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Abstract

The aim of this study was to develop a Matlab
programme for quantitative evaluation and graphical
presentation of haemodynamic variability parameters
calculated from electrocardiography (ECG) and
impedance cardiography (ICG) signals. We also sought
to identify and compare patterns of variability in healthy
subjects (N) and subjects with atrial fibrillation (AF).

We analysed 3000 seconds of ECG and ICG signals
acquired continuously during overnight, home recordings
of six healthy male subjects (20-22, group N) and five
male patients with atrial fibrillation (ages 5678, group
AF). Haemodynamic variability was determined using
standard deviation and indices describing asymmetry of
stroke volume, systolic time intervals (STI), and their
derivatives. Stroke volume (SV), amplitude of impedance
signal (dz/dtmax), ejection time (ET) and pre-ejection
period (PEP) were calculated automatically.

The standard deviation (SD) of SV varied in the range
of 9-16 ml in normal subjects, versus 12-39 ml in AF
subjects. SD for ET was 14-42 ms for N and 31-68 ms for
AF. PEP SD varied 8-33 ms for N and 12—38 ms for AF.

Preliminary results show that the patterns of
haemodynamic variability in AF patients differed from
those observed in non-patients for most of the analysed
indices.

1. Introduction

1.1. Motivation

The analysis of variability of cardiovascular
parameters might yield diagnostic data on autonomic
control [1,2]. Cardiac rhythm variability has been
intensively studied in various physiological and
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pathological situations, but only limited data are available
regarding fluctuations of haemodynamic parameters,
especially during overnight recordings.

Cybulski et al. [3] analysed central haemodynamic
variability in a small group of subjects who either had
atrial fibrillation or were healthy. It was concluded that
the variability of SV, estimated by the coefficient of
variation, was mainly caused by changes in the amplitude
of the signal and that variation in ET had a smaller effect.

Siebert et al. [4] analysed stroke volume variability and
heart rate power spectrum in relation to posture changes
in healthy subjects. They concluded that the combined
analysis of heart rate variability (HRV) and stroke
volume  variability  (SVV) revealed  different
cardiovascular responses to postural stress in the three
age groups considered.

Beat-to-beat variability of stroke volume output
velocity (SVOV) at rest has also been measured in
healthy subjects and in patients 10-14 days after acute
myocardial infarction [5].

Holme et al. [6] proposed to use SV and SV variability
SVV as clinical tools for detection of acute haemorrhage.
They concluded that variability in stroke volume was
decreased during mild and moderate hypovolemia and
could be used for early detection of hypovolemia.

1.2.  Aim of the study

The aim of this study was to develop a Matlab
programme for quantitative evaluation and graphical
presentation of haemodynamic variability parameters
calculated from electrocardiography (ECG) and
impedance cardiography (ICG) signals. We also sought to
identify and compare patterns of variability in healthy
subjects (N) and subjects with atrial fibrillation (AF).
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2. Material and methods

To estimate haemodynamic variability during sleep,
we used data from our impedance cardiography signal
database. These data were originally collected for other
studies in order to analyse cardiac haemodynamics in
atrial fibrillation patients [3] and in young healthy
subjects participating in bedrest studies which were not
included in the final paper [7].

2.1.  Subjects and procedure

We analysed ECG and ICG signals acquired
continuously during overnight, home recordings of six
healthy male subjects (20-22 yrs., group N) and five male
patients with atrial fibrillation (56-78 yrs., group AF).
Haemodynamic variability was determined using standard
deviation and indices describing asymmetry of stroke
volume, systolic time intervals (STI) and their
derivatives. For analysis, we used 3000 seconds of sleep-
time recordings. Haemodynamic parameters — stroke
volume (SV), amplitude of impedance signal (dz/dtmax),
ejection time (ET), pre-ejection period (PEP) — were
calculated off-line using our computer programme for
automatic determination of SV using the Kubicek formula
[8]. We visualised the variability of each parameter with a
Poincare plot and calculated descriptors of short-term and
long-term variability (SD1 and SD2, respectively).

2.2. Methods and instrumentation

We wused a (previously described) wearable,
ambulatory impedance cardiography recorder
(Reomonitor) [9, 10]. This device was constructed for
non-invasive acquisition of central haemodynamic data
during everyday activity. The analogue part of the
Reomonitor consists of a one-channel ECG and a
miniaturized impedance cardiograph. Changes in the
thoracic impedance, reflecting SV, were evaluated using
the tetrapolar method. An alternating current (with an
effective amplitude of 1 mA and a frequency of 100 kHz)
oscillated between the application electrodes while the
voltage (reflecting the impedance) was measured between
the receiving electrodes. ECG and the first derivative of
the impedance cardiography signal (dz/dt) were sampled
at 200Hz with 8-bit resolution. Stroke volume was
evaluated using the Kubicek formula [8]. The validity and
reliability of impedance cardiography have been reviewed
many times [9, 10]. Ambulatory monitoring with the
Reomonitor was verified using echocardiography in both
the supine and tilted positions [10].

2.3. Data analysis

Haemodynamic variability was evaluated using SD,

coefficient of variation (CV), quartiles (Q1, Q3),
Poincare plot descriptors (SD1, SD2) and Guzik’s index
[11]. Guzik’s index is a measure of asymmetry define by

formula (1),
P iz
Tt o) 0
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This is the ratio of the sum of squared distances
between a point and the line of identity for points lying
above the line of identity on a Poincare plot to the sum of
squares of distances of all points.

Avrtefacts were removed from the analysis based on the
clearly defined criteria for each variable, determined
mainly using physiological and pathophysiological
ranges.

3. Results

In Tables 1-4 haemodynamic variables and their
variability descriptors are presented for RR intervals, SV,
cardiac output (CO) and dz/dt of ICG signal, respectively.
Coefficient of variation are presented in percents, while
Guzik’s index is dimensionless. Other descriptors are
presented in units of the measured variable. An asterisk
indicates that the difference between groups AF and N for
a given parameter is statistically significant at the level of
p<0.05.

Table 1. Parameters describing RR intervals [ms] and
their variability for healthy subjects (N) and patients with
atrial fibrillation (AF).

RR descriptor N AF
Mean 1116 915
Median 1108 701
First quartile Q1 1042 855
Third quartile Q3 1165 979
Standard deviation 97 325
Coefficient of variation 8.7 35.5
SD1 (short term) 51 90
SD2 (long term) 102 115
Guzik’s index 46.4 495

Table 2. Parameters describing stroke volume [ml] and
their variability for healthy subjects (N) and patients with
atrial fibrillation (AF).

SV descriptor N AF
Mean 53 64
Median 52 62
First quartile Q1 44 52
Third quartile Q3 61 73
Standard deviation 12 17
Coefficient of variation 23 26
SD1 (short term) 10 14"
SD2 (long term) 13 17
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Guzik’s index 49.1 49.4

Table 3. Parameters describing cardiac output [I/min] and
their variability for healthy subjects (N) and patients with
atrial fibrillation (AF).

CO descriptor N AF
Mean 2.93 3.98
Median 2.83 3.86
First quartile Q1 2.42 3.30
Third quartile Q3 3.27 4.54
Standard deviation 0.69 0.96
Coefficient of variation ~ 23.6 24.1
SD1 (short term) 0.56 0.98"
SD2 (long term) 0.79 1.217
Guzik’s index 48.5 49.4

Table 4. Parameters describing first derivative amplitude
(dz/dt) [Q/s] and their variability for healthy subjects (N)
and patients with atrial fibrillation (AF).

dz/dt descriptor N AF
Mean 1.78 1.04
Median 1.76 0.95
First quartile Q1 1.62 0.85
Third quartile Q3 1.95 1.13
Standard deviation 0.27 0.29
Coefficient of variation  15.2 27.9
SD1 (short term) 0.23 0.25
SD2 (long term) 0.30 0.31
Guzik’s index 48.9 50.2

Figure 1 presents a Poincare plot for SV variability in
N3, a healthy subject. Figure 2 presents a Poincare plot
for SV variability in AF4, an atrial fibrillation patient.
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Figure 1. Poincare plot for stroke volume (SV)
variability in a healthy subject (N3). SD1 and SD2
represent the Poincare plot descriptors.

The short-term variability index for SV (SD1) was

significantly higher in patients with atrial fibrillation than
in healthy subjects. For CO, both SD1 and SD2, were
higher in patients with atrial fibrillation.
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Figure 2. Poincare plot for stroke volume (SV)
variability in an atrial fibrillation patient (AF4). SD1 and
SD2 represent the Poincare plot descriptors.

The Guzik’s indices did not differ between the two
groups for most haemodynamic parameters, except that
for RR intervals, for which the index for AF was
significantly higher.

4. Discussion and conclusions

The advantages/disadvantages and  application
perspectives of the ICG method have been presented in
several reviews [12,13,14]. Fellahi and Fisher [15] noted
that, despite some disappointing results for the
measurement of absolute values of cardiac output relative
to some reference methods, ICG might be “interesting in
guiding the spontaneous or induced changes in cardiac
output and medical decision-making at the bedside”.
Cybulski [12] pointed out the usefulness of ambulatory
ICG in the non-invasive assessment of haemodynamic
impairment caused by cardiac arrhythmias, verification of
VVI pacemakers and optimisation of AV delay in dual-
chamber pacing systems during normal daily activity. It
was also emphasised that an ambulatory version of ICG
could be used to record transient events, which would be
difficult or even impossible to visualize using other,
established, ‘‘classical’” methods. Some perspectives of
ICG development were presented in Cybulski et al.
[12,13].

The main research limitation of the study is the small
size of the sample. Another is associated with uncertainty
of the method, regarding the limitations of the proper
detection of the B-point on the dz/dt curve in ICG [15].
Possible uncertainty in detecting the X-point on the ICG
curve was also recently reported [16]. This results in
uncertainty in determination of ejection time (ET), which
directly affects SV calculation. We feel unable to estimate
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the impact of variation in systolic time intervals caused
by method uncertainties in the variation induced by
physiological changes. We could only assume that B-
detection and X-detection uncertainty are constant for a
given subject.

We developed a tool for quantitative and graphical
presentation of haemodynamic variability. For a small
sample, preliminary results show the patterns of
haemodynamic variability in AF patients differing from
those observed in non-patients for most of the analysed
indices.
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