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Abstract—Impedance cardiography is a noninvasive
technique for monitoring the variation in thoracic impedance
during cardiac cycle. Estimation of the stroke volume and other
cardiovascular indices using impedance cardiography requires
error-free detection of characteristic points in the impedance
cardiogram (ICG). A technique for automatic detection of ICG
characteristic points using R peaks in ECG as reference is
presented. It does not require pre-processing of the ICG signal
for baseline correction and adjustment of detection parameters.
The technique is validated using Doppler echocardiography as a
reference technique, by recording ICG and ECG signals
simultaneously along with velocity profile of blood flow at the
level of left ventricular outflow tract. Application of the
technique on the recordings from healthy subjects in pre-exercise
and post-exercise conditions and from cardiac patients under rest
condition showed a very low detection error.

Keywords—Impedance cardiography; 1CG characteristic
points; Doppler echocardiogrphy

I. INTRODUCTION

Impedance cardiography is a noninvasive technique for
sensing of variation in the impedance of the thorax due to
changes in blood volume during the cardiac cycle and relating
this variation to stroke volume (SV), cardiac output (CO), and
other cardiovascular indices [1]-[6]. A low-amplitude current
(< 5 mA) of 20 — 100 kHz, not causing nerve stimulation and
muscle contraction, is passed through the thorax via a pair of
band or spot electrodes. The resulting voltage is sensed by the
same or another pair of electrodes placed within the current
injecting electrodes [7], [8]. The negative derivative of
impedance change is known as the impedance cardiogram
(ICG). It may be used for beat-to-beat monitoring of SV, CO,
systolic time intervals, and some other cardiovascular indices
which may provide valuable information about cardiovascular
functioning [9]-[12].

Several researchers, as cited in [13], have reported that
ICG can be used for measurement of systolic time intervals.
Kim [14] reported that the monitoring of SV during exercise
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may be useful in the diagnosis of cardiovascular diseases
related to pulmonary artery, dilated cardiomyopathy, aortic
stenosis and other valvular diseases. A study by Zang et al.
[15], involving ECG and ICG recordings from healthy
volunteers in supine, upright, and sitting positions, reported
that ICG can be used to monitor cardiovascular function under
transient conditions. From a study of recordings from 20
healthy subjecs and 18 patients with Fallot Syndrome,
Nowakowski et al. [16] found ICG to be a sensitive and fairly
accurate technique to observe SV changes. Wong et al. [17],
on the basis of a study involving 22 normotensive subjects,
reported that ECG and ICG together can be used for getting
information on systolic blood pressure.

Most of the impedance cardiography applications require
determination of some of the characteristic points of the ICG
waveform. A technique for automatic detection of the B, C,
and X points in the ICG waveform is presented. It works in the
presence of baseline drift and does not require selection or
adjustment of processing parameters. It is evaluated on
recordings from healthy subjects and cardiac patients, using
Doppler echocardiography as the reference technique.

I1. 1CG CHARACTERISITC POINTS

Impedance cardiogram is characterized by the
characteristic points labeled as the A, B, C, X, and O points,
which correlate with various cardiac events. Lababidi et al.
[18] carried out a simultaneous recording of ECG, ICG, and
phonocardiogram (PCG) from 27 subjects and observed that
the A, B, C, and X points were associated with the atrial and
ventricular systole while the O point was associated with the
early diastole. An example of the simultaneously recorded
ICG, impedance change, ECG, and PCG are shown in Fig. 1.
The small negative deflection from baseline in ICG lying
between the beginning of the P wave and the QRS complex in
ECG is the A point [19]-[21]. It is associated to atrial systole
[14]. The deflection in ICG preceding the large change in the
impedance is the B point [5], [7], [14], [18], [22]-[24]. It is
associated with the opening of the aortic valve and coincides
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Fig. 1. ICG and other related signals and ICG characteristic points,
adanted from [8]1.
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with the main part of the first heart sound. The C point is the
peak in ICG and is associated with the maximum acceleration
of the blood ejected from the ventricles [14]. The X point
corresponds to minimum negative deflection after the C point
and coincides with the second heart sound [14]. It is associated
with the intra-cardiac fluid inversion [8], [23], [24]. The O
point corresponds to the peak positive deflection in ICG after
the X point [8] and it is associated with rapid filling of the
ventricles during wider opening of the mitral valve [14], [23].

I1l. SIGNAL PROCESSING

The artifacts in ICG due to respiration, body movements,
and other sources lead to errors in detecting its characteristic
points, particularly the B and X points [19]. A denoising
technique is generally employed to suppress the artifacts. As
the spectra of the artifacts related to respiration (0. 4 — 2 Hz)
and body movements (0. 1 — 10 Hz) overlap with that of ICG
(0. 8 — 20 Hz) [2], it is difficult to suppress the artifacts by
filtering. Ensemble averaging, coherent ensemble averaging,
filtering, adaptive filtering, and wavelet-based methods have
been reported for suppressing the artifacts [2], [3], [9]. Wang
et al. [25] and Zhang et al. [4], as cited in [25], used an
ensemble average technique to reduce the disturbances in the
ICG. Kim et al. [26] and Woltjer et al. [24], as cited in [25],
reported that an averaging method can effectively suppress the
respiratory artifacts in recorded impedance cardiogram. It is to
be noted that the disturbing components with zero mean get
effectively suppressed by averaging carried out over long time
duration. However, ensemble averaging suppresses the beat-
to-beat information in the cardiogenic activity due to event
latencies and variable shape of ICG signal during respiration
[27]. In order to retain the beat-to-beat information, we use a
wavelet-based denoising technique with scale dependent
thresholding [28] for pre-processing of the ICG signals. It has

been reported to provide SNR improvement of approximately
23 dB for ICG signals contaminated with respiratory artifact.
Detection of ICG points is carried out on both the unprocessed
and denoised ICG in order to assess the sensitivity of the
proposed technique for characteristic point detection to the
presence of artifacts.

Several techniques for detection of the ICG characteristic
points have been reported without using reference waveforms
from other sensors. Threshold-dependent multi-scale wavelet-
based techniques [29], [30] were tested on simulated ICG
signal with added Gaussian noise. The sensitivity and positive
predictivity of the variable threshold dependent multi-scale
wavelet-based technique [30] was reported as 99.8%.
However, results with their application on clinical recordings
are not available. For beat-to-beat changes in cardiac events,
Naidu et al. [31] reported an automatic technique for beat-to-
beat detection of the characteristic points from ICG, using
ECG R-peaks as a reference for cycle identification. The R-
peaks were detected using Pan-Tompkin algorithm [32] and
the characteristic points were detected based on empirically
defined time-domain features in ICG during the cardiac cycle.
For the detection of C points, the technique showed sensitivity
of 99.4% and detection error of 1.8%. The detection errors
reported were 11.7% and 6.5% in the detection of the less
prominent B and X points respectively. To further improve the
performance of the technique as reported in [31], a detailed
empirical examination of the ICG signal has been carried out
for selecting the time-domain features in the waveform for
detecting the characteristic points without a need for adjusting
the processing parameters. These features of the clinically
important B, C, and X points are used in detecting them.

C point detection: The ICG segment equal to one-third of
the R-R interval and starting from the point corresponding to
the R peak in ECG is scanned for the point with the highest
value. This point is taken as the C point. In case of the
condition of double peaking within the selected segment, as
occurring in some cardiac patients, the higher peak gets
selected as the C point.

B point detection: The ICG segment equal to one-fifth of
the C-C interval preceding the C point is scanned for the point
with the lowest value and is marked as the valley point. The
difference between the values at the C point and the valley
point is calculated as the peak-to-peak height Hp,. The B point
is the deflection or notch preceding the C point and is located
by scanning the first difference of the ICG waveform for a
change of sign in the interval starting backwards from the
point corresponding to 0.32H,, below the C point and up to
the valley point. In the absence of this change of sign, the B
point is located as the point at 0.72H,, below the C point.

X point detection: The ICG segment equal to one-third of
the C-C interval and starting from the T peak in ECG is
scanned for the lowest value and the point is marked as the X
point. The peak of the T wave itself is located by scanning the
ECG cycle for its peak lying within one-third of the R-R
interval starting from the R peak.

The A and O points are not considered as significant for
obtaining clinical information on beat-to-beat basis and our
method does not detect them.
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IV. METHOD OF EVALUATION

Several researchers [33], [34], have reported the use of
Doppler echocardiography for beat-to-beat estimation of SV
and some other cardiac indices. It can be used as a reference
for validation of some of the indices calculated using
impedance cardiography. With this objective, recording of
ICG and ECG was carried out simultaneously along with
Doppler echocardiography.

The recordings were carried out in the clinical setup of a
hospital (Hardas Heart Care, Pune), after approval from its
Ethics Committee. The informed consent form was read and
signed by all the subjects participating in the investigation.
The continuous wave Doppler echocardiography recordings
were carried out using iE33 Ultrasound System (Philips
Ultrasound, Bothell, WA) with ultrasound gel applied for a
good contact of the transducer with the chest skin. The left
ventricular outflow velocity profile was recorded for further
analysis. The ICG, ECG, basal impedance, variation in
thoracic impedance, and continuous wave Doppler echo-
cardiogram were simultaneously recorded. The ICG and other
related signals were recorded using HIC-2000 Bio-electric
Impedance Cardiograph (Bio-Impedance Technology, Chapel
Hill, NC) with an excitation current of 1 mA and 100 kHz,
impedance waveform calibration of 40 mV/Q, and four-
electrode configuration with Ag-AgCl disposable ECG
electrodes as spot electrodes for current injection as well as
voltage sensing. The distance between voltage sensing
electrodes was measured. The signals were acquired using the
8-channel 16-bit data acquisition card KUSB-3100 (Keithley,
Cleveland, Ohio) at a sampling frequency of 500 Hz.

Detection of the ICG characteristic points has been
reported to be difficult during heart rate variability. In order to
test the proposed technique under such conditions, an exercise
protocol was used to introduce significant beat-to-beat
variations. The blood pressure, pulse rate, height, and weight
of the subjects were recorded. Doppler gain, wall filter (the
cutoff frequency of the high-pass filter used for removing the
low frequency components related to heart movements), and
the scale factor (the range for the display) were adjusted to
optimize the quality of the Doppler recordings. Recordings
with poor quality Doppler images were discarded.

Two sets of recordings were made. The first set was from
healthy subjects with no past history of cardiovascular
diseases and as examined and confirmed by a cardiologist. For
these subjects, heart rate variability was introduced by
exercise. After recording, the subject was asked to exercise for
10 minutes and the recordings were repeated. Both recordings
were made with the subject lying in the left-lateral supine
position to facilitate Doppler echocardiography. Further, use
of supine position avoided motion artifacts. The second set of
recordings was from cardiac patients. These were taken under
the resting condition, without any exercise by the subject. The
first set of recordings was from six healthy subjects. The
second set was from four patients: two having undergone
angioplasty, one diagnosed for moderate-to-severe aortic
stenosis, and one with suspected mild mitral stenosis.

ICG signals were pre-processed using wavelet-based
denoising technique with scale dependent thresholding [28].

Detection of the ICG characteristic points was carried out on
both the unprocessed and the denoised ICG. A program was
developed for detecting the characteristic points of the input
ICG and marking them on waveform, for later visual
examination. An example of the simultaneously recorded ICG
and ECG with synchronized Doppler echocardiogram frame is
shown in Fig. 2.

An evaluation of the automated detection technique was
carried out by comparing the detected points with the points
marked by visual examination of the waveforms. Detection by
the technique of a visually located point was counted as true
point (TP). When the technique failed to detect a point as
located by visual examination, it was counted as failed
detection (FD). When a point detected by the technique did
not correspond to a visually detected point, it was counted as
misdetection (MD). The following performance indices,
similar to those used in [30], were calculated.

Sensitivity = TP / (TP+FD) 1)
Positive predictivity = TP / (TP+MD) 2
Detection error = (FD+MD) / (TP+FD) 3)
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Fig. 2. Simultaneously recorded ICG and ECG (arbitrary vertical scale)
with synchronized Doppler echocardiogram frame. Upper trace is the
blood velocity profile at LVOT with ECG recorded by the Doppler
echocardiograph. The middle trace shows the unprocessed ICG and
simultaneously acquired ECG by the impedance cardiograph. The
lower trace shows the denoised ICG along with ECG. ICG: solid trace
marked with the detected B, C, and X points. ECG: dotted trace marked
with R-peaks.

Proc. of the 11th Annual Conference of the IEEE India Council, Pune, December 11-13, 2014 (Indicon 2014), Paper ID 1199 3/6



The above performance indices were calculated separately for
each of the characteristic points.

As there are no correlates of the B and X points which can
be consistently detected in ECG or Doppler echocardiogram,
their detection was validated only with reference to visually
located points. The C-C interval defines a cardiac cycle and as
such it can be compared with peak-to-peak interval of the
aortic flow velocity profile. The correspondence is
approximate because of variability in the delay between the C
point and the peak of aortic velocity profile. A statistical
analysis of the closeness of the values of the C-C interval from
ICG and the peak-to-peak interval of velocity profile from
Doppler echocardiography was carried out by calculating the
mean error, RMS error, and correlation coefficient.

V. RESULTS

The technique was evaluated by applying it on a total of
447 cardiac cycles in the recordings from six healthy subjects
and four cardiac patients. Example of the detection of ICG
points is shown in Fig. 3. The results show excellent match
with visually marked points in the unprocessed and in the
denoised signals. A qualitative visual examination of the
automatically detected points across the recordings showed a
very small number of errors. A quantitative evaluation was
carried out by calculating the performance indices as given in
(1) = (3). The values of the indices for the detection of the B,
C, and X points, in the unprocessed as well as the denoised
waveforms, are given in Table I. For detection of the C point,
the technique showed excellent sensitivity (99.5%) and very
low detection error (1.0%) in the unprocessed as well as the
denoised signals. Detection errors of relatively less distinct B
and X points, significantly reduced in this modified automated
detection technique compared to the earlier reported in [31].

TABLE I. EVALUATION INDICES (%) FOR DETECTION OF
CHARACTERISTIC POINTS. SENS.. SENSITIVITY, POS. PRED.:
POSITIVE PREDICTIVITY, DET. ERROR: DETECTION ERROR

IcG Unprocessed ICG Denoised ICG
Point | Sens. Pos. Det. Sens. Pos. Det.
pred. error pred. error
B 98.5 98.5 29 99.0 99.0 1.9
99.5 99.5 1.0 99.5 99.5 1.0
X 98.5 98.5 29 99.0 99.0 19

The results for the unprocessed ICG and the denoised ICG
were almost similar.

Agreement of the cardiac cycles as detected from ICG with
those detected from Doppler echocardiography was examined
by a statistical analysis. The values of mean error, RMS error,
and correlation coefficient are given in Table Il for the healthy
subjects and in Table Il for the cardiac patients. It is seen that
the mean errors (indicating the estimation bias) are very
small as compared to the mean values of the intervals and the
standard deviation of the errors are smaller than or comparable
to the standard deviations of the intervals for all subjects. The
correlation coefficients between the C-C intervals from ICG
and the peak-to-peak intervals of the aortic flow velocity
profile from Doppler echocardiography are high and
statistically significant (p<0.0001) for all the healthy subjects
in both pre-exercise and post-exercise conditions and also for
the cardiac patients. For the cycles from all the subjects
concatenated together, the correlation coefficients are 0.98 and
0.98 for healthy subjects and cardiac patients, respectively.
These results show that the C-point detection technique works
satisfactorily for beat-to-beat estimation under conditions of
significant heart rate variability.

(a)

(b)

|
1500
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Samples
Fig. 3. Detection of the B, C, and X points in ICG recorded from a patient under resting condition: (a) unprocessed ICG and (b) denoised ICG.
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TABLE Il. COMPARISON OF ICG AND DOPPLER ECHOCARDIOGRAPHY (DE) RESULTS FOR HEALTHY SUBJECTS:
MEANS AND STANDARD DEVIATIONS (SD) OF DE VELOCITY PROFILE PEAK-TO-PEAK INTERVALS, ECG R-R
INTERVALS, ICG C-C INTERVALS. STATISITCAL MEASURES COMPARING C-C INTERVALS WITH DE PEAK-TO-

PEAK INTERVALS: MEAN ERROR ( g ), RMS ERROR (O’ ), CORRELATION COEFFICIENT ( r).

Mean(ms) SD (ms) DE-CC Comparison
Sub- "
iect Condition,
(Ja 0) No. of cycles 7 o
g DE RR | cC | DE | RR | CC & r
(ms) (ms)

AK Pre.-ex., 19 865 877 877 49 49 48 -12.0 25.2 0.87
18
(18) Post-ex., 24 712 715 715 22 17 16 -3.2 19.6 0.91
GS Pre.-ex., 19 706 708 707 36 31 31 4.1 16.6 0.79
(23)

Post-ex., 26 570 572 570 11 9 14 -2.7 7.7 0.78
R Pre.-ex.,57 843 846 848 45 44 41 -4.2 18.9 0.92
(24)

Post-ex., 89 602 590 588 16 29 31 23 225 0.82
. Pre.-ex., 79 869 873 873 17 17 17 -0.5 20.2 0.88
(24)

Post-ex., 93 756 758 759 16 14 13 -2.2 9.7 0.81
MD Pre.-ex., 20 867 869 869 31 28 30 -1.3 17.3 0.84
(26)

Post-ex., 16 708 704 703 26 38 37 53 23.0 0.84
A Pre.-ex., 68 763 770 770 53 56 57 7.2 255 0.90
(26)

Post-ex., 74 663 663 663 18 11 11 -0.3 18.7 0.86

Pre.-ex., 262 807 814 814 66 62 62 -6.5 2.6 0.98
All

Post.-ex., 322 | 677 676 676 73 76 77 1.7 13 0.97
TABLE Ill. COMPARISON OF ICG AND DOPPLER ECHOCARDIOGRAPHY (DE) RESULTS FOR CARDIAC

PATIENTS: MEANS AND STANDARD DEVIATIONS (SD) OF DE VELOCITY PROFILE PEAK-TO-PEAK INTERVALS,
ECG R-R INTERVALS, ICG C-C INTERVALS. STATISITCAL MEASURES COMPARING C-C INTERVALS WITH DE

PEAK-TO-PEAK INTERVALS: MEAN ERROR ( € ), RMS ERROR (O ), CORRELATION COEFFICIENT ( I').

Mean (ms) SD (ms) DE-CC Comparison
Sub- ..
3 Condition,
Ject No. of cycles c o
(age) | DE RR cc | DE | RR cc 2 3 r

(ms) (ms)

ég) Rest, 41 867 865 865 | 34 35 36 2.0 15,7 | 0.84
DS
(5 Rest, 64 704 703 703 9 6 8 1.6 7.1 0.77
((4;15:() Rest, 40 893 891 891 | 21 24 22 2.2 282 | 087
ég) Rest 56 | 811 808 | 810 | 47 | 47 45 | 30 | 77 | 099
All Rest, 201 805 803 803 | 81 81 81 2.3 153 | 0.98

Proc. of the 11th Annual Conference of the IEEE India Council, Pune, December 11-13, 2014 (Indicon 2014), Paper ID 1199

5/6



VI. CONCLUSION

A modified, time-domain technique for automatic detection of
B, C, and X points in the ICG waveform has been presented. It
works well in the presence of baseline drift and does not
require selection of the processing parameters. Use of the
technique on pre-exercise and post-exercise recordings from
healthy subjects and cardiac patients showed that the points
were detected with a high sensitivity, with a low detection
error, with very similar results for the unprocessed and the
denoised ICG waveforms. Statistical analysis of the
measurements made from the detected C points by using the
automatic detection technique showed good agreement with
those obtained from the Doppler echocardiography. It needs to
be further evaluated on recordings from a larger number of
healthy subjects and patients. Further evaluation by using the
detected points in estimation of SV and other cardiac indices
also needs to be carried out.
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