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main frequency components varied with the ventricular
rates [1]. Some studies was reported that ventricular rate
and AV-delay have marked influences on ARV [2,3]
Moreover, some evidences have shown that beat-to-beat
blood pressure (BP) variation (BPV) may play a role for
this phenomenon [4,5]. In our later investigation [6], we
found that the oscillation frequency of ARV may be an
aliasing phenomenon of BP pulse frequency exactly equal
to ventricular rate when the mean atrial rate is considered
as the sample rate of ARV signal. Hence we suggested
that the BP pulse dominate the ARV in AV dissociation
situation. Cardiac aliasing phenomena were also observed
in other different experiments [7,8] in which the
respiration frequency is over 1/2 mean heart rate so that
the HF of HRV is not equal to the breathing rate.
Although the relationship between the oscillation
frequencies of ARV and ventricular pacing rate (or BP
pulse rate) could be derived by the cardiac aliasing, how
the ARV is regulated by the BPV needs to be revealed.
The regulatory effect of blood pressure on heart rate
control is known as baroreflex. Most studies use systolic
BP or diastolic BP, instead of the entire BP waveform, to
model this control mechanism [9]. However, the
information embedded in systolic BP or diastolic BP is
not enough to explain the ARV feature in AV dissociation
situation. In this study, a model is created to illustrate the
frequency features of ARV in response to entire BP
waveform to explain the changes of ARV under AV
dissociation.

Abstract
The atrial rate variability measured under an atrialventricular (AV) disassociation condition, e.g. fixed-rate
ventricular pacing, has shown a pattern in which the
main frequency components varied with the ventricular
rates that very different with the AV synchronization
condition. Some evidences showed that beat-to-beat blood
pressure variation might play a role for this phenomenon.
To demonstrate the possible mechanism for the
interaction between atrial rate variability and blood
pressure variability in AV dissociation condition, a closeloop heart rate control model considering the baroreflex
was created in this study. In this model, an integrating
pulse frequency modulation model was used to generate
the heartbeat and its input was transformed from the
blood pressure waveform. One simulation is to
automatically generate heart rate variability and blood
pressure variability. In this case the blood pressure
waveform for each beat was shaped using a curve with a
variable maximum representing systolic blood pressure
that was determined by each AV delay. The other
simulation is to generate atrial rate variability using the
real blood pressure waveform data recorded from AVblock patient. The results demonstrated that the frequency
domain features for the real atrial rate variation could be
approximated with real blood pressure waveform data by
this model when the mean heart rate was tuned.

1.

Introduction

Heart rate (HR) variability (HRV) had been widely
used to assess the autonomic nervous activities (ANA) in
many different situations including physiologically or
pathologically changes. Mostly HRV is measured under
an atrial-ventricular (AV) synchronization condition. In
this normal condition the frequency power of HRV
mainly locate at low-frequency (LF) band (0.04-0.15 Hz)
and high-frequency (HF) band (0.15-0.4 Hz). But in our
previous study under an AV disassociation condition, e.g.
fixed-rate ventricular pacing, the atrial rate variability
(ARV), was measured and showed a pattern in which the
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2.

Methods

2.1.

IPFM model

Many heart rate control models have been proposed to
simulate the heart rate in response to different
physiological situations. Among these models, the
integrating pulse frequency modulation (IPFM) model
was frequently used to simulate the heartbeat generation
[10, 11]. Suppose that the modulation signal is m(t).
When it is integrated to reach a threshold T, a heartbeat
generates. The IPFM model is mathematically described
as follows:
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T =

∫

V
t n +1

tn

m ( t ) dt

A

(1)

tn and tn+1 are the times of two successive heartbeats
and the nth heartbeat interval AA[n] is ( tn+1-tn ).
Most researches have considered m(t) for the
autonomic influences. Many baroreflex studies showed
that the blood pressure regulate heart rate with a negative
feedback control mechanism. That is the elevated BP
reduces the HR and vice versa. Therefore the BP
waveform could be considered to transform as the
modulation signal of IPFM model. In this model the
relation between BP and modulation signal was
simplified as a linear negatively proportional equation:

IPFM model
Figure 1. A close-loop model for automatically
generating BP waveform and ARV in AV dissociation
situation. The effects of AV delay and baroreflex were
included.

m(t ) = − a * BP + b

(2)
Here a and b are constants. They can be tuned to fit
different situations.

2.2.

3.

Results

3.1.

Real data simulation

The ARV in fixed-rate ventricular pacing was
simulated using real BP waveform data obtained from the
non-invasive continuous blood pressure device. Figure 2
shows a simulation result of 120 bpm pacing rate. From
top to bottom, the real ARV, the simulated ARV, the
power spectrum of the real ARV and the power spectrum
of the simulated ARV were plotted.

Real data simulation

First an open-loop model was applied. The real BP
waveform was transformed to be the modulation signal
m(t) according to equation (2) to generate the simulated
ARV. The real ARV and BP data of reference [6] were
used to simulate and compare. Because the mean HR of
each experiment is different, the constants a and b were
tuned to generate the ARV with a similar mean HR to real
ARV. The spectra of real ARV and simulated ARV were
compared.
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In addition to simulate the ARV used the real BP data,
a close-loop model was also created to illustrate the
interaction between ARV and BPV. Due to AV
dissociation the AV delay varies from beat to beat. The
irregularly changed AV delays will induce fluctuations of
BP waveform. Here we suppose the systolic pressure is
the only parameter influenced by AV delay. Thus the
blood pressure waveform for each beat was shaped using
a curve with a variable maximum representing systolic
blood pressure that was determined by each AV delay.
The relationship between AV delay and systolic blood
pressure (SBP) shows that the longer or shorter AV delay
will output a lower systolic pressure. Therefore it was
supposed that SBP and AV delay have the following
relation:
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(3)
Thus SBP has an optima value 120 mmHg, and
gradually decay when AV delay become longer or
shorter. Figure 1 shows this close-loop model. The A and
V indicate the time points of atrial and ventricular
contraction respectively.

Figure 2. An ARV simulation result of 120 bpm pacing
rate using real BP waveform data. The simulated ARV
had the very similar frequency feature with the real ARV.
The power spectrum of the simulated ARV is similar to
that of the real ARV. The real mean atrial contraction
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interval (AA interval) extracted from an esophageal lead
is 746 ms. The parameter a and b in equation (2) were
selected as 0.0025 and 1.45 respectively so that the
simulated ARV had the same mean atrial rate. The
dominant frequencies of ARV are located at about 0.03
Hz and 0.67 Hz.
Figure 3 shows another simulation result of 90 bpm
ventricular pacing rate. The real mean AA interval was
640 ms and the simulated ARV had a similar mean AA
interval by selecting a and b in equation (2) as 0.0025 and
1.73. The spectra of real and simulated ARV are very
consistent.
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Figure 4. A simulated ARV and its power spectrum under
90 bpm ventricular pacing obtained from the close-loop
model. The mean atrial rate is 1.22 Hz. The dominant
frequency of ARV is 0.28 Hz that is consistent with the
cardiac aliasing phenomenon.
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Figure 5. A simulated ARV and its power spectrum under
120 bpm ventricular pacing obtained from the close-loop
model. The mean atrial rate is 1.22 Hz. The dominant
frequency of ARV is 0.44 Hz that is consistent with the
cardiac aliasing phenomenon.

Figure 3. An ARV simulation result of 90 bpm pacing
rate using real BP waveform data. The simulated ARV
had the 0.06 Hz dominant frequency that is similar to the
real ARV.

3.2.

0

1.5

power spectrum of simulated AA intervals

0

simulated AA intervals

860

Close-loop model simulation

4.

A simulated ARV and its power spectrum under 90
bpm ventricular pacing was obtained and shown in figure
4. The mean atrial rate of this ARV was 1.22 Hz.
According to the cardiac aliasing the dominant frequency
of ARV should be 0.28 Hz. The simulation results
showed a consistent characteristic. Figure 5 shows
another simulation result of 120 bpm ventricular pacing.
The mean atrial rate of this ARV was also 1.22 Hz, hence
the dominant frequency of ARV should be 0.44 Hz. The
consistent result was illustrated.

Discussion and conclusions

The ARV in AV dissociation situation demonstrated a
special pattern. It is found that the dominant frequency of
ARV is an aliasing of ventricular pacing rate while
considering the mean atrial rate as the sampling rate [6].
It is suggested that the BP pulse rate and waveform play
an important role for this phenomenon. In this study, a
model was created to test this supposition. The real BP
waveform data was applied to simulate the ARV. The
results showed that simulated ARV has consistent
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frequency feature with the real ARV. Moreover, a closeloop model automatically generating ARV and BP
waveform data considering the effects of AV delay and
baroreflex was used to observe the interaction between
ARV and BP. The results confirm that the atrial rate
fluctuations mainly reflect the fluctuation of entire BP
waveform induced by the pulse and the changing SBP
response to AV delay.
It must be emphasized that the model used in this study
is too simplified and is not a proper model to describe the
detailed dynamics of heart rate control with baroreflex. It
is just used to illustrate the frequency domain feature of
HRV, so the time domain feature of the simulated data
may not consist with the real data well as shown in figure
2 and 3. However, it is useful for explaining heart rate
fluctuation phenomenon observed in AV dissociation.
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