed a significant positive correlation with the
rates of increase in median RR1 values as the functions of the FSM-MR
in AF patients with HFpEF (Figure 4A). The mechanism of the FSM
depends on stretched LV myocardium caused by an increase in LV
diastolic volume related to the length of RR1. The MR is generally
accounted for by recovery of myocardial contractility of a premature
beat in proportion to an increase in a preceding relaxation time,
because this mechanism is associated with the excitation-contraction
coupling. However, β-blockers attenuate the extracellular Ca2+ influx
related to the action of the sarcoplasmic reticulum Ca2+ release
channel, resulting in decreased myocardial contractility (negative
inotropic action) and heart rate (negative chronotropic action), as
opposed to β-adrenoceptor stimulation [11].

The most likely explanation for an increase in the functions of the
FSM-MR after administration of the β-blocker in AF patients with
HFpEF would be that the negative chronotropic action of the β-blocker
caused a significant decrease in heart rate (Table 2), thereby resulting
in an increase in the median RR1 values, so that RR1-dependent
mechanisms (i.e., FSM and MR) yielded an increase in the median
(dZ/dt) min values as a surrogate for myocardial contractility (Figure
4A). Thus, these findings imply that myocardial contractility in AF
patients with HFpEF accompanied by a significantly higher FS at
baseline than that in AF patients with HFrEF (Table 1) might outweigh
the negative inotropic action of the dosage of the β-blocker and might
be strong enough to cause an increase in the functions of the FSM-MR
in the present study. Interestingly, when administering the β-blocker in
AF patients with HFpEF, differences between cases with a significant
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increase in median (dZ/dt) min value in each FSM-MR graph and
cases with no significant increase in each FSM-MR graph significantly

depended only on the extent of the effect of PESP, namely PESP index
value at baseline (Table 4).

Case

Median (dZ/dt)min (-Ω/s) Median RR1 (ms)
LVEF
(%)

Baseline After β-blocker
Increase rate
(%) P-value Baseline After β-blocker Increase rate (%) P-value

1 0.251 0.276 9.6 0.18 686 778 13.4 <0.001 54.4

2 0.328 0.317 -3.4 0.63 607 633 4.3 0.002 53.6

3 0.617 0.645 4.5 0.36 661 710 7.4 <0.001 60.4

4 0.557 0.572 2.7 0.74 754 803 6.5 <0.001 70.7

5 0.65 0.728 12 0.26 774 810 4.6 0.002 81

6 0.337 0.387 14.8 0.12 800 914 14.2 <0.001 56.3

7 0.178 0.24 34.8 0.001 636 761 19.6 <0.001 58.6

8 0.41 0.545 32.9 0.002 532 625 17.5 <0.001 81

9 1.261 1.459 15.7 <0.001 758 907 19.6 <0.001 72.5

10 0.766 0.867 13.2 0.017 631 717 13.6 <0.001 56.5

11 0.97 1.22 25.8 0.005 765 881 15.2 <0.001 68.7

12 0.632 0.693 9.6 0.036 714 804 12.6 <0.001 65.5

13 0.585 0.648 10.8 0.002 764 863 13 <0.001 62

14 0.363 0.526 44.9 <0.001 644 752 16.8 <0.001 71.1

15 0.363 0.357 -1.6 0.69 633 698 10.3 <0.001 39

16 0.306 0.32 4.6 0.09 571 680 19.1 <0.001 38

17 0.4 0.428 7 0.54 635 648 2 0.2 33.8

18 0.661 0.663 0.3 0.69 644 742 15.2 <0.001 38

19 0.665 0.666 0.2 0.09 819 949 15.9 <0.001 30.9

20 0.486 0.574 18.1 0.029 725 791 9.1 0.001 38.2

Table 3: Median (dZ/dt) min values and median RR1 values in the FSM-MR graphs at baseline and after administration of the β-blocker in AF
patients with HF. FSM: Frank-Starling Mechanism, MR: Mechanical Restitution, (dZ/dt) min: peak value of the first derivative of the heart-
synchronous thoracic impedance changes, RR1: preceding RR interval.

Therefore, these results strongly suggest that when the PESP index
values at baseline are greatly increased, the β-blocker may be effective
for an increase in the functions of the FSM-MR in AF patients with
HFpEF.

When administering the β-blocker, the rates of increase in median
(dZ/dt) min values did not significantly correlate with the rates of
increase in median RR1 values as the functions of the FSM-MR in AF
patients with HFrEF (Figure 4B). One explanation for the
malfunctions of the FSM-MR after administration of the β-blocker in
AF patients with HFrEF would be that myocardial contractility in AF
patients with HFrEF is accompanied by a significantly lower FS at
baseline than that in AF patients with HFpEF (Table 1), and may be
further depressed by the negative inotropic action of the β-blocker;
consequently, the myocardial contractility in AF patients with HFrEF
may not be strong enough to cause an increase in the functions of the

FSM-MR in spite of a significantly decreased heart rate (Table 2)
yielded by the negative chronotropic action of the β-blocker, in sharp
contrast to AF patients with HFpEF. From the perspective of the
functions of the FSM-MR described above, the results of the present
study support, at least in part, several meta-analyses of trials in which
the use of β-blockers did not result in a significant survival benefit in
AF patients with HFrEF [19,20].

When administering the β-blocker, the PESP index values in both
AF patients with HFpEF and those with HFrEF were similarly and
significantly decreased (Figure 5A and 5B). The mechanism of PESP is
also related to the excitation-contraction coupling, but not increased
filling of the ventricle (i.e., FSM) [12,13]. Many studies have been
performed to examine the mechanisms of PESP [13,21], whereas only
a few studies have thus far investigated the influence of β-blockers on
PESP in the in vivo heart.
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Figures 4: The functions of the FSM-MR when administering the β-
blocker. (A) The correlation between the rates of increase in median
(dZ/dt) min values and the rates of increase in median RR1 values
in AF patients with HFpEF; (B) those in AF patients with HFrEF.
An open circle (○) represents a case with a significant increase in
median (dZ/dt) min value and a closed circle (●) represents a case
with no significant increase in median (dZ/dt) min value after
administration of the β-blocker.

The effects of β-blockers on PESP in the in situ human heart were
examined by atrial pacing during cardiac catheterization by Zhang, et
al. [18], showing that β-blockers (metoprolol and sotalol) did not affect
the extent of the effect of PESP in man. However, Cornelussen, et al.

[22] demonstrated that a β-blocker (metoprolol) significantly
decreased myocardial contractility related to PESP. These results were
obtained from in vivo hearts of 7 anesthetized animals investigated by
ventricular pacing during cardiac catheterization. In the present study,
the β-blocker attenuated the extent of the effect of PESP in both AF
patients with HFpEF and those with HFrEF. One possible explanation
of these results would be that since the extent of the effect of PESP is
likely to be affected by sympathetic nerve activity [21,23] and
adrenaline [24] in the in situ heart, the present study attempted to
avoid enhancing sympathetic nerve activity as thoroughly as possible
using this non-invasive method; therefore, the β-blocker may weaken
the function of the excitation-contraction coupling [11] related to
PESP [13] under the conditions of this study, unlike prior studies using
invasive methods in human participants [18,25]. It may be worth
mentioning here that the present study is the first to demonstrate the
response to the β-blocker on PESP in AF patients with HFpEF vs.
HFrEF using the non-invasive method.

The present study has limitations. A PESP graph was created using
RR1/RR2 ratios under consideration for RR1 because of the presence
of irregular RR1 in the in situ human heart. Thus, variations in (dZ/dt)
min values at the same RR1/RR2 value in the PESP graph were
considered to be affected by RR1-dependent mechanisms, namely
FSM-MR. However, to conclusively solve the limitations of this
method using only RR1/RR2 ratios in the PESP graph, a new PESP
graph accompanied by the involvement of RR1 is warranted [6].

Baseline patient characteristics
Cases with a significant increase in median
(dZ/dt) min value after β-blocker (n=8)

Cases with no significant increase in median
(dZ/dt) min value after β-blocker (n=6) P-value

Age (years), median (IQR) 74 (67-80) 73 (63-82) 0.56

Male gender, n (%) 5 (62) 4 (67) 1

Stages of HF, n (%) 0.58

B 5 (62) 5 (83)

C 3 (38) 1 (17)

NYHA class, n (%) 0.43

I 8 (100) 5 (83)

II 0 (0) 1 (17)

Hemodynamic parameter, median (IQR)

Heart rate (/min) 79 (71-86) 77 (71-86) 0.8

Systolic blood pressure (mmHg) 122 (110-133) 110 (106-120) 0.22

Diastolic blood pressure (mmHg) 80 (67-90) 76 (68-94) 0.95

Impedance cardiography, median (IQR)

Median RR1 in FSM-MR (ms) 679 (632-762) 720 (648-780) 0.44

Median (dZ/dt) min in FSM-MR (-Ω/s) 0.608 (0.375-0.919) 0.447 (0.309-0.625) 0.24

Coefficient of ln(x) × R² × 100 in FSM-MR
logarithmic regression curve 74.3 (38.3-95.7) 34.4 (10.2-51.5) 0.093

Slope of PESP-regression line × R² × 100
(PESP index value) 15.5 (5.12-23.1) 2.97 (0.57-6.95) 0.039
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Echocardiography, median (IQR)

LA (mm) 44 (40-49) 38 (34-48) 0.16

LVDd (mm) 50 (46-54) 45 (44-51) 0.27

LVDs (mm) 28 (26-32) 28 (25-34) 0.84

LVEF (%) 67 (59-72) 58 (54-73) 0.22

FS (%) 42 (39-45) 38 (32-43) 0.27

E/e' 10.5 (8.7-14.5) 11.9 (10.0-13.6) 0.44

e' (-cm/s) 7.6 (5.9-8.6) 7.6 (6.8-8.6) 0.85

Plasma BNP (pg/mL), median (IQR) 73 (30-98) 95 (26-235) 0.61

Medications, n (%)

ACEI/ARB 4 (50) 3 (50) 1

Loop diuretics 4 (50) 1 (17) 0.3

Spironolactone 3 (38) 2 (33) 1

Digoxin and/or diltiazem 7 (88) 2 (33) 0.091

Table 4: Comparison of differences in response to β-blocker as the functions of the FSM-MR in AF patients with HFpEF. PESP: Postextrasystolic
Potentiation, R2: a coefficient of determination in PESP regression line.

Figure 5: Box and whisker plots demonstrate the extent of the effect
of PESP (PESP index value) at baseline and after administration of
the β-blocker. (A) AF patients with HFpEF (n=14); (B) AF patients
with HFrEF (n=6).

Conclusions
This study is the first to demonstrate that when administering the β-

blocker, the rates of increase in median (dZ/dt) min values showed a
significant positive correlation with the rates of increase in median
RR1 values as the functions of the FSM-MR in AF patients with
HFpEF, in contrast to those with HFrEF, and the PESP index values in
both AF patients with HFpEF and those with HFrEF were similarly
and significantly decreased. From the perspective of these ventricular
contractile mechanisms, the β-blocker may be effective on the Frank-
Starling mechanism and mechanical restitution in AF patients with
HFpEF, but not HFrEF.

Acknowledgment
The author is sincerely grateful to Mana Ushiroda for managing the

literature and books for reference.

References
1. Kirchhof P, Benussi S, Kotecha D, Ahlsson A, Atar D, et al. (2016) 2016

ESC Guidelines for the management of atrial fibrillation developed in
collaboration with EACTS. Eur Heart J 37: 2893-2962.

2. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, et al. (2016)
2016 ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure: The Task Force for the diagnosis and treatment of
acute and chronic heart failure of the European Society of Cardiology
(ESC) developed with the special contribution of the Heart Failure
Association (HFA) of the ESC. Eur Heart J 37: 2129-2200.

3. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, et al. (2013) 2013
ACCF/AHA guideline for the management of heart failure: a report of the
American College of Cardiology Foundation/American Heart
Association Task Force on Practice Guidelines. J Am Coll Cardiol 62:
e147-e239.

4. Santhanakrishnan R, Wang N, Larson MG, Magnani JW, McManus DD,
et al. (2016) Atrial fibrillation begets heart failure and vice versa:
Temporal associations and differences in preserved versus reduced
ejection fraction. Circulation 133: 484-492.

5. Kotecha D, Mohamed M, Shantsila E, Popescu BA, Steeds RP (2017) Is
echocardiography valid and reproducible in patients with atrial
fibrillation? A systematic review. Europace 19: 1427-1438.

6. Ushiroda S (2015) Method for creating and analyzing graphs of cardiac
function in atrial fibrillation and sinus arrhythmia based on thoracic
impedance measurements. JP5684960, US9,560,983B2, EP2937038.

7. Ushiroda S. (2015) An appropriate drug for rate control in atrial
fibrillation based on ventricular contractile mechanisms analyzed by
using impedance cardiography. Eur Heart J Acute Cardiovasc Care 4:
S228.

Citation: Ushiroda S (2019) A β-Blocker may be Effective on Ventricular Contractile Mechanisms in Atrial Fibrillation Patients with Heart Failure
with Preserved, but not Reduced, Ejection Fraction. J Clin Exp Cardiolog 10: 624. doi:10.4172/2155-9880.1000624

Page 8 of 9

J Clin Exp Cardiolog, an open access journal
ISSN: 2155-9880

Volume 10 • Issue 3 • 1000624

https://doi.org/10.1093/eurheartj/ehw210
https://doi.org/10.1093/eurheartj/ehw210
https://doi.org/10.1093/eurheartj/ehw210
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1016/j.jacc.2013.05.019
https://doi.org/10.1161/CIRCULATIONAHA.115.018614
https://doi.org/10.1161/CIRCULATIONAHA.115.018614
https://doi.org/10.1161/CIRCULATIONAHA.115.018614
https://doi.org/10.1161/CIRCULATIONAHA.115.018614
https://doi.org/10.1093/europace/eux027
https://doi.org/10.1093/europace/eux027
https://doi.org/10.1093/europace/eux027
http://www.patentsencyclopedia.com/imgfull/20150327790_04
http://www.patentsencyclopedia.com/imgfull/20150327790_04
http://www.patentsencyclopedia.com/imgfull/20150327790_04
https://esc365.escardio.org/Congress/Acute-Cardiovascular-Care-2015/Poster-Session-4-Haemodynamics/125073-an-appropriate-drug-for-rate-control-in-atrial-fibrillation-based-on-ventricular-contractile-mechanisms-analyzed-by-using-impedance-cardiography
https://esc365.escardio.org/Congress/Acute-Cardiovascular-Care-2015/Poster-Session-4-Haemodynamics/125073-an-appropriate-drug-for-rate-control-in-atrial-fibrillation-based-on-ventricular-contractile-mechanisms-analyzed-by-using-impedance-cardiography
https://esc365.escardio.org/Congress/Acute-Cardiovascular-Care-2015/Poster-Session-4-Haemodynamics/125073-an-appropriate-drug-for-rate-control-in-atrial-fibrillation-based-on-ventricular-contractile-mechanisms-analyzed-by-using-impedance-cardiography
https://esc365.escardio.org/Congress/Acute-Cardiovascular-Care-2015/Poster-Session-4-Haemodynamics/125073-an-appropriate-drug-for-rate-control-in-atrial-fibrillation-based-on-ventricular-contractile-mechanisms-analyzed-by-using-impedance-cardiography


8. Ushiroda S (2014) Alterations in ventricular contractile mechanisms in
heart failure with atrial fibrillation. J Card Fail 20: S195.

9. Woltjer HH, Bogaard HJ, de Vries PM (1997) The technique of
impedance cardiography. Eur Heart J 18: 1396-1403.

10. Hanft LM, Korte FS, McDonald KS (2008) Cardiac function and
modulation of sarcomeric function by length. Cardiovasc Res 77:
627-636.

11. Endoh M (2008) Cardiac Ca2+ signaling and Ca2+ sensitizers. Circ J 72:
1915-1925.

12. Hardman SM (1994) Clinical implications of the interval-force
relationship of the heart. Postgrad Med J 70: 553-557.

13. Sprenkeler DJ, Vos MA (2016) Post-extrasystolic potentiation: Link
between Ca(2+) homeostasis and heart failure? Arrhythm Electrophysiol
Rev 5: 20-26.

14. Nakamura Y, Yamaji K, Saho T, Matsuzaki Z, Yuda I, et al. (2014) A
comparison of bolus injection of landiolol versus oral administration of
propranolol before cardiac computed tomography. Springerplus 3: 93.

15. Welham KC, Mohapatra SN, Hill DW, Stevenson L (1978) The first
derivative of the transthoracic electrical impedance as an index of
changes in myocardial contractility in the intact anaesthetised dog.
Intensive Care Med 4: 43-50.

16. Kubicek WG (1989) On the source of peak first time derivative (dZ/dt)
during impedance cardiography. Ann Biomed Eng 17: 459-462.

17. MacGowan GA, Kirk JA, Evans C, Shroff SG (2006) Pressure-calcium
relationships in perfused mouse hearts. Am J Physiol Heart Circ Physiol
290: H2614-H2624.

18. Zhang YI, Ritchie RH, Horowitz JD. (1995) Postextrasystolic potentiation
in patients with ischaemic heart disease: influence of inotropic agents. Br
J Clin Pharmacol 40: 25-30.

19. Kotecha D, Holmes J, Krum H, Altman DG, Manzano L, et al. (2014)
Efficacy of β blockers in patients with heart failure plus atrial fibrillation:
an individual-patient data meta-analysis. Lancet 384: 2235-2243.

20. Cleland JGF, Bunting KV, Flather MD, Altman DG, Holmes J, et al.
(2018) Beta-blockers for heart failure with reduced, mid-range, and
preserved ejection fraction: an individual patient-level analysis of double-
blind randomized trials. Eur Heart J 39: 26-35.

21. Cooper MW (1993) Postextrasystolic potentiation. Do we really know
what it means and how to use it? Circulation 88: 2962-2971.

22. Cornelussen RN, Splett V, Klepfer RN, Stegemann B, Kornet L, et al.
(2011) Electrical modalities beyond pacing for the treatment of heart
failure. Heart Fail Rev 16: 315-325.

23. Geschwind HJ, Lhoste F, Scriven AJ, Dhainaut JF, Sabatier C, et al. (1984)
Sympathetic nervous system activation in postextrasystolic potentiation:
role of catecholamine release in enhancement of ventricular function. J
Am Coll Cardiol 4: 216-225.

24. Drake-Holland AJ, Sitsapesan R, Herbaczynska-Cedro K, Seed WA,
Noble MIM (1992) Effect of adrenaline on cardiac force-interval
relationship. Cardiovasc Res 26: 496-501.

25. Friedman MJ, Temkin LP, Goldman S, Ovitt TW (1983) Effects of
propranolol on resting and postextrasystolic potentiated left ventricular
function in patients with coronary artery disease. Am Heart J 105: 81-89.

 

Citation: Ushiroda S (2019) A β-Blocker may be Effective on Ventricular Contractile Mechanisms in Atrial Fibrillation Patients with Heart Failure
with Preserved, but not Reduced, Ejection Fraction. J Clin Exp Cardiolog 10: 624. doi:10.4172/2155-9880.1000624

Page 9 of 9

J Clin Exp Cardiolog, an open access journal
ISSN: 2155-9880

Volume 10 • Issue 3 • 1000624

https://doi.org/10.1093/oxfordjournals.eurheartj.a015464
https://doi.org/10.1093/oxfordjournals.eurheartj.a015464
https://doi.org/10.1093/cvr/cvm099
https://doi.org/10.1093/cvr/cvm099
https://doi.org/10.1093/cvr/cvm099
https://doi.org/10.1253/circj.CJ-08-0838
https://doi.org/10.1253/circj.CJ-08-0838
https://www.ncbi.nlm.nih.gov/pubmed/27403289
https://www.ncbi.nlm.nih.gov/pubmed/27403289
https://www.ncbi.nlm.nih.gov/pubmed/27403289
https://doi.org/10.1186/2193-1801-3-93
https://doi.org/10.1186/2193-1801-3-93
https://doi.org/10.1186/2193-1801-3-93
https://doi.org/10.1007/BF01683136
https://doi.org/10.1007/BF01683136
https://doi.org/10.1007/BF01683136
https://doi.org/10.1007/BF01683136
https://doi.org/10.1007/BF02368065
https://doi.org/10.1007/BF02368065
https://doi.org/10.1152/ajpheart.00979.2005
https://doi.org/10.1152/ajpheart.00979.2005
https://doi.org/10.1152/ajpheart.00979.2005
https://www.researchgate.net/publication/14673755_Postextrasystolic_potentiation_in_patients_with_ischaemic_heart_disease_Influence_of_inotropic_agents
https://www.researchgate.net/publication/14673755_Postextrasystolic_potentiation_in_patients_with_ischaemic_heart_disease_Influence_of_inotropic_agents
https://www.researchgate.net/publication/14673755_Postextrasystolic_potentiation_in_patients_with_ischaemic_heart_disease_Influence_of_inotropic_agents
https://doi.org/10.1016/S0140-6736(14)61373-8
https://doi.org/10.1016/S0140-6736(14)61373-8
https://doi.org/10.1016/S0140-6736(14)61373-8
https://doi.org/10.1093/eurheartj/ehx564
https://doi.org/10.1093/eurheartj/ehx564
https://doi.org/10.1093/eurheartj/ehx564
https://doi.org/10.1093/eurheartj/ehx564
https://www.ahajournals.org/doi/pdf/10.1161/01.CIR.88.6.2962
https://www.ahajournals.org/doi/pdf/10.1161/01.CIR.88.6.2962
https://doi.org/10.1007/s10741-010-9206-2
https://doi.org/10.1007/s10741-010-9206-2
https://doi.org/10.1007/s10741-010-9206-2
https://doi.org/10.1016/S0735-1097%2884%2980205-3
https://doi.org/10.1016/S0735-1097%2884%2980205-3
https://doi.org/10.1016/S0735-1097%2884%2980205-3
https://doi.org/10.1016/S0735-1097%2884%2980205-3
https://doi.org/10.1093/cvr/26.5.496
https://doi.org/10.1093/cvr/26.5.496
https://doi.org/10.1093/cvr/26.5.496
https://www.researchgate.net/publication/16350265_Effects_of_propranolol_on_resting_and_postextrasystolic_potentiated_left_ventricular_function_in_patients_with_coronary_artery_disease
https://www.researchgate.net/publication/16350265_Effects_of_propranolol_on_resting_and_postextrasystolic_potentiated_left_ventricular_function_in_patients_with_coronary_artery_disease
https://www.researchgate.net/publication/16350265_Effects_of_propranolol_on_resting_and_postextrasystolic_potentiated_left_ventricular_function_in_patients_with_coronary_artery_disease

	Contents
	A β-Blocker may be Effective on Ventricular Contractile Mechanisms in Atrial Fibrillation Patients with Heart Failure with Preserved, but not Reduced, Ejection Fraction
	Abstract
	Keywords:
	Introduction
	Materials and Methods
	Study patients
	Study protocol
	Methods for analyzing ventricular contractile mechanisms of AF based on thoracic impedance measurements
	Statistical analyses

	Results
	Baseline patient characteristics
	Hemodynamic responses to β-blocker in AF patients with HF
	Ventricular contractile mechanisms in AF patients with HFpEF
	Ventricular contractile mechanisms in AF patients with HFrEF

	Discussion
	Conclusions
	Acknowledgment
	References


