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Abstract. The aim of electrocardiogram (ECG) compression is to reduce the amount
of data as much as possible while the significant information for diagnosis is preserved.
Objective metrics that are derived directly from the signal are suitable to control
the quality of the compressed ECGs in practical applications. Many approaches have
employed figures of merit based on the percentage root—mean—square difference (PRD)
for this purpose. The benefits and drawbacks of the PRD measures along with other
metrics for quality assessment in ECG compression are analysed in this work. We
propose the use of the root mean square error (RMSE) for quality control, because it
provides a clearer and more stable idea about how much the retrieved ECG waveform,
which is the reference signal to establish diagnosis, separates from the original. For
this reason, the RMSE is applied here as target metric in a thresholding algorithm that
relies on the retained energy. A state—of-the—art compressor based on this approach
and its PRD-based counterpart are implemented to test the actual capabilities of the
proposed technique. Both compression schemes are employed in several experiments
with the whole MIT-BIH Arrhythmia Database to assess both global and local signal
distortion. The results show that, using the RMSE for quality control, the distortion
of the reconstructed signal is better controlled without reducing the compression ratio.
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Keywords: direct metrics, ECG compression, Percentage Root-mean—square Difference

(PRD), quality control, retained—energy thresholding, Root Mean Square Error
(RMSE), subband coding.
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1. Introduction

The electrocardiogram (ECG) is a biological signal that represents the electrical activity
of the heart. The ECG recording conveys important information for the analysis and
evaluation of the patient’s health condition related to the cardiac system. Nowadays,
remote applications such as ECG monitoring, database storing and diagnosis are in
widespread use due to the advance of the Internet and mobile networks (Engin, Caglav
& Engin 2005, Iliev, Krasteva & Tabakov 2007, Capua, Meduri & Morello 2010). In
this context, the utilization of ECG compression for telemedicine is among the most
challenging, versatile, and interesting applications, in which data reduction is needed to
increase the transmission rate, allowing thus the reception of high resolution signals in
real-time.

In lossy ECG compression, part of the original information content is lost, so
the reconstructed signal is not fully identical to the original. These techniques are
under constant research because they achieve high levels of compression in comparison
with lossless compression methods (Sayood 2000). Lossy ECG compressors can be
classified into three categories (Blanco—Velasco, Cruz—Roldan, Lépez, Angel M. Bravo
& Martinez 2004): direct methods, transform methods, and other compression methods.
The first group has provided good results in the past, but, in the recent years, most
of the contributions fall into the last two categories. Regarding the second group,
several different compression schemes have been developed (Chen & Itoh 1998, Alesanco,
Olmos, Istepanian & Garcia 2006, Chen, Ma, Zhang & Shi 2006, Benzid, Marir &
Bougechal 2007, Benzid, Messaoudi & Boussaad 2008, Blanco—Velasco, Cruz—Roldén,
Godino—Llorente & Barner 2007, Abo—Zahhad, Al-Ajlouni, Ahmed & Schilling 2013).
Finally, from the last category, those techniques that rely on parameter extraction
must be pointed out (Zigel, Cohen & Katz 2000a, Ouamri & Nat-Ali 2007, dos
Santos Guimaraes, Lovisolo, Blanco—Velasco & Cruz—Roldén 2010) as well as the
methods based on nearly—perfect reconstruction filter banks (Blanco—Velasco, Cruz—
Roldan, Lépez, Angel M. Bravo & Martinez 2004, Blanco—Velasco, Cruz—Roldén,
Godino—-Llorente & Barner 2004, Blanco—Velasco, Cruz—Rolddn, Moreno—Martinez,
Godino-Llorente & Barner 2008).

Increasing the Compression Ratio (CR) is the main objective in lossy compression,
but, due to distortion, the signal quality is an issue that should always be kept under
control. Compressors must not only reduce the data to be transmitted but, at the same
time, they must assure that the reconstructed signal is similar enough to the original
one. For this purpose, the error that is introduced must be constantly monitored and
constrained during the compression procedure. In order to achieve an objective and
automatic assessment, one can distinguish between direct and indirect metrics. Direct
metrics are calculated in a straightforward way from the samples of the signal, without
the necessity of obtaining any other ancillary parameters. For this reason, direct metrics
comprise mainly conventional quality measures that do not depend on the type of signal
that is assessed. On the other hand, indirect metrics rely on additional inputs, apart
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from the original samples, that are usually related to features of the signal with some
clinical meaning. In the case of the ECG, these parameters could be the duration,
shape or peak value of its different waves (Zigel, Cohen & Katz 2000b). In general,
indirect metrics tend to be seen as more accurate, as their analysis covers a wide range
of characteristics that are important in clinical diagnosis. However, their complexity
makes them inappropriate for real-life applications that cannot afford the time or the
resources required for the computation of additional parameters.

On the other hand, the quality of the reconstructed signal can also be tightly
controlled with direct metrics. Since clinical analysis of the ECG is carried out through
visual inspection, an appropriate quality control implies that the diagnosis attained
with either the original or the reconstructed signal has to be the same. As a result,
the quality is understood in terms of preserving the waveform. This criteria can be
met by means of consistent direct metrics that are able to restrict the error equally
in any part of the signal. Omne of the direct metrics that are most commonly used
to assess quality is the Percentage Root—mean—square Difference (PRD). In this sense,
both the CR and the PRD are the main issues considered in ECG compression (Chen
& Ttoh 1998, Blanco—Velasco, Cruz—Roldan, Godino—Llorente & Barner 2004, Blanco—
Velasco, Cruz—Roldan, Godino—Llorente, Blanco—Velasco, Armiens—Aparicio & Lépez
2005, Benzid et al. 2007, Blanco—Velasco et al. 2007, Benzid et al. 2008, Hung, Tsai, Ku
& Wang 2009, Ku, Hung, Wu & Wang 2010, Aggarwal & Patterh 2012, Abo—Zahhad
et al. 2013). Although these methods are able to constrain the PRD to a predetermined
interval, this methodology by itself offers doubts about its suitability to assess the
clinical validity of the resulting compressed signals. One reason is that the PRD does
not provide meaningful information about the degradation of the signal. This fact
has already been observed in (Alesanco, Garcia, Serrano, Ramos & Istepanian 2006),
where the advantages and drawbacks of using the PRD and the Root Mean Square
Error (RMSE) to guarantee quality in ECG compression are discussed, and also in
(Bazéan-Prieto, Blanco-Velasco, Cérdenas-Barrera & Cruz-Rolddn 2012a), in which
the RMSE is proposed as a better suited objective parameter to measure quality in
electroencephalographic signals.

In this work, direct metrics such as the PRD and the RMSE are studied to see
which one offers a better option to assess properly the quality in ECG compression. A
description and mathematical analysis of both types of measures provides a first idea
about their consistency and stability. From this study, a quality control technique based
on the retained energy, where the RMSE is proposed as target metric, is presented
and included in a compression scheme based on thresholding. In order to prove also
its practical application, a specific compressor is implemented with the addition of a
state—of—the—art encoder. Thus, we complete an easy to use and low computational
complexity system that can provide high—quality and good compression operating
directly over raw ECGs, i.e., data directly supplied by the acquisition system, without
any processing that may be the source of additional distortion. The proposed compressor
is tested along with its PRD-based counterpart in order to evaluate its actual quality
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control capabilities. The overall and local errors as well as the compression ratio are
taken into account to provide evidence about the suitability of the RMSE to control
the signal quality. In this way, it is demonstrated, through a representative set of
experiments, that the use of the RMSE gives rise to a better performance in terms of
quality control than the PRD, without degrading the compression performance.

This paper is organized as follows. In section 2, the direct metrics to be studied
are introduced. Subsequently, the proposed compressors are presented in section 3.
The simulations, including both quality and compression experiments, are developed in
section 4. Finally, the conclusions drawn from the work are outlined in section 5.

2. Direct quality metrics

In multiple ECG compression algorithms, checking whether the reconstructed waveform
has sufficient similitude with the original one by means of a direct metric is the way to
control the signal quality. In most of these cases, the quality is continuously verified
in real-time using the PRD as the figure of merit to guarantee an a prior: defined
quality target, also given in terms of the PRD. In (Blanco—Velasco, Cruz—Roldén,
Godino-Llorente & Barner 2004, Blanco—Velasco et al. 2007), this idea was developed
using wavelets and filter banks, respectively. Several other works have reported
comparable approaches (Chen & Itoh 1998, Benzid et al. 2007, Benzid et al. 2008, Hung
et al. 2009, Ku et al. 2010, Aggarwal & Patterh 2012, Abo—Zahhad et al. 2013) also
based on the PRD as target.

Let xy(n) = [z(n),z(n—1),---,z(n— N +1)]" be an N-samples vector
representing a segment of the original ECG to be compressed. The distortion that
affects the reconstructed ECG %Xy (n) can be examined through the coding error signal
en(n) = xy(n) — Xy(n). The PRD is then defined as:

—1
E, o a2(n—1) HXN( )|
where ||-|| denotes the Euclidean norm of the vector, referred to as its magnitude. The

subscript N stands for the vector dimension while n represents the time lag at which the
segment signal is taken. The PRD for xy(n) is a scalar, Dy(n), that reports a relative
measure of the error with respect to the signal magnitude ||xy(n)||. In processing
long-term ECGs, the compressor works over non—overlap short-term blocks:

x;(n) =xy(n+iN), (2)

where ¢ = 0,1,---, K — 1, and K stands for the total number of signal segments that
comprises the entire signal. After compression, a distortion figure is reported for each
segment, Dy (n+iN), and the aim is to set this figure as close as possible to the target

PRD:
Dy (n+ iN) ~ PRD,grger. (3)
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Figure 1. Compression example of an ECG segment of 1024 samples from distinct
signals of the MIT-BIH Arrhythmia Database. The upper panel of both figures shows
a section of 100 samples from the original and the reconstructed signal superimposed.
The compression error is depicted in the lower panel.

Thus, when evaluating the metric over the full signal, xxy (n + (K — 1)N), we ensure
meeting the specification:

Din (n+ (K — 1)N) ~ PRDygyger, (4)

where the subscript KN stands for vector length equal to K - N samples.

As the PRD depends on the signal amplitude, in consequence, for a specific PRD
value, the tolerated error is greater in segments with higher average amplitudes as long
as larger amplitudes contribute to higher values of the denominator of (1). As a result,
the PRD hardly provides information about the absolute signal deviation between the
original signal and the reconstructed one. This is illustrated with the example of figure 1
where two distinct signals are subjected to compressioni for an identical reconstruction
quality target set to be PRDyypger = 2%. When analysing the Root Mean Square (RMS)
value in one segment (N = 1024):

X (n)]l
Trms,n (N) = JN (5)
which is proportional to the denominator of (1), the signal of figure 1(a) has three—fold
less RMS than that of figure 1(b), so although the PRD values obtained in both
cases are almost the same, the compression error of the signal with bigger RMS is
significantly higher (see lower plot of both graphs). Thus, the interpretability of the
PRD is troublesome, so it is difficult to rely on a metric that works that way:.
Using alternative metrics to assess quality may somehow alleviate this problem.

I The compressor employed for this example is described later in section 3.
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Thus, we can use the normalized version of the PRD (PRDN):

sl
Do) = ) — anyia] ©)

where Zx(n) denotes the mean value of the vector xy(n) at time lag n, and 1y is an

N-size column vector of ones. Basically, the PRDN consists of determining the PRD
over a zero mean ECG vector, which minimizes the problem described above, though
the dependence on the magnitude of the analysed signal segment still persists. However,
the major drawback of this metric is that it may not be used to guarantee the quality
target for the signal, as we will see later in section 4.

One way to eliminate the dependence on the signal magnitude would be to focus
on the numerator of (1) or (6), which in fact is a scaled value of the RMSE:

_ llex(n)ll _ Dn(n) - @rms,n (1)
erms,N(n) = \/N = 100 . (7)

One qualitative advantage of the RMSE with regard to the previous metrics is that
it assesses the coding error magnitude in absolute units (volts), providing a more
comprehensible figure for waveform comparison.

In addition to global measures of quality, local analysis is of highest importance to
find out, for instance, whether specific electrical patterns, such as the cardiac activation
of a heartbeat, are within normal range. Thus, it is of big interest to confine significant
local deviations to the minimal value as possible. In order to assess local effects, the
maximum difference in voltage units is also used through the maximum amplitude error
(MAX) (Blanco—Velasco et al. 2005), which is defined as:

En(n) = max {|ex(n)[} . (8)

Finally, the measure of the compression is reported by the CR, which indicates the
bit reduction. Its analytical expression is

b$7N(’I’L)
qu(n) ’ <9>

where b, y(n) and b.ny(n) are the amount of bits needed for the original and the

RN<H) =

compressed signal representation, respectively, in an N—samples long segment.

3. Compression Schemes

Lossy compression based on thresholding has received much attention because it achieves
excellent results in terms of compression ratio, efficient implementation and quality
of the reconstructed signal (Blanco—Velasco, Cruz—Roldéan, Lépez, Angel M. Bravo &
Martinez 2004, Blanco—Velasco, Cruz—Roldan, Godino—Llorente & Barner 2004, Chen
et al. 2006, Benzid et al. 2007, Blanco—Velasco et al. 2007, Ouamri & Nat-Ali 2007,
Benzid et al. 2008, Aggarwal & Patterh 2012, Abo—Zahhad et al. 2013). In this work,
a thresholding—based compression scheme that relies on the retained energy for quality
control is proposed. The compressor, which is shown in figure 2, consists of four steps:
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Figure 2. Block diagram of the proposed compression scheme.

signal decomposition, thresholding (which includes the control of quality), quantization
and entropy encoding. The RMSE is proposed as the target metric to guarantee the
quality of the reconstructed signal in the defined compression scheme. However, the
other direct metrics under study, namely the PRD-based measures, can be also employed
for this same function. In this way, the compressor is utilized later in section 4 to carry
out a practical study on the use of direct metrics to control the reconstruction quality.

3.1. Signal decomposition

The energy of the ECG is not uniformly distributed in the frequency domain, so the
signal is firstly decomposed into subband signals that can be quantized with different
precision. This is accomplished here by means of Nearly—Perfect Reconstruction Cosine
Modulated Filter Banks (N-PR CMFB). N-PR CMFB are a subclass of modulated
M-—channel maximally decimated filter banks that can be derived from a unified scheme
to obtain different modulated filter banks as in (Cruz—Roldén, Martin, Sdez—Landete,
Blanco—Velasco & Saramaki 2009). In this work, the number of channels (M = 16)
and the L=192-length prototype filter are the same as in (Blanco—Velasco, Cruz—
Roldéan, Lépez, Angel M. Bravo & Martinez 2004), because they yield good performance
when compared with similar schemes based on the Discrete Wavelet Transform (DWT)
(Daubechies 1988).

3.2. Thresholding

The second stage is aimed to find a threshold value to discard non—significant samples
from the point of view of the quality of the reconstructed signal. For this purpose,
we adapt a method based on the retained energy that is implemented with the PRD
in (Bazan-Prieto, Blanco-Velasco, Céardenas-Barrera & Cruz-Roldan 2012b). This
technique determines the threshold value under the condition that the energy captured
by the significant samples, so called the retained energy, is sufficient to guarantee an a
priori chosen quality target. In this work, we propose the RMSE as the parameter to
control the quality in an application of cardiac signal compression.

In compressing an N—samples long vector xy(n), we define the RMSE in terms of
energy

2
2 _ llen()|I” _ Ern(n)
erms,N(”) - N - N )

(10)
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where E, n(n) is the energy of the tolerated error, which corresponds to the energy lost
during the thresholding process. The retained energy after compression, Ep n(n), i.e.,
the energy of the compressed signal, is expressed as the difference between the total
energy Er y(n) and the lost energy Ey, y(n)

ER,N('I’L> = ET,N<n> — ELN(n), (11)

where Ern(n) = ||xn(n)]* = Sy 2%(n — 1) is known. Combining (10) and (11), we
obtain

ER,N('N,) = ET,N(’N,) — N - 62 (n) (12)

rms,N

This expression determines the energy that is retained for a specific distortion value
given in terms of the RMSE. With this relation, the main issue consists of determining
the set of significant samples that contributes to the retained energy in the subband
domain. Let yy(n) = [y(n),y(n—1),---,y(n — N 4+ 1)]" be the N dimensional vector
obtained by concatenating the M subband signals. We obtain the set of sorted subband
samples

ysn(n) = Wy ye, -yl (13)

where |ym)| = |y@)| = -+ = lyov)|. If the quality target is chosen as an a priory RMSE
value, the corresponding energy to be retained for guaranteeing that quality value is
obtained by means of (12) (€,s,n(n) = RMSE4,4e). The energy can then be described
as follows:

u N
Ern(n) = Epn(n) + Epx(n) =Yyl + Y 4l (14)
i=1 i=u+1
where the integer u € [1, N| corresponds to the first u most significant samples of the
sorted vector ys y(n) that contributes to the retained energy. The threshold value is
chosen to be ¢ = }y(u)’. Thus, the u x 1 vector containing the significant samples that
are subsequently quantized and entropy encoded in the next stages is obtained:
yon(m) = [y, v, ] (15)

3.3. Quantization and entropy coding

For the last two stages, a method that has reported superior performance in
thresholding—based ECG compression is chosen (Chen et al. 2006). It firstly applies
a uniform scalar dead zone quantization (USDZQ) to the significant coefficients stored
in ygu]z, (n) to obtain the equivalent sequence of quantized values yﬁ“}v(n) In this way, a
vector §x(n) = [§(n),g(n —1),---,9(n — N +1)]" of size N x 1 with all the quantized
subband samples is then recovered to perform the entropy coding. It comprises both
the thresholded values and the quantized nonzero coefficients in the same positions as
in yy(n). Finally, Golomb codes are used to encode the samples of the sequence §y(n)

into a set of codewords cy(n) in the same way as it is described in (Chen et al. 2006).
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4. Quality and compression study

4.1. Materials and methods

It has been shown in previous works that the use of a reduced group of signals
overestimates the performance of the compression algorithms (Hernando—-Ramiro,
Blanco—Velasco, Cruz—Roldan & Pedroviejo—Benito 2011), so the experiments with
the compressors are carried out with the first lead of all the records available in the
MIT-BIH Arrhythmia Database (Moody & Mark 2001). These signals were acquired
with a sampling frequency of 360 Hz and a resolution of 11 bits per sample over a 10 mV
range. In addition, a 1024-baseline was added to each lead for storage purposes, so it
is removed before processing.

The purpose of the compressors is to attain the predefined quality, so the encoding
process finishes when the quality target is accomplished. In order to achieve this
specification, we have chosen a quality tolerance of 2% with respect to the target value
for the whole set of experiments conducted in this work.

The signal is processed in finite consecutive non—overlapping segments whose size
has an impact in several technological aspects, namely, real-time implementation, size
and cost of the devices, and the response delay of the system. A block length of N = 1024
samples is a reasonable solution which has already been proposed in several works
(Benzid et al. 2007, Blanco—Velasco et al. 2007, Ouamri & Nat-Ali 2007, Hernando—
Ramiro et al. 2011). Zero—padding the last segment contributes to an artificially
increased CR, so this effect is avoided by removing this segment.

In evaluating the performance of a compression system, the theoretical study of
the Shannon entropy can report the maximum CR value (Hernando-Ramiro, Blanco—
Velasco, Moreno—Martinez, Cruz—Roldan & Saez—Landete 2009), although it does not
reveal the true capability of a system. In this work, encoders and decoders are separated
so as to generate the actual bitstream, reporting thus results that are realistic and close
to the technological implementation.

4.2. Analysis of direct metrics

The direct metrics described in section 2 are initially analysed with record 117 from the
MIT-BIH Arrhythmia Database using the PRD, the PRDN, and the RMSE as target
parameters, so three trials are developed, one per metric. It must be noted that the
compressor used to evaluate the PRDN follows the same scheme as presented in section 3
but substituting the type of quality target. The signal is split in blocks of N = 1024
samples for a total of K = 634 segments, and the results are shown in table 1. The scores
for the entire signal (with subscripts K'N), as well as the mean values across segments,
denoted by the mathematical expectation E {-}, are given. The standard deviations are
also included. In order to get fair comparison, the same quality measurement must be
achieved in the three compression trials. Therefore, we performed as follows: 1) in the
first trial, the quality target is set as PRDyyrget = 2%, obtaining the results shown in
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the second column of table 1; 2) the results of the entire signal are used to define the
targets for the remaining metrics.

The results shown in the third column correspond to the PRDN taken as target.
We may see that for an a priori quality defined to be 7.48%, the average PRDN per
segment stands close to it (7.57%), but that of the entire signal provides a much different
value (6.66%). The obtained quality for the whole signal in terms of the PRDN present
a deviation of 11% with respect to the target value. Regarding the two other metrics,
namely the PRD and the RMSE, the quality of the whole signal as well as the average
values per segment provide similar results, in fact, the deviation from the target value
is about 1% in both cases. Therefore, the PRDN does not comply by far with the
maximum tolerance allowable of 2% while the other two metrics do.

Table 1. Quality results for the signal 117 of the MIT-BIH Arrhythmia Database.

PRD;arger = 2% | PRDNygrger = 7.48% | RMSEqqrger = 17.46V
Drn(KN —1) 2.02 1.80 2.04
Do.xn(KN —1) 7.48 6.66 7.55
erms kN (KN —1) 17.46 15.55 17.62
E{Dy(n)}£o | 2.02+0.05 1.79 £ 0.42 2.09 + 0.32
E{Dyn(n)}+o | 880+1.37 7.57 +0.15 8.98 +1.04
E{ermsn(n)}+o | 17.32+2.22 15.15 4+ 3.50 17.61 + 0.39

The experiment above is carried out for the 48 signals of the MIT-BIH Arrhythmia
Database in order to generalize the metrics behaviour. The results are shown in figure 3
in terms of quality deviation. In the upper panel, which depicts the quality deviation of
the entire signal with respect to the quality target, the PRDN exhibits lack of stability
and consistency as the deviation varies significantly from one signal to another. In
addition, in several cases the PRDN deviation levels exceed the specified tolerance of
2%, while the other two parameters, the PRD and the RMSE, provide regular deviations
around the required 2%. Therefore, the PRDN cannot be used to ensure the quality of
the ECG signal after compression.

The reason for this behavior is because the mean value of each processing block
is different. Let Zy(n + iN) be the mean value of the (i — 1)-th segment. As
In(n +iN) # Zy(n + jN), Vi # j, this is equivalent, at the effects, to process a
signal with discontinuities at the border of each segment due to the mean removal.
Regarding the target PRDN, it can be attained for all the segments:

Don(n+iN) = PRDNyyger, i = 0,1, K — 1, (16)

because they are processed separately. Nevertheless, in regard to the full PRDN, as it
is evaluated over the entire signal, xxy (n+ (K — 1)N), which does not present those
discontinuities, it results in a value that does not necessarily match the objective:

DO,KN (’I’L + (K — 1)N) 7& PRDNtarget~ (17)

This issue is clearly observed in figure 3(b), which depicts the quality deviation of
the entire signal with respect to the mean quality across segments. We can see huge
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Figure 3. Study of the quality consistency of the different metrics for every signal of
the MIT-BIH Arrhythmia Database (signal identifiers in the x—axis).

deviations when the PRDN is used as metric, and small ones for the other two figures
of merit. In fact, using the PRD and the RMSE, the deviations are less than 1.5%
in all of the cases, complying on average with the specified maximum tolerance of 2%.
Therefore, the use of the PRD or the RMSE assures that the quality control of the
segments is consistent with the overall one.

On the other hand, as the RMSE informs about the magnitude deviation of the
reconstructed signal with respect to the original one, its standard deviation is likely to
provide a good indication of the variability of the error. Thus, we see in the last row of
table 1 that the lowest value is obtained when the RMSE is used to control the quality.
This trend is extended to all of the signals of the MIT-BIH Arrhythmia Database, as
it can be observed in figure 4.

Finally, to find out which metric, either the PRD or the RMSE, produces less local
error, we analyse the variability of the MAX error, so for this purpose we focus on
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Figure 4. RMSE standard deviation o {e,;ms n(n)} for all of the segments of every
signal of the MIT-BIH Arrhythmia Database (signal identifiers in the x—axis).

the density functions. The variable Ey(n) (8) is determined for all the signals of the
MIT-BIH Arrhythmia Database again in two trials: 1) using the PRD as target, and
2) using the RMSE as target. For comparison purposes, in both cases, the a priori
targets are adjusted to provide the same quality measurement given in terms of PRD.
Figure 5(a) shows the corresponding box plot diagrams and they all exhibit right sided
tails. In order to evaluate which tails are heavier, we use the skewness, which is reported
in figure 5(b). Right tails correspond to positive values of skewness and the results reveal
higher magnitudes when the PRD is taken as target, which means that the tails of the
MAX error distributions are heavier when the PRD is used as target. This analysis
manifests that the PRD is less adequate to constrain the local errors, so if we desire
minimizing local errors on ECG signals retrieved after compression, the use of the RMSE
gives rise to a more suitable technique.

4.8. Analysis of compression

This section analyses the compression performance provided by the different quality
control metrics studied in section 4.2. Our aim is to preserve good quality for the
reconstructed signal with the highest CR as possible, but increasing the CR at the
expense of quality is not an option. Thus, the simulations are constrained to high
quality cases.

Given that the PRD has been more extensively used, we first analyse the
rate-distortion curves using this figure of merit. In order to fulfil our purposes of
high quality reconstruction, we establish low PRD target values in our experiments:
from 0.5% to 3% in steps of 0.25%. The compression results as a function of the PRD
outcome are depicted in figure 6. It may be seen that the compressor that employs the
RMSE for quality control outperforms the PRD-based one for the same levels of quality
requirements. Thus, the introduction of the RMSE as target metric, not only does not
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Figure 5. Variability study of the MAX value per segment (N = 1024) for the whole
MIT-BIH Arrhythmia Database.
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Figure 6. Performance of the proposed compressors: E{Ry(n)} as a function of
E{Dy(n)}.

imply any reduction of the CR, but it even tends to give rise to higher compression.
On the other hand, the rate—distortion curves in terms of the RMSE are shown in
figure 7(a). The range of RMSE target values are set between 2 1V and 16 ¢V in steps
of 2 ©uV. These quality levels stand for very low distortions, even close to the technical
resolution limit, for a signal whose amplitude ranges around units of millivolts. The
same conclusions as drawn from the PRD results can be derived from these new curves.
In addition, the local distortion is analysed in figure 7(b) and we can clearly appreciate
that the use of the RMSE to control the quality considerably reduces the local errors,
in concurrence with the analysis of section 4.2. Finally, table 2 shows the exact values
of CR and MAX along with the standard deviation when the RMSE is used as target.
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Figure 7. Performance of the proposed compressors.

Table 2. Compression performance corresponding to the results of Figure 7 with

standard deviation.

Quality control | RMSEqyget (1V) 2 4 6 8 10 12 14 16
E{Rn(n)} | 2.26 | 2.99 | 4.01 | 4.95 | 5.75 | 6.49 | 7.17 | 7.76
PRD OR 0.20 | 0.34 | 0.58 | 0.76 | 0.92 | 1.07 | 1.20 | 1.27
E{Ex(n)} (1V) | 198 | 43.0 | 73.0 | 102 | 132 | 163 | 193 | 229

oe(uV) 7.80 | 229 | 47.0 | 64.6 | 783 | 88.3 | 94.8 | 115
E{Ryx(n)} 2.27 | 3.08 | 422 | 5.17 | 6.00 | 6.77 | 7.49 | 8.14
RMSE OR 0.20 | 0.37 | 0.63 | 0.81 | 0.97 | 1.13 | 1.24 | 1.37
E{Ex(n)} (uV) | 11.6 | 21.8 | 34.1 | 47.6 | 61.7 | 77.1 | 97.4 | 119

os(uV) 1.43 | 2.17 | 4.15 | 854 | 13.3 | 14.7 | 20.8 | 27.8

5. Conclusion

Direct metrics are extensively employed in the design of ECG compression methods for
a wide range of practical applications. The main advantage of these figures of merit is
that they can be directly used on the ECG signal. In this way, no additional processing,
which is usually a source of error, needs to be applied to the recorded medical data.
Among the different direct metrics, only those that provide a consistent and reliable
assessment must be used to assure a tight control of the reconstruction quality. In this
sense, we have studied both the widely accepted PRD—-based measures and the RMSE
as direct metrics to evaluate the quality of ECG compressed signals. From a theoretical
analysis, we propose the use of the RMSE, because it offers a quantitative idea about
the absolute error introduced in each segment of the reconstructed signal while the
PRD does not. The PRD reports, on average, a relative measure of the deviation with
respect to the magnitude of the signal in that segment, so for a specific PRD the absolute
deviation across segments may differ. Therefore, it is far easier to relate an RMSE value
to a waveform feature, which may ease the comprehension of clinicians toward the use
of compressed ECG signals.
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Based on these facts, a novel scheme for thresholding—based ECG compression that
guarantees the quality of the reconstructed signal by means of the retained energy is
defined. The proposed compressor is employed to test the practical performance of the
analysed metrics in terms of both quality control and compression. The results confirm
that the use of the RMSE to assess quality permits to constrain the overall error along
the whole ECG in a more meaningful and consistent way. In addition, the RMSE
provides a tightest control of local errors, limiting both the magnitude and variability of
the maximum error to lower values. It is revealed that these improvements are achieved
without degrading the compression capabilities of the system. In fact, the compression
ratio is even increased for the same quality levels when the RMSE is employed to control
the quality instead of the PRD. Therefore, in view of the results arisen from this study,
we may conclude that the RMSE is better suited as quality measure in ECG compression
when it is accomplished by thresholding—based methods such as the one presented in
this work, so we propose its use in this type of systems.
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