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Introduction

Rate-Responsive Pacemakers
Rate-responsive pacemakers are widely used to treat
chronotropic incompetence as well as complete atri-
oventricular (AV) block or sinus node disease. Of the
several sensor concepts that have been evaluated since
1980, the activity sensor (accelerometer) and two
physiologic models (minute ventilation and QT inter-
val) have been predominantly used in clinical practice.
Some devices offer a dual-sensor-based rate adapta-
tion, where a physiologic sensor is combined with an
accelerometer to improve the speed of rate response
and specificity, sensitivity, and proportionality of the
rate response to workload [1].
A major limitation of rate-adaptive pacing is the non-
physiological rate response of the most commonly used
activity sensor principles [2,3]. Although this problem
has been partly solved with so-called "physiological
sensors," rate adaptation in these systems is not always
based on hemodynamic parameters which would allow

for incorporating the sensor response as a positive and
negative feedback, i.e., "closed-loop" system, within
the normal circulatory reflex arch. In healthy subjects,
cardiac output adaptation during exercise is achieved
by modifying both heart rate and ventricular contractil-
ity. In subjects with impaired heart rate behavior, the
contractility signal can still be used by pacemakers to
estimate current hemodynamic demands.
Myocardial contractility can be measured by im-
plantable devices using two different technical
approaches. The first solution is based on the recogni-
tion of the ventricular endocardial acceleration [4] by a
microaccelerometer mounted on the tip of the ventric-
ular unipolar lead. The second technical solution is the
measurement of beat-to-beat right ventricular unipolar
impedance variations via standard unipolar or bipolar
pacing leads [5,6]. The Inos2+ CLS pacemaker
(Biotronik, Germany) is based on this Closed Loop
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Summary

It is well-known that the sinus node supports an adequate heart rate in response to mental, emotional, and physi-
cal stress. A heart rate variability analysis is based on small variations in heart rate caused by sympathetic and
parasympathetic activities. A sensor system called Closed Loop Stimulation is believed to be capable of restoring
normal sinus node function. This study evaluates the autonomic sensitivity of CLS to a group of pacemaker patients
as well as its effect on the autonomic nervous system, according to the heart rate variability, as compared with
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ty time and frequency domain data were collected, indicating a close response between CLS patients and healthy
individuals.
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by interaction of the respiratory and the cardiovascular
systems. Regulatory systems acting on low time scales,
e.g., thermoregulation, cause fluctuations in the very
low frequency range (0.003 – 0.04 Hz), but these sys-
tems are not of interest in this study 
Naturally, it is not useful to analyze single frequencies
due to insufficient resolution and overlapping of the dif-
ferent mechanisms but, nevertheless, two frequency
intervals are found to be suitable as indicators of sympa-
thetic and parasympathetic activities. The integral of the
PSD carried out over the low frequency interval from
0.04 Hz to 0.15 Hz is defined as LF power, and the inte-
gral carried out over the high frequency interval from
0.15 Hz to 0.4 Hz as HF power, respectively. While the
LF power is mostly but not exclusively affected by sym-
pathetic activity, the HF power is predominantly
parasympathetically influenced [10]. Thus, relative val-
ues LFn = LF/(LF + HF) and HFn = HF/(LF + HF) are
useful. 

Objectives
It has been shown that heart rate variability is a risk
factor for sudden cardiac death [11] or a marker for
further applications [12,13] because it is a marker of
sympathetic or parasympathetic activities of the auto-
nomic nervous system. By measuring the heart rate
variability in CLS patients and healthy subjects, it can
be clarified whether the autonomic nervous system has
an impact on Closed Loop Stimulation. 

Materials and Methods

This study protocol was approved by the human ethics
committee, and a written, informed consent was
obtained from all 58 pacemaker patients and 37 control

Stimulation (CLS) principle [7-9]. The pacemaker
adapts pacing rate according to variations in myocar-
dial contraction dynamics and is therefore involved in
the physiological cardiovascular control mechanism
(Figure 1).

Heart Rate Variability
In clinical practice, normal-to-normal (NN) intervals
are measured using ECG curves. Thereby, NN inter-
vals are distinguished from common RR intervals
(time distance between two R points in ECG) by
excluding ventricular extrasystoles, which are caused
by different processes. Further study of heart rate vari-
ability is performed statistically [10], e.g., by calculat-
ing standard deviation (SDNN) and other defined para-
meters (Table 1) in the time domain. The frequency
domain analysis is performed using a fast Fourier
transform of the NN intervals as a function of time.
This leads to power spectral density (PSD), which rep-
resents a distribution of variance (SDNN2) on variabil-
ity frequencies, i.e., integrating PSD over the complete
frequency range of outcomes (SDNN2). 
Because variability frequencies are defined as small-
scale fluctuations in heart rate, the frequency range that
is less than 0.5 Hz is of interest. At least there are spe-
cific frequency domains, which are affected different-
ly by parasympathetic and sympathetic activities of the
autonomic nervous system. Oscillations inside the
vasomotor system, including the baroreceptor reflex,
are in the order of 0.1 Hz. At higher frequencies, res-
piratory sinus arrhythmia is present, which is caused

Figure 1. The pacemaker adapts pacing rate according to
variations in myocardial contraction dynamics which is
called Closed Loop Stimulation (CLS, Biotronik, Germany). 

Table 1. Heart rate variability parameters in time domain
(according to [10]).
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individuals (Table 2). Patients suffering from sick
sinus syndrome (chronotropic incompetence) and indi-
cation for implantation of a DDDR pacemaker
received an Inos2+ CLS pacemaker in combination with
active fixation leads (Y60BP, Biotronik) in the right
ventricle and right atrial appendage. Thereby, patients
with unstable coronary disease, uncontrolled hyperten-
sion, or who were on beta-blocking agents that could
not be discontinued were not enrolled in the study. The
patient group was characterized by Chagas' disease,
NYHA class I, and all presented with the symptoms of
delayed neurological sequelae (dizziness, syncope,
dyspnea). In contrast, the healthy individuals were
enrolled after exclusion of any specific or significant
disease. All patients and healthy subjects underwent
the 24-hour ECG Holter to collect heart rate variabili-
ty data in the time and frequency domains. Student's 
t-test was used to evaluate the results, whereby a 
p-value < 0.05 was considered significant.

Results

The circadian variation of heart rate variability in a
pacemaker patient is shown in Figure 1. Lower values
of the SDNN, rMSSD, and pNN50 parameters during
nighttime indicate a reduced activity of the autonomic
nervous system. An example of the frequency analysis
of a 24-hour ECG in a pacemaker patient is presented

in Figure 2, showing a predominant LF part in com-
parison with the HF part. The statistical analysis of all
patients and healthy individuals is presented in Table 3.

Table 2. Characteristics of the pacemaker patients and the
healthy control individuals. DNS = delayed neurological
sequelae; EF = ejection fraction; CAD = coronary artery
disease.

Figure 2. Typical 24-hour trend of heart rate variability
parameters in time domain (defined in Table 1) in a pace-
maker patient showing increased activity during the daytime.
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nervous system, which could be an indicator of a bet-
ter prognosis for CLS patients. It was also shown that
these variations are similar to those of the control
group without pacemakers. In both cases, increasing
LFn power and decreasing HFn power, respectively, is
observed in cases involving physical strain due to more
pronounced sympathetic activity versus parasympa-
thetic activity, which demonstrates the strong consis-
tency of CLS pacing with intrinsic heart rate stimula-
tion by the sinus node. From these results, it is natural
to assume that CLS pacemakers perform in a way that
is comparable to the physiological sinus node, which is
the basic approach to increasing a patient's quality of
life. Nevertheless, due to the small number of patients,
a study with sufficient sample size for statistical data
analysis was still lacking. To close this gap, we ana-
lyzed heart rate variability in a large number of patients
and healthy individuals. 
In our study we have observed almost the same results,
although the rate of sympathetic tone in CLS is
enhanced compared with the control group in light of
the 24-hour ECG Holter. Such behavior is similar to
pathophysiological mechanisms in patients with any
degree of heart failure when the level of epinephrine
tends to enhance the sympathetic tone. Thus, our re-
sults might be explained by the different state of health

Thereby, we calculated the heart rate variability para-
meters in each subject for the complete 24-hour ECG
and took the mean value ± the standard deviation in
both groups. In addition, LF and HF were calculated
for consecutive 5-minute periods. From the maximum
value during 24 hours HFmax and LFmax in each subject,
the mean value ± the standard deviation was found in
both groups
Mean heart rate as well as the most important heart rate
variability parameters in time domain, e.g., SDNN
index, SDNN index, rMSSD, pNN50, and frequency
domain parameters, e.g., VLF, HF, HFmax are similar in
both groups. In contrast, a large, significant difference
in the LFmax and LF frequency domain parameter of the
pacemaker group was found compared with the control
group, which demonstrates a possible extensive sym-
pathetic activity for 24 hours in the pacemaker
patients.

Discussion

According to Malinowski [14], the advantages of CLS
over other types of pacemakers are demonstrated on
the basis of measurements of heart rate variability.
Only CLS pacing provides well-pronounced variations
of the heart rate due to interaction with the autonomic

Figure 3. Frequency domain analysis of heart rate variabil-
ity in a pacemaker patient. Power spectral density is given
in arbitrary units (a.u.). Very low frequency part (integra-
tion the range 0.003 – 0.04 Hz), low frequency part (inte-
gration in the range 0.04 – 0.15 Hz), and high frequency
part (integration the range 0.14 – 0.4 Hz), as well as the
time domain parameters (defined in Table 1) are shown.

Table 3. Heart rate variability analysis of a 24-hour ECG
(mean value ± standard deviation) of the corresponding time
and frequency domain parameters in both the pacemaker
group and healthy control group (n.s. = not significant). See
text for detailed information.
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in the two groups. Nevertheless, further analysis is
needed to explain this specific behavior in detail, e.g.,
by direct measurement of epinephrine concentration.
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