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Interpolation Techniques Applied on Sparsely Sampled
ECG Signals — part one: method and kernels
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Abstract — This paper presents the importance of
electrocardiographic (ECG) signal interpolation. Also, a
way to achieve ECG signals interpolation using cubic
interpolation kernels is presented: principles of ECG
signal interpolation and four kernels definitions are
given. Finally, two examples are presented.
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I. INTRODUCTION

The electrocardiogram (ECG) reflects the electrical
activity of the heart. The 12-lead electrocardiography
represents a standard clinical procedure for the
investigation of heart diseases. It is a non-invasive
diagnostic tool for measuring potentials from the body
surface, employs up to 10 electrodes placed on the
chest, arms and legs, and offers up to 12 waveforms
(leads). The procedure is safe, simple, and
reproducible, and the relative cost is minimal.
However, there are several situations in which the
ECG signal sampling frequency may be a problem:

- different ECG acquisition systems use different
sampling rates, thus a comparison of ECG signals
may be not easy to accomplish;

- digital information flow within the intensive care
unit (ICU) continues to grow, with advances in
technology and computational biology; a data amount
reduction may be useful;

- within the frame of telemedicine, mobile e-health
applications are using heterogeneous channels for data
transmission; in isolated areas, no high bit rates are
available, thus using low sampling rates in ECG
telemonitoring may be a necessity;

- also, in mobile e-health applications, lost sample
recovery may be imposed;

- sometimes in ambulatory ECG measurements are
used low sampling rates and an adequate signal
processing allows reasonably accurate measurements
of the QRS complex;

- in heart rate variability (HRV) analysis, high
sampling frequencies are needed.

A solution for those problems is to use digital
decimation and/or interpolation. Researches in this
direction were made starting in the ’80s and the

! Facultatea de Electronica si Telecomunicatii, Departamentul

subject is still of interest [1-7]. Principles of ECG
signal decimation process are given in a previous

paper [8].
II. DIGITAL INTERPOLATION PRINCIPLES
A. ECG signal

ECG signal is a quasi-periodical irregular signal with
magnitudes between 0./ mV,, and 2 mV,, and normal
rhythms between 60 bpm and 100 bpm.

ECG relative power spectrum experimentally
obtained from resting healthy subjects (normal
ECG’s) and from subjects with arrhythmia (abnormal
ECG’s) is shown in Fig.1 [9]. The spectrum of
interest is between 0.05 Hz and 40 Hz. It may be
observed that the spectrum may be approximated with
a monotonously decreasing one.
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Fig.1. ECG relative power spectrum.

B. Interpolation considerations

Interpolation represents a sampling rate increase. The
process of interpolating a signal z/n/, with an original
sampling rate f;, by an integer ratio R is depicted in
Fig.2. The final rate is f;= f;-R. The sampling rate is
increased by inserting R-/ samples between each two
samples of z/n].

It is easier to use a multistage implementation,
calculating the intermediate new sample between two
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Fig.2. Interpolating process of z/n].

consecutive initial samples (step 1), then the
intermediate new sample between two consecutive
known (initial or previously determined) samples
(step 2), and so on. Thus, R = 2.

For a good compromise between performances and
complexity, interpolation uses four consecutive initial
samples (210, 220, 230, 240) to generate a new one (21 ), as
depicted in Fig.3.a, where T, = 1/f; represents the
period of z/n] signal; t;, t,, t;, and ¢, represents time
intervals between the new sample and the initial ones.
The new sample is obtained using the formula:
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where h(t;), h(t;), h(t;), and h(t,) are the kernel
elements.
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Fig.3. Initial samples used to obtain a new one.

III. INTERPOLATION KERNELS

Several interpolation techniques have been developed
and can be found in the literature [10]. The most
commonly used methods are the nearest neighbor,
linear and spline interpolation techniques. Less
common are the polynomial and Lagrange
interpolation methods.

Cubic convolution is a third degree interpolation
algorithm that fairly well approximates the
theoretically optimum sinc interpolation function.

The kernel is of form:
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From this relation are obtained the expressions for the
interpolation kernels proposed to be used.

Cubic Convolution Interpolation Kernel (CCIK) is
obtained from (2) using a = —0.5:
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Cubic Continual (CC) is obtained from (2) using a =

—0.75:
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Cubic Spline (CS) is obtained from (2) using a = —I:
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Another interpolation kernel is represented by Cubic
Lagrange (CL), given by:
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If the new sample is always placed in the middle of
the interval between two consecutive known samples,
as presented in Fig.3.b, the interpolation kernels will
have constant coefficients, given in table 1.

Table 1
coeff. h) ht) h(t;) h(ty)
kernel
CCIK -1/16 9/16 9/16 -1/16
CC -3/32 19/32 19/32 -3/32
CS -1/8 5/8 5/8 -1/8
CL -1/16 9/16 9/16 -1/16
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IV. EXAMPLES OF ECG INTERPOLATION
In the following part, two examples of ECG
interpolation process are presented.

A. Results for an interpolation process

The starting set is represented by a set of 64-samples
introduced by the user (for generating a simulated
ECG signal) into the interpolator (or a sparsely
sampled ECG recording). The set represents a 0.8
seconds cardiac cycle, depicted in Fig.4.
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Fig.4. Initial samples, choosed by user.

Three stages of interpolation were used: the first step
uses a CS kernel, and the following two steps use a
CL kernel. According to [11], this is the best choice.
The interpolator was implemented in MATLAB. In
order to obtain all the new samples between the initial
ones, an extension of the original set was needed. For
this, the first two and the last two sampled were
copied “in mirror”.

In Fig.5 are presented: (a) the extended set and (b) the
result of the first interpolation stage (CS).

(b)

Fig.5. Initial samples and 1* stage results.

23

In Fig.6 are presented the results for: (a) the second
(CL) and (b) the third (CL) interpolation stages.
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Fig.6. Results for 2" and 3" stages.

Starting from 64 samples, after the first stage were
obtained 68 + 67 = 135 samples; after the second
stage were obtained /35 + 134 = 269 samples; and
after the third stage were obtained 269 + 268 = 537
samples.

B. Results for a decimation - interpolation process

This example refers to the case: accomplish a
reduction of ECG data amount / ECG recovery. The
first 100 samples of a real ECG signal are considered
(Fig.7). Sampling frequency for the real signal is f; =
250 Hz, and maximum frequency for the ECG signal
18 fonax = 40 Hz.
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Fig.7. Real ECG signal (linear interpolation).
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For one decimation step, the new signal will be
sampled at f;; = f; /2 = 125 Hz; for a second
decimation step, the new signal will be sampled at f;,
=fu/2 = 62.5 Hz < 2 x 40 Hz (sampling theorem
condition); this means that only one decimation step
can be completed.

Next, one CL interpolation stage is performed, best
choice according to [11].

In Fig.8 are represented: (a) initial (real) samples; (b)
decimated signal compared with the initial one; and
(c) CL interpolated signal compared with the initial
one.
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Fig.8. Results for one decimation — interpolation step for a real
ECG signal.

V. CONCLUSIONS

In the first part are presented some major motives to
justify the interest for ECG signal interpolation.

Next, ECG signal features of interest and interpolation
principles are presented. Cubic interpolation was
preferred, due to a simple implementation and good
performances. Four cubic interpolation kernels are
presented: Cubic Convolution Interpolation Kernel,
Cubic Continual, Cubic Spline and Cubic Lagrange.
Finally, two examples of ECG signal interpolation are
given: interpolation of a sparsely sampled ECG
recording; decimation (in order to reduce the amount
of transmitted / stored data) and interpolation (in order
to reconstruct the initial signal). Also, when different
ECG acquisition systems use different sampling rates,
interpolation may be used in order to obtain similar
sampling frequencies, in order to compare ECG
recordings.

A comparison between Fig.5.a
demonstrates interpolation capabilities.
As it can be observed in Fig.8.c, some errors occur. A
study of those errors and a comparison between the
four kernels performances (and with other
interpolation methods) must be accomplished.

and Fig.6.b
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