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Adaptive Filtering for Suppression of
Respiratory Artifact in Impedance Cardiography

Vinod K. Pandey, Prem C. Pandey, Nitin J. Burkule, and L. R. Subramanyan

Abstract— Impedance cardiography is a noninvasive tech-
nique, based on sensing the variation in the electrical impedance
of the thorax caused by variation in the blood volume during
the cardiac cycle, for monitoring the stroke volume and
some other cardiovascular indices. Respiratory and motion
artifacts cause baseline drift in the sensed impedance waveform,
particularly during or after exercise. This paper presents an
LMS-based adaptive filtering technique for suppression of
respiratory artifact for improving the estimation of the indices
without smearing the beat-to-beat variations. It uses a reference
signal, closely related to the respiratory artifact, obtained by
a least-squares approximation based B-spline fitting on the
contaminated impedance cardiogram in synchronism with the
respiratory phases. The technique is evaluated on signals with
simulated artifacts and on signals from nine healthy subjects
and five patients with cardiovascular disorders. The values
of the stroke volume, estimated on beat-to-beat basis, after
suppression of respiratory artifact showed a good agreement
with those from Doppler echocardiography.

I. INTRODUCTION

Impedance cardiography is a noninvasive technique for
monitoring time varying impedance Z(¢) across the thorax
due to blood flow. Negative derivative of Z(t) is known
as the impedance cardiogram (ICG). With the help of an
appropriate impedance model of the thorax, it can be used
for estimating the stroke volume (SV) and several other
cardiovascular indices [1]—[3]. Fig.1 shows a typical ICG
waveform. The ICG waveform has four main characteristic
points: B, C, X, and O. Points B and X denote the aortic valve
opening and closing, respectively. The point C corresponds
to peak of the waveform. The point O indicates the time
of opening of the mitral valve. The time interval between
points B and X is the left ventricle ejection time (7j,et).
The stroke volume is generally calculated using Kubicek’s
formula or one of its several modifications [1]—[3] using two
parameters: the left ventricular ejection time and the peak
value of the ICG.

The sensed variation in the thoracic impedance is influ-
enced by respiratory and motion artifacts [5]—[16]. Respira-
tory artifact is caused primarily by changes in the thoracic
cage during the inhale and exhale phases of respiration,
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Fig. 1. A typical ICG along with ECG (adapted from [4]).

while motion artifact is related to the body movements. The
spectra of these artifacts partly overlap with those of the ICG.
The impedance variation caused by cardiovascular activity is
typically 2 — 4% of the basal impedance (usually about 20
), while the impedance variation caused by the artifacts
may be up to 30% [3]. Thus the artifacts may cause a large
baseline drift in the sensed waveform, resulting in errors in
identification of the characteristic points and in the estimation
of the stroke volume and other cardiovascular indices.

Holding the breath during recording can avoid respiratory
artifacts, but it may change the stroke volume [6]. In the
commonly used ensemble averaging technique, time frames
in the ICG waveform are identified with reference to the R-
peak of ECG and the parameters 7T} e; and (—dZ/dt)maq
are calculated from the ensemble averaged ICG [8]—[9]. It
suppresses the non-coherent components related to the res-
piratory and motion artifacts, but it also suppresses beat-to-
beat variations and transient changes in the signal. Because
of heart rate variability, ensemble averaging tends to blur
or suppress the less distinctive point B in the waveform.
Further, beat-to-beat variation in the time interval between
point B and R-peak may result in a smearing of the ICG
peaks. Hurvitz et al. [9] used coherent ensemble averaging,
by aligning B, C, and X points in each frame. The technique
is free from the problems of beat-to-beat variation of cardiac
events and event latency, but it can be applied only if the
points can be reliably detected.

Several techniques have been reported for suppression
of the artifacts from the ICG signal [10]—[16]. Barros et
al. [15] used an adaptive filter with scaled Fourier linear
combiner, with the ICG signal expressed as a scaled Fourier
series with a period equal to the R-R interval. It may result in
a distortion in the output waveform due to variation in time
difference between the electrical and mechanical activities
of the heart. Pandey and Pandey [16] used an adaptive
filter, with the output of a thermistor based airflow sensor
placed in front of the nostrils as the reference input, for
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Fig. 2. Adaptive filtering technique using estimated respiration reference.
z(n) = sensed ICG signal (sum of the ICG s(n) and the artifact r4(n)),
ro(n) = output of the respiration sensor, Z(n)= output signal.
LMS-based adaptive cancellation of the respiratory artifact
from ICG signal. As the output of the respiration sensor is
deficient in higher frequencies, the technique is not effective
in suppressing higher spectral components of the respiratory
artifact.

Unlike heart rate variability and blood pressure variability,
stroke volume variability has not been widely used as a
cardiac diagnostic tool, mainly because of the difficulty in
getting accurate estimation of stroke volume on a beat-to-
beat basis over a long period of time. This paper presents an
LMS-based adaptive filtering technique for suppressing the
respiratory artifact in the sensed thoracic impedance signal,
without placing restrictions on breathing by the patient. The
reference input for adaptive filtering is estimated using the
output of a respiration sensor and the sensed impedance
signal. A quantitative evaluation is carried out by applying
the technique on signals with simulated artifacts at different
signal-to-artifact ratios, for 23 healthy volunteers. A vali-
dation in a clinical setting is carried out for nine healthy
subjects and five subjects with cardiovascular disorders,
using Doppler echocardiography as a non-invasive reference
technique for beat-to-beat estimation of the stroke volume.

II. SIGNAL PROCESSING TECHNIQUE

A schematic of the artifact suppression technique is shown
in Fig. 2. The output signals from a thoracic impedance
sensor and a respiration sensor are simultaneously acquired
and used as the inputs to the adaptive filtering block for
suppressing the respiratory artifact. Signal z(n) is the sensed
ICG. It is a sum of the desired signal s(n) and the respiratory
artifact 7,(n), and is the primary input for adaptive filtering.
The output of the respiration sensor 7,(n), related to the
respiratory artifact r,(n), is assumed to be uncorrelated to
the signal s(n). In our setup, a thermistor based airflow
sensor, placed in front of the nostrils, senses the respiration.
Its output r,(n) has a delay with respect to the artifact caused
by the movement of the thoracic cage. A delay of n4 samples,
larger than the delay in the path of the sensed respiration, is
introduced in the path of the primary signal z(n). Number
of taps in the adaptive filter is kept large enough to properly
track the actual delay.

The output of the airflow sensor is synchronously related
to the respiratory artifact, but it is found to be deficient in
frequencies above about 1 Hz and hence it is not effective
in suppressing higher spectral components of the respiratory
artifact which severely affect the detection of the character-
istic points in the ICG waveform. A signal closely related to

the respiratory artifact can be estimated by using the output
of the respiration sensor and the sensed impedance signal
together and used as the reference input for the LMS-based
adaptive filtering. As the respiratory artifacts during inhale
and exhale phases are different, the reference needs to be
estimated in synchronism with the respiratory phases. The
two phases are detected from the sensed respiration r,(n),
by taking the change in the polarity of its slope as the onset
of a new respiratory phase. The reference r(n) is estimated
by a least-squares approximation based cubic B-spline [17],
[18] fitted on x4(n), using a set of data points with equal
number of uniformly spaced samples in each phase and the
time indices corresponding to the two end points of each
respiratory phase forming the knot vector.

The reference input r(n) is filtered with the M-tap FIR
filter, with coefficients w, (k), resulting in the output

M—1
in) = wa(k)r(n—k). (1)
k=0
The FIR filter output #(n) is subtracted from the delayed
input z4(n) to get the denoised output

(n) = x(n — ng) — #(n). 2)

z
The output Z(n) is used as the error e(n) for adaptive
estimation of the filter coefficients by the LMS algorithm. It
uses an instantaneous estimate of the gradient vector, based
on sample values of the tap input vector and the error for
dynamic adaptation to adjust filter coefficients on sample-
by-sample basis [19], [20], using the equation

W41 (k) = wy (k) + pe(n)r(n — k). 3)

The step-size parameter p, satisfying the condition 0 < p
< 2/M(mean-square (r(n)), is selected for controlling the
convergence and stability of the adaptation.

IIT1. EVALUATION METHOD

The ICG signal was obtained from an ICG instrument
developed at IIT Bombay [21], [22] using a four-electrode
configuration [1] with disposable ECG spot electrodes. The
signals acquired using this instrument and those using ‘HIC-
2000’ (Bio-Impedance Technology, Inc., Chapel Hill, NC)
exhibited similar artifacts [22]. The respiratory signal was
sensed by placing a thermistor based respiration sensor
(‘SKRIPP-RRM-02’, Pamtrons, Mumbai, India) close to the
nostrils. Its position, in front of the nostrils, is not critical
because the adaptive filtering adapts to the delay between the
sensed respiration and the respiratory artifact. Waveforms of
the ECG, basal impedance Z,, thoracic impedance signal
Z(t), ICG, and respiratory signal were simultaneously ac-
quired at a sampling frequency of 500 Hz using a 12-bit data
acquisition unit (‘KUSB-3102’, Keithley, Cleveland, OH).

For a qualitative assessment, the technique was applied on
signals from 52 healthy volunteers, recorded in pre-exercise
and post-exercise relaxation conditions, with no restriction
on breathing and the volunteer resting in a supine position
in order to minimize motion artifact. The onsets of inhale
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and exhale were detected using the sensed respiration. Least-
squares approximation based cubic B-spline fitting on the
contaminated input signal was carried out using the two
end points of each respiratory phase as the knots. Use of
10 uniformly spaced samples in each respiratory phase as
the data points resulted in a good approximation of the
artifact. For quantifying the noise suppression, the technique
was applied on signals with simulated respiratory artifact
with different values of signal-to-artifact ratio generated
using recordings from healthy volunteers. A validation of the
technique was carried out on signals acquired in a clinical
setting using Doppler echocardiography as a noninvasive
reference technique.

A. Suppression of Simulated Artifacts

A quantitative evaluation of the technique was carried
out by processing signals generated as a weighted sum of
artifact-free ICG and ICG-free artifact. Two types of signals
were recorded from 23 healthy volunteers (age: 22 — 31
years), with the volunteer resting in supine position without
any non-ventilatory movements. During the first recording,
the volunteer held the breath for 10 s. One of the cycles
was repeatedly concatenated to obtain a periodic artifact-free
ICG. During the second recording, the volunteer synchro-
nized the inhale and exhale phases with 0.4 Hz square wave
displayed on an oscilloscope. Sixty cycles of the ICG were
ensemble averaged with respect to the respiratory cycle to
estimate one cycle of respiratory artifact. It was repeatedly
concatenated to simulate a periodic ICG-free respiratory
artifact.

The ICG-free artifact was scaled to have the same RMS
value as the artifact-free ICG signal. The ICG-free artifact
ro(n) was added to the artifact-free ICG s(n) with a scaling
factor « to obtain the contaminated ICG, with a signal-to-
artifact ratio (SAR) of —20 log a.

B. Validation of the Technique under a Clinical Setting

For validating the technique for beat-to-beat estimation of
the stroke volume under a clinical setting, Doppler echocar-
diography was used as the reference technique. Several
studies have established a good correspondence between
stroke volume estimated from Doppler echocardiography
and other standard techniques [23], [24]. The signals from
both the techniques were simultaneously acquired, at the
Asian Heart Institute and Research Center, Mumbai, India.
The investigation protocol was approved by the hospital’s
research committee and all the participating subjects read
and signed an informed consent.

The signals were recorded from two groups of subjects:
(a) 9 volunteers with normal health (male, 22— 56 years) and
(b) 5 patients with cardiovascular disorders (male, 36 — 57
years), excluding those with significant heart valve disease,
pacemaker, myocardial infarction, and intra-cardiac shunts.
Two sets of signals were recorded from each subject: (a)
pre-exercise (with normal heart rate and respiration) and (b)
post-exercise (with increased heart rate and respiration). The
first set was recorded after the subject had rested for 15

min. The second set was recorded soon after the subject had
performed a jogging exercise to increase the heart rate to 100
beat/min. The second set of signals was not recorded from
two patients having difficulty in exercising. To avoid motion
artifact related inaccuracies, both the sets of signals were
recorded with the subject lying in the left lateral position.

Doppler echocardiograms were recorded, by a cardiolo-
gist, using ultrasonograph “GE Vivid 7 Dimension” in pulse-
wave Doppler mode, in accordance with the recommen-
dations in [25]. The ECG amplifier of the ultrasonograph
was connected to three limb electrodes and a pulse output
corresponding to the R-wave of the ECG was used for
synchronizing the ICG and Doppler echocardiogram cycles.

Signals ECG, Z,, Z(t), ICG, respiration, and synchroniza-
tion pulses were acquired along with the Doppler echocar-
diogram. The stroke volume was estimated using Kubicek’s
formula [1]—[3]

SV = P (L/ZO)Q(_dZ/dt)maz Tivet “4)

where, SV = stroke volume (mL), p = blood resistivity (taken
as 150 Q-cm), L = length between the sensing electrodes
(cm), Z, = basal impedance (), (—dZ/dt)mar = maxi-
mum of the derivative of the impedance during the systole
(§s), and Ty, = left ventricular ejection time (s). Across
the subjects, length between sensing electrodes, the basal
impedance, and the impedance variation ranged 19.0 — 28.2
cm, 17.0 — 39.0 €, and 0.6 — 1.1 €, respectively.

Estimation of 77, requires a stable baseline. The value of
(—dZ/dt) maz is measured as the peak height from the point
B or from the point of zero crossover. It is generally difficult
to get a clear point B or a stable baseline in the waveform.
An examination of the artifact-free signals, acquired from
healthy volunteers during breath hold in the pre-exercise
and the post-exercise conditions, showed that (—dZ/dt) .z
measured as the peak from the zero crossover point was ap-
proximately 0.72 times the peak-to-peak height of —dZ/dt.
This empirical relationship, also found to be valid in the
clinical recordings not significantly contaminated by artifact,
was used for estimating (—dZ/dt)q.. For estimating Tj,,c¢,
point B was taken as the notch near baseline crossover point
and point X was taken as the most negative point in the cycle.
The values of the left ventricular ejection time (77,.¢) and
the stroke volume (SV) estimated using ICG were compared
with those obtained by Doppler echocardiography.

IV. RESULTS
A. Results for Suppression of Simulated Artifacts

The signals with simulated artifacts, of approximately
25 s duration and obtained as described in the previous
section, were processed by adaptive filtering technique using
estimated respiration reference (AFER). They were also pro-
cessed by adaptive filtering using sensed respiration reference
(AFSR) as reported earlier in [16]. Fig. 3 shows spectra of
the ICG-free respiratory artifact, the sensed respiration, and
the estimated respiration reference for a signal with 0 dB
simulated artifact. The spectrum of the sensed respiration
extends only up to about 1 Hz. However, the spectrum of
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Fig. 3. Spectra of the ICG-free respiratory artifact, the sensed respiration,
and the estimated respiration with controlled breathing at 0.4 Hz.

the estimated respiration closely approximates that of the
ICG-free respiratory artifact, especially at higher frequencies.
The same pattern was observed across all the signals with
simulated artifacts. For AFSR, the most appropriate values
of the processing parameters were sample delay ng ~ 270,
step-size i &~ 2.1 x 10~* (for the reference inputs with RMS
value of 0.25), and filter tap length M ~ 400. Corresponding
values for AFER were ng ~ 270, i ~ 1.2x 1074, and M ~
184. The filter settling time were 5.0 s and 2.7 s for AFSR
and AFER, respectively.

Application of the techniques on artifact-free signals re-
sulted in the output signal-to-noise ratio of approximately
27.0 and 27.7 dB for AFSR and AFER, respectively, thus
indicating no significant signal distortion. For the input SAR
in the range of —9 dB to 9 dB, a plot of the output SAR
versus the input SAR showed a nearly linear relationship,
with the SAR increase of 18.2 — 18.8 dB (mean = 18.5 dB)
for AFSR and 19.3 — 19.8 dB (mean = 19.6 dB) for AFER.
Although AFER gave only 1.1 dB higher artifact attenuation,
it was found to be very effective in improving the distinctness
of the characteristic points. It needs a smaller filter tap length
and adapts faster.

B. Results for Processing of Clinical Recordings

Agreement between the values estimated from ICG and
those from Doppler echocardiography was examined using
three analyses: i) correlation (correlation coefficient), ii) lin-
ear regression (slope, offset error, and RMS error), iii) Bland-
Altman test (mean bias, standard deviation of differences)
[26]. These analyses were applied on beat-to-beat estimates
from the signal recordings of 20 s duration (maximum
permitted by the ultrasonograph), comprising 18 —42 cardiac
cycles [22].

Fig. 4 shows a segment of the simultaneously recorded
ECG, Z(t), ICG, respiration, and synchronization pulse
waveform, from a subject in post-exercise resting condition,
and the corresponding segment of the processed ICG signal.
It is difficult to locate the characteristic points in the ICG
waveform due to the respiratory artifact. After processing, the
artifact is reduced, facilitating the beat-to-beat localization of
the characteristic points.

Across the recordings from the nine healthy subjects in the
pre-exercise and the post exercise conditions, the heart rate
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Fig. 4. Segment of waveforms for subject ‘SH1’ (age: 33 years, weight: 74
kg) in post-exercise relaxation: (a) ECG (in arbitrary units), (b) Z(t) (in 2),
(c) ICG (in Q/s), (d) sensed airflow (in arbitrary units), (e) synchronization
pulse from Doppler echocardiograph (in V), (f) estimated reference, and (g)
processed output (in €2/s).

and the breathing rate ranged 55 — 103 beat/min and 10 — 25
breath/min, respectively. The beat-to-beat values of Tj,et
and SV estimated by echocardiography ranged 204 — 385
ms and 38 — 238 mL, respectively, showing a large inter-
cycle variability. The correlation coefficients for beat-to-
beat estimation of SV from the unprocessed ICG ranged
0.15 — 0.80, and they were statistically significant only in
some of the cases. After processing, the corresponding values
increased to 0.78 — 0.97, and they were highly significant
(p < 0.001) in all the cases. The processing resulted in best
fit lines with slopes close to one. The RMS error from the
best fit line decreased from 29.0 — 171.2 mL to 5.8 — 42.8
mL. The processing resulted in a decrease in the mean bias
from 13.1 —59.8 mL to 1.2 —11.2 mL and a decrease in the
standard deviation of the differences from 5.1 — 32.0 mL to
1.5 — 8.3 mL.

Across the recordings from the patients, the heart rate and
the breathing rate ranged 62 — 114 beat/min and 14 — 22
breath/min, respectively. The beat-to-beat values of 7}, and
SV estimated by echocardiography ranged 202 — 300 ms
and 32 — 78 mL, respectively. The correlation coefficients
for beat-to-beat estimation of SV from the unprocessed ICG
ranged 0.20 — 0.64 and none of the values were statistically
significant. After processing, the values increased to 0.71 —
0.89, and they were highly significant (p < 0.0001) in all
the cases. Before processing, the slope of the best fit line
varied from 0.6 to 1.9. After processing, the slope varied in
a small range about 1. The RMS error from the best-fit line
decreased from 38.3 —146.3 mL to 3.5—23.0 mL. The mean
bias decreased from 16.6 —44.6 mL to 0.3—10.9 mL and the
standard deviation of differences decreased from 7.5 — 23.9
mL to 1.0 — 3.6 mL.
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V. DISCUSSION

Application of LMS-based adaptive filtering was investi-
gated for suppressing the respiratory artifact, by estimating a
reference by spline fitting on the ICG signal in synchronism
with the respiratory phases detected from the output of a
respiration sensor. While the spectra of the sensed respiration
signal were deficient in spectral component above about 1
Hz, spectra of the estimated reference closely approximated
the spectra of the respiratory artifact across the subjects.
Use of estimated reference in place of sensed respiration
significantly reduced the filter tap length and shortened the
settling time to the duration of a typical respiratory cycle.
It was found to be particularly effective in suppressing the
artifacts in recordings with a large variation in the respiration
rate and cardiac activity. The technique does not require
identification of characteristic points and it is not affected
by event variability.

Its application on artifact-free signals did not introduce any
visible distortion. Processing of the signals with simulated
respiratory artifact with input SAR in the range of —9
to 9 dB showed an SAR improvement of approximately
19.6 dB. Validation using recordings under a clinical setting
showed that artifact suppression significantly improved the
agreement of the SV values estimated on beat-to-beat basis
from impedance cardiography to the corresponding values
from Doppler echocardiography, in both the pre-exercise
and the post-exercise conditions. The standard deviations
of differences decreased to values comparable to the beat-
to-beat variation in the stroke volume under pre-exercise
condition and to values much smaller than the beat-to-beat
variation in the post-exercise condition. In place of the LMS
algorithm, other adaptation algorithms may be investigated
for further shortening the settling time and improving the
artifact suppression during high variability of respiration and
cardiac activities. Effectivenss of the technique needs to be
evaluated on the recordings from a larger number of patients
with different cardiovascular disorders.

The morphology of artifact-free ICG may help in the
diagnosis of cardiovascular disorders and it may be helpful
in investigating methods for precise and accurate estimation
of the stroke volume and other cardiovascular indices. It will
facilitate study of beat-to-beat variation and the respiratory
modulation of these indices.
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