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ABSTRACT

Objectives: Ventricular pacemaker stimulation may cause 
deterioration of hemodynamics in patients with left-ventricu-
lar hypertrophy following aortic valve replacement. Since the 
diastolic function is often impaired, it remains unclear which 
heart rate best optimizes cardiac output. Low heart rates are 
suggested to treat impaired diastolic function chronically, but 
it is possible that cardiac output may be augmented by increas-
ing the heart rate in patients with a fixed stroke volume (SV). 
The aim of this study is the identification of the best pacing 
mode and heart rate for the surrogate parameter SV and car-
diac index(CI) in patients with left ventricular hypertrophy.

Methods: Various pacemaker stimulation modes and 
different heart rates, as well as their influence on hemody-
namics, were tested following aortic valve replacement in  
48 patients with severe left-ventricular hypertrophy (Intraven-
tricular septum (IVS)>1.5 cm) and aortic stenosis. SV and car-
diac output were recorded by pulse curve analysis. Four modes 
of stimulation (right ventricular pacemaker stimulation (DDD-
right), left ventricular pacemaker stimulation (DDDleft), biven-
tricular pacemaker stimulation (DDDbi), atrial pacemaker 
stimulation (AAI)) were documented at five different rates (60, 
80, 100, 120, 140 beats/min) and three different postoperative 
time points (intraoperatively, 3h and 24h postoperatively).

Results: The highest CI was found at linear rates between 
60 to 140bpm. AAI was the best mode of stimulation in the 
majority of cases (35%), but in others, either left, right and/
or biventricular stimulation was found to be better (15%). SV 
showed a u-shaped trend with a peak at 100 beats/min.

Conclusion: An increase in the heart rate does not lead to 
a notable drop in SV postoperatively in left-ventricular hyper-
trophy; hence a rise in cardiac output can be anticipated up to 
a rate of 100 beats/min. A standardized response in terms of 
an ideal pacemaker stimulation mode could not be identified.

INTRODUCTION

Benefits of cardiac resynchronization therapy in patients 
with severe left ventricular (LV) dysfunction (ejection frac-
tion <35%) have been established by several randomized 
controlled trials [García-Bengochea 2012; Auricchio 2007; 

Cazeau 2001]. It has been demonstrated that the use of left 
ventricular pacing (DDDleft) or biventricular (DDDbi) 
pacing improves cardiac function by generating a more effi-
cient ventricular contraction. Reasons for this could be that 
asynchronous contraction shortened the diastolic filling times 
at defined and given heart rates, especially after cardiac sur-
gical procedures [Bakhtiary 2007]. Thus, cardiac function is 
impaired after cardiopulmonary bypass (CPB). 

Delayed recovery of myocardial performance follow-
ing restoration of myocardial flow, known as “stunning,” 
is a well-documented phenomenon associated with CPB 
reperfusion [Bolli 1990]. The adverse contraction of the 
inter-ventricular septum toward the right ventricle, during 
systolic contraction is another possible occurrence after 
CPB [Reynolds 2007]. The aforementioned risks, and pos-
sible depressed preoperative ventricular function, are often 
responsible for hemodynamic instability. Weaning off of 
CPB requires inotropic or vasoactive mechanical support, or 
temporary pacemaker stimulation. The placement of right 
ventricular (RV) temporary epicardial electrode is routine 
in patient care during open cardiac surgery procedures to 
treat bradycardia or an atrioventricular block. However, the 
pacing site placement usually generates an undesirable car-
diac effect.

Cannesson et al. [Cannesson 2009] have shown that acute 
right atrium-rapid ventricular pressure (RA- RVP) after CPB, 
in the absence of right bundle branch block (RBBB), wors-
ens cardiac output. Several authors [Bakhtiary 2007; Nelson 
2000] have demonstrated that DDDleft or DDDbi can 
acutely improve systolic function in cases with intraventricu-
lar conduction delay. Dzemali et al found that DDDbi was 
associated with improved left ventricular (LV) contractility 
without raising MeanV02 when compared with atrial pacing 
[Bakhtiary 2007]. This fact may allow for the diminishing 
of the inotropic support, additionally protecting myocardial 
metabolism. Therefore, optimization of temporary pacing 
after CPB, particularly in cases with depressed LV function, 
is now a co-adjuvant method for the improvement of cardiac 
output. Despite this, patient subgroups could still be identi-
fied as non-responders to DDDbi or have greater difficulty 
finding the optimized pacing mode in postoperative care. 
However, there is no conclusive evidence to indicate what 
hemodynamic improvements should be the goal for patients 
with left ventricular hypertrophy. 

Clinically, ventricular pacemaker stimulation is found 
to cause a clear deterioration in the hemodynamic of 
many patients with significant LV hypertrophy following 
aortic valve replacement. Since the diastolic function is 
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often impaired, the question also arises as to the heart 
rate which would be most suitable for optimizing the 
cardiac output. Although low heart rates tend to be sug-
gested for treating impaired diastolic function, cardiac 
output can be augmented by increasing the heart rate 
perioperatively with a fixed stroke volume (SV). The 
pressure overload in patients with severe aortic stenosis 
results in concentric LV hypertrophy. This has a negative 
impact on diastolic function and reduced relaxation rate. 

The present study wants to prove the hypothesis that 
sequential biventricular stimulation substantially improves 
the hemodynamic status of patients with severe LV hypertro-
phy after aortic valve replacement. Even though lower heart 
rates are more commonly recommended when treating dia-
stolic dysfunction, cardiac output can be increased over the 
perioperative period by raising the heart rate with a fixed SV. 
The aim of the study is the identification of the best pacing 

mode and heart rate for the surrogate parameter SV and CI 
in patients with LV hypertrophy.

METHODS

Patient Selection
Between January, 2011, and December, 2013, 48 patients 

were included in the open-label, unblinded, monocen-
tric, non-randomized (consecutive) treatment study. The 
purpose of this study was to show intra-individual differ-
ences between different forms of pacemaker stimulation 
in patients with ventricular hypertrophy who underwent 
non-urgent aortic valve replacement. The primary end-
points were hemodynamic parameters (cardiac index (CI) 
and SV) recorded during the postoperative period. Data for 
four stimulation modes were collected and compared for 
each individual patient (intra-individual comparison): right 
ventricular pacemaker stimulation (DDDright), DDDleft, 
DDDbi, and atrial pacemaker stimulation (AAI) (Figure 1). 
Patients were selected by preoperative inclusion and exclu-
sion criteria (Table 1).

Study Design
The study protocol was reviewed and given a positive vote 

by the institutional Ethics Committee of the Goethe Univer-
sity (no.19/10) (NCT01081093). Written informed consent 
was obtained from all patients. Blinding of the study was 
impossible. The statistical evaluation and endpoint evaluation 
was also done without blinding. A power analysis in this proof 
of concept study was not carried out, due to the fact that com-
parable data in this selected patient group were not available. 
Patients were screened one to seven days before open aortic 
valve replacement and gave informed consent at that time. 

Figure 1. Different pacing modes.

Table 1. Inclusion and Exclusion Criteria

Inclusion criteria: 

Age > 60 years

Left ventricular hypertrophy (relative wall thickness ≥ 45), IVS 15mm

Planned aortic valve replacement with possible coronary artery bypass 
grafting (CABG)

Left ventricular ejection fraction ≥ 50 %

Informed consent obtained

No participation in other studies

Exclusion criteria: 

Permanent atrial fibrillation

Constrictive pericarditis 

Pacemaker already implanted prior to surgery

Perioperative infarct/hemodynamic instability 

Repeat surgeries 

Complete bundle branch block

IVS indicates intraventricular septum.

Figure 2. Pacemaker wire placement.
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Cardiac surgery was performed in accordance with accepted 
surgical practice.

Pacing Protocol
Before weaning from cardiopulmonary bypass, tem-

porary epicardial pacing wires (unipolar pacing lead wire, 
Osypka AG, Rheinfelden-Herten, Germany) were sutured 
into the roof of the atrium close to the superior vena cava 
inflow, into the mid-right ventricle (3-4cm right of LAD), 
and into the mid-left ventricle (left circumflex distribution) 
(Figure 2). A DDD temporary external pulse generator 
(PACE 300 Osypka AG, Rheinfelden-Herten, Germany) 
was used. The PACE 300 is an external pacemaker for 
temporary cardiac resynchronization therapy (CRT) with 
one atrial and two independent ventricular channels. The 
resynchronization of both ventricles is achieved with selec-
tive trigger and output, and the adjustable intraventricular 
stimulation delay (fixed protocol AV delay: 120ms). Pacing 
thresholds were tested to confirm lead function and cap-
ture. In cases of diaphragmatic contractions, the lead was 
covered by a sponge (TachoSil Takeda, Berlin, Germany) to 
have a better electric insulation. Pacing with the assigned 
modalities was only commenced when stable conditions of 
vasopressors, inotropes, and volume therapy were achieved 
after the end of cardiopulmonary bypass, four to six hours 
after surgery, and 24 hours after surgery. The standard-
ized pacing protocol for each patient was AAI, DDDright, 
DDDleft, DDDbi starting with 80 beats/minute. CI and 
SV were measured by pulse contour analysis (Vigileo/Flo-
Trac, Edwards Lifescience, Irvine, USA). Then, the pacing 
series was repeated with 100 beats/minute. Only for the best 
pacing mode (highest CI) were frequencies of 60, 120 and 
140 beats/minute tested as well. 

Anaesthetic Protocol
After routine monitoring was initiated, general anaesthe-

sia was induced: 0.3–1 µg/kg sufentanil (Sufenta®, Janssen-
Cilag GmbH, Neuss, Germany), 1–2.5 mg/kg propofol 
(Disoprivan®, AstraZeneca GmbH, Wedel, Germany) and 
0.6 mg/kg rocuronium (Esmeron®, Essex GmbH, Munich, 
Germany). For maintenance of general anaesthesia, all 
patients received 1–2 vol% sevoflurane (Sevoran®, Abbott, 
Wiesbaden, Germany) and intermittent boluses of sufent-
anil. Isotonic crystalloid (Sterofundin®, B. Braun GmbH, 
Melsungen, Germany) was infused perioperatively based on 
institutional standards. A Flotrac™ (Edwards Lifescience, 
Irvine, USA) sensor kit was connected to the radial arterial 
line and coupled with the Vigileo™ (Edwards Lifescience, 

Table 2. Preoperative demographic data and risk scores.

n %

Male 10(48) 69 

Diabetes 11(48) 23 

Dyslipidaemia 18(48) 38 

Hypertension 33(48) 70 

Permanent atrial fibrillation* 0(48) 0 

Current smoker 1(48) 2 

Mean ± Standard Deviation Min-max

Age (y) 73 ± 5 65-90 

Weight (kg) 78 ± 15 50-130 

Height (cm) 172 ± 9 148-193 

BMI 26 ± 3.7 17-38 

Euroscore 4.6 ± 2.1 0-11 

Intraventricular septum (cm) 1.9 ± 0.3 1.5-2.3

QRS duration (mm) 0.9 ± 0.1 0.7-1.2

*Atrial fibrillation is an exclusion criteria.

Figure 3. Direct correlation of heart rate and cardiac index.

Figure 4. Parable curve of stroke volume. Increase of stroke volume 
from 60 beats/min to 100 beats/min, and decrease in frequencies of 
120 beats/min and 140 beats/min.
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Irvine, USA) monitor with an updated software version. 
Individual patient data (age, gender, body weight, height) 
were entered. After checking the arterial line waveform 
fidelity, the system was zeroed at mid-axillary level to cali-
brate pressure.

Perfusion Technique
The extracorporeal circuit included a membrane oxy-

genator (Quadrox® oxygenator, Maquet Cardiopulmonary 
AG, Hirrlingen, Germany) and a roller pump system (HL20 
Maquet Cardiopulmonary AG) equipped with a cardioplegia 
heat exchanger (Plegiox®, Maquet Cardiopulmonary AG). 
During CPB, non-pulsatile flow was maintained at 2.6-3 L/
min/m2 and mean arterial blood pressure was maintained at 
50-70 mmHg by administration of norepinephrine (Artere-
nol®, Sanofi-Aventis GmbH, Hoechst, Germany). Extracor-
poreal circulation was performed under mild hypothermia 
(32°C). On completion of surgery, the patients were rewarmed 
and weaned from CPB. 

Statistics
Pre- and perioperative data were summarised as mean 

and standard deviation (SD) or median and 25th-75th per-
centile if continuous, or as counts and percent if categori-
cal. Continuous variables were tested for normality with 
the Kolmogorov-Smirnov test and compared between the 
four treatment groups (DDDright, DDDleft, DDDbi, 
AAI) with the Student’s t-test or the Mann-Whitney U test, 
accordingly. Categorical variables were compared with the 
Fisher’s exact test. Ordinal variables were also compared 
with the Mann-Whitney U test. Repeated measures analy-
sis of variance (ANOVA) was used to compare serial data. 
Comparisons were considered significant if P < .05. Statis-
tical analysis was performed by the Statistical Package for 
Social Sciences (SPSS) programme for Windows, version 
21.0 (SPSS, IBM, USA).

RESULTS

Patient Demographics
The clinical characteristics of the patient population are 

summarized in Table 2. The majority of patients enrolled 
were male with a mean age of 73 ± 5 years (min 65y- max 
90y) due to the fact that the inclusion criteria selected patients 
above the age of 65. In all cases, a biological valve (Perimount, 
Edwards Lifescience, Irvine, USA) was implanted. In three 
cases additional bypass grafting was performed. All patients 
underwent surgery on cardiopulmonary bypass. The mean 
LV ejection fraction was 58% ± 4%. The preoperative elec-
trocardiograms were without any significant bundle branch 
blocks or significant intraventricular conduction delay.

Hemodynamic Testing
All patients completed intraoperative testing and the 

early postoperative test, but only 28 of the 48 patients (58%) 
completed hemodynamic testing at all three time points and 
pacing modalities. Testing was not completed because of 
complete heart block in four patients, lead capture failures in 
two patients, postoperative atrial fibrillation in four patients, 
painful pacing stimulation in five patients, removal of the 
arterial radial line for Vigileo measurements (n=8), hemody-
namic instability (n=1) or high spontaneous heart rate (>80 
beats/min) in eight patients. For this reason we summarized 
the results and calculated mean values for all three postopera-
tive time points of stimulation. 

The results of the mean testing are shown in Table 3. Start-
ing with a heart rate of 80 beats/min, all pacing modes (AAI, 
DDDright, DDDleft, DDDbi) were approximately identical 
for CI (min: 2.7 l/min, max: 2.8l/min), and there was no sig-
nificant difference in SV between AAI and DDDbi pacing. 
The PACE 300 was adjusted to 100 beats/min, and the hemo-
dynamic measurements were identical to the frequencies of 
80. There were marginally better test results for DDDbi and 
AAI in SV and CI without reaching any significant level. No 

Table 3. Stimulation Results 

 Heart rate (beats/min) 
Heart rate 

(best pacing mode at 80 & 100 beats/min)

80 100 60 120 140 

AAI CI (l/min) 2.8 ± 0.56 3.2 ± 0.73 2.0 ± 0.56 3.4 ± 0.63 3.9 ± 1.46 

SV (ml) 65 ± 15 68 ± 17 53 ± 11.6 63 ± 18 63 ± 20 

DDD
right 

CI (l/min) 2.7 ± 0.56 3.2 ± 0.67 

SV (ml) 62 ± 14 65 ± 16 

DDD
left 

CI (l/min) 2.7 ± 0.52 3.2 ± 0.73 

SV (ml) 63 ± 14 66 ± 15 

DDD
bi 

CI (l/min) 2.8 ± 0.48 3.3 ± 0.85 

SV (ml) 65 ± 14 69 ± 17 

CI refers to cardiac index, SV, stroke volume. In 35% of cases, AAI was the form of stimulation with the best measurement values (highest CI). DDDright was 
the best stimulation mode for 15 % of patients, as were DDDleft and DDDbi. 
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clear evidence was found as to whether between 80 beats/min 
or 100 beats/min was the better pacing mode in heart beats. 
Only in 35% of cases was AAI the form of stimulation with 
the highest CI. DDDbi was the best stimulation mode for 
15% of patients, as were DDDleft and DDDright. In these 
17 subjects, we paced with additional 60 beats/min, 120 beats/
min and 140 beats/min. 

For the AAI mode, we can see a direct correlation between heart 
rate and CI. The rational for this result is founded in its formula. 
(CI=(SV*heart rate)/Body surface area). The CI was doubled by 
increasing the pacemaker rate from 60 beats/min to 140 beats/min 
(Figure 3). However, SV showed a different rate depenceny. Start-
ing at 60 beats/min with 53 ± 11mL, the SV continuously increased 
till a heart rate of 100 beats/min (68 ± 17mL) but decreased at 
higher rates (120 beats/min and 140 beats/min) to 63 ± 20mL (P 
< .05) (Figure 4). Furthermore, most of the patients did not accept 
tachycardia of 140 beats/min longer than one minute by a drop of 
systolic blood pressure of more than 30%, compared to pacing at  
80 beats/min.

DISCUSSION

Temporary stimulation with RV epicardial electrodes after 
cardio-pulmonary bypass is a common practice after cardiac 
surgical procedures. In addition, the use of biventricular 
pacing in patients with reduced LV function or left bundle 
block to optimize the cardiac output is performed in sev-
eral cardiac centers. This study focused on different patients 
in the same setting: patients with ventricular hypertrophy 
caused by severe aortic stenosis, and planned elective aortic 
valve replacement. We compared the postoperative changes 
of cardiac output and SV during right, left, biventricular, 
and atrial stimulation. Our results will be discussed in three 
main topics: first, the finding that no pacing mode was found 
to be optimal for all patients, with a high number of non-
responders to DDDbi, second, the possible explanation for 
the reduced SV in higher frequencies, and third, the question 
of whether there is an impact of the sites of temporary stimu-
lation to optimize the cardiac output. 

The strategy for perioperative and postoperative optimi-
zation by implanting an additional temporary pacing lead to 
initiate a DDDbi pacing mode is still controversial. Vaughan 
et al concluded in his review that a significant increase of 
the CI could be found in up to 22% of the patients with 
DDDbi pacing mode [Vaughan 2009]. Important for the 
interpretation of our results is the separation of the results of 
patients with CRT implantation, and patients after cardiac 
procedures and epicardial temporary placing. These patient 
groups seem not to be comparable. Furthermore, it is crucial 
to note the underlying cardiac disease. No significant hemo-
dynamic improvement was found in subjects with normal 
ventricular function [Evonich 2008; Schmidt 2007], and the 
greatest benefits were observed in patients with low ejection 
fraction and a wide QRS complex [Vaughan 2009; Bakhtiary 
2007; Weisse 2002]. 

In our trial, the patients had normal LV function with an 
ejection fraction of >50% (inclusion criteria). This seems to be 
one reason why DDDbi pacing was the best pacing mode in 

only 15% of our test series. Our results failed to demonstrate 
consistent superiority of DDDbi when applied to the postopera-
tive patient care. Evonich et al focused on patients with reduced 
LV function, but found results nearly identical to those of our 
series of patients with hypertrophic myopathy [Evonich 2008]. 
DDDbi resulted in various hemodynamic responses among 
individuals, with 17% of patients demonstrating improved 
hemodynamics, and 41% exhibiting worsened measurements. 
Moreover, both Evonich et al and our trials were unable to 
identify clinical outcome variables, because the studies were not 
adequately powered for this question [Evonich 2008]. 

The observations from the present proof of concept trial 
are not consistent with the several small non-randomized sur-
gical studies that suggest a hemodynamic benefit in patients 
undergoing cardiac surgery [Weisse 2002; Saxon 1998; Foster 
1995]. The difference of findings among studies are likely due 
to dissimilar study populations, pacing protocols, and meth-
odologies for hemodynamics, clinical data acquisition, and 
optimal placement of the pacing electrodes [Rossillo 2004]. 
The pacing protocols of Evonich’s study required epicardial 
leads to be positioned in the mid right and mid left ventri-
cle along the distribution of the circumflex coronary artery 
[Evonich 2008]. In contrast, previous studies used paraseptal, 
posterobasal, apical, diaphragmal or outflow tract LV and RV 
lead placement [Weisse 2002; Saxon 1998]. A true synchro-
nous pacing with respect to possible myocardial scar areas in 
CABG cases could not be achieved in all these scenarios. 

The improvement of LV systolic synchronicity is a major 
component of cardiac resynchronization therapies. Yu et al 
found in an echocardiography and tissue Doppler imaging trial 
an improvement of systolic parameters only during DDDbi 
pacing [Yu 2003]. The LV volume was decreased acutely 
during DDDbi pacing, and a depressed diastolic function was 
observed in DDDright, DDDleft, and DDDbi pacing. The 
immediate volume unloading effect could be related to hemo-
dynamic benefits, the reduction of mitral regurgitation, and 
the improvement of systolic synchronicity with higher effi-
ciency of systolic emptying and reduced diastolic stress of the 
ventricle. Wachter et al shows that frequent-dependent up-
regulation of cardiac output is blunted in heart failure patients 
with preserved ejection fraction [Wachter 2009]. He reports 
that a progressive decrease of end-diastolic volumes at higher 
heart rates results in the reduction of SV and the blunting 
of the frequency-dependent up-regulation of cardiac output. 
Previous studies analysing LV volumes at increasing heart 
rates showed conflicting results in healthy subjects, with either 
decreased or no change in systolic volumes during pacing [Lui 
1993; Erbel 1984; Dehmer 1983; Hung 1981.

The role of the heart rate in our patients is contradictory to 
common assumption. At least during the early postoperative 
course, a gain in cardiac output and SV could be observed up 
to a rate of 100 beats/min. For chronic diastolic heart fail-
ure, lowering of heart rate was found to improve symptoms 
and survival. Higher rates have been found to be unable to 
increase output in heart failure patients with preserved ejec-
tion fraction [Wachter 2009]. However, this finding is incon-
sistent with our results, which show a continuous increase of 
CI and SV, with a maximum at 100 beats/min and a decrease 
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in higher frequencies in patients with ventricular hypertrophy. 
It is still unclear in our selected cohort as to what degree the 
diastolic dysfunction has an impact on the outcome variables 
CI and SV. However, in the echocardiographic sub-study 
of the CHARM trail in normal ejection fraction heart fail-
ure patients, it was found that 33% of the group had no evi-
dence of diastolic dysfunction, and moderate/severe diastolic 
dysfunction was found in only 44% of the patients [Persson 
2007]. The definition of incomplete relaxation in humans is 
not well standardized, and the need for a consensus paper is 
obvious. Only with both of these conditions met would clini-
cal trials on different cardiac pathologies be comparable. 

Limitations and Outlook
There were several limitations and deficiencies in our trial. 

First, the present study was a pilot study by design, and there-
fore we did not have a large enough population to achieve 
adequate statistical power to detect small differences. In addi-
tion, the high drop out rate at different time points makes 
it difficult to draw clear conclusions about the best pacing 
mode. Nonetheless, our work represents the largest trial in 
this selected sub-group of patients with left ventricular hyper-
trophy. Missing data about the dys-synchrony in echocardio-
graphic data is an additional limitation, and the selected time 
points of measurements were in a hemodynamic unstable, 
dynamic period. The intra-operative testing was restricted by 
instability of the patients with frequencies >120 beats/min.
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