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Abstract—The use of telemedicine capabilities to manage aged
and cardiac chronically ill patients is going to become a com-
mon practice. Usefulness and diagnostic value of classical ECG
monitoring and recording can be enhanced by jointly collecting
and analysing data detected by other sensors (e.g. movement
detectors) which enable to associate specific cardiac events with
the patient’s environment and activity at the time epoch the
cardiac event appears. In this scenario, characterized by a
continuous growth of data volume to be stored and transmitted,
data compression plays a crucial role. In this paper we propose
a compression method aimed at preserving and exploiting the
different diagnostic importance of different ECG segments,
making smart use of context information, i.e. information about
the patient’s condition. Specifically, we focus on a 2D compression
method that exploits the features of JPEG2000 compression and
we propose a novel paradigm for context-adaptive compression
of ECG data.

Index Terms—ECG, Holter, compression, video coding, quality
assessment, medical sensor networks

[. INTRODUCTION

The use of telemedicine capabilities to manage aged and
cardiac chronically ill patients is becoming more and more
clinically relevant and economically cost-effective.

There are two different ways in which electrocardiogram
(ECG) data can be transmitted in a telecardiology environ-
ment: real-time and store-and-forward (prerecorded) transmis-
sion. Store-and-forward ECG transmission has been widely
used in earlier telecardiology systems where real-time ECG
interpretation and/or supervision was not crucial [1]. An
example of store-and-forward ECG transmission would be that
of a General Practitioner (GP) recording an ECG at patient’s
home, followed by transmission to a cardiologist for analysis
and interpretation. Store-and-forward ECG transmission is
extensively used due to its simplicity and efficiency. In some
scenarios real-time transmission is essential, whereas in others
a delay of a few minutes is tolerated. The compression and
transmission characteristics should thus be adapted to the
considered scenario.

Several studies have shown that 12-lead ECG performed
within an ambulance increases the critical available time to
administer thrombolytic therapy effectively, stopping a heart
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attack in progress and preserving heart muscle function. Store-
and-forward ECG transmission is also possible from the
ambulance to the hospital, although in this case the delay
should be limited, since quasi-real-time ECG monitoring by a
cardiologist in a hospital allows a reduction in the time needed
for patients evaluation once he arrives at the hospital.

Cardiologists can gain useful insight into a patient’s con-
dition when they are able to correlate the patient’s symptoms
and activities. For this purpose, a Holter Monitor, a portable
electrocardiogram recorder worn by the patient for a period
of 24-72 hours, is often used. Preferably, the monitor is not
cumbersome to the patient and it should be designed to be as
small and light as possible. The simultaneous use of other sen-
sors for the detection and analysis of other conditions related
the patient (e.g. movement detectors) and the joint analysis
of data collected from the different sensors can improve the
diagnostic value of the ECG data collected, by enabling the
association of specific cardiac events to the patient’s status at
the time the event takes place.

The storage requirements for such different long signals
are very large. Furthermore, if the collected data need to
be transmitted to a specialist for analysis, the data-rate of
the data collected by the multiple sensors should be made
compatible with the characteristics of the available networks.
For these reasons, signal compression is often employed. At
the same time, the decompressed signal must contain enough
detail for the cardiologist to be able to identify irregularities.
Lossless compression is typically used for biosignals, due
to the requirement to keep the possibly critical information
available in the signal. However, a compression method which,
although lossy from the information-theoretic point of view, is
able to keep the diagnostic information would be beneficial.

For an ECG signal, each of the component waveforms has
a specific significance in diagnosis of various cardiovascular
diseases. Medical experts focus on features such as duration,
amplitude and shape of individual segments in the ECG signal.
Most of these features can be distinguished in the time domain
[2]. Some of the key diagnostic features of ECG signals are
reported in [3].

Generally, the goal of ECG data compression is to reduce






in 12 different leads, some of them do not carry information.
Indeed only 8 leads are necessary to perfectly reconstruct all
the information of a complete 12-leads ECG system, as long
as the leads IIl, aVy, aVg, aVF can simply be obtained by
the two main leads I and II, with the following equations:

IHnr=I11-1 1
aVy = (I - II1)/2 )
aVr = (I +1I)/2 3)

aVp = (I1 +111)/2 4)

For this reason we can compress the signals obtained from
a 12-lead ECG system simply by compressing the two limb-
leads I and II and the six chest-leads Vi, V3, V3, V4, Vs and
Vs. We will thus refer in the following to a 8 channels ECG,
which is from this point of view equivalent to a 12-lead ECG.

In order to compress jointly the available channels, we
propose to exploit a 2-D compression methods, by organising
the data from the different leads in a 2-D array.

Due to the considerations in Section II, we propose to
identify regions of the resulting image as ROIs, according to
the ROIs in the ECG cycle pattern. To this end we propose
the use of the JPEG2000 standard [10], which is based on
wavelet coding, it provides its own ROI tools capabilities, and
it is nowadays considered the standard that, for a given quality,
allows the highest compression ratios with respect to any other
image compression standard.

IV. METHODOLOGY

As already proposed in [4], the structure of ECG signals
suggests the possibility of constructing a 2-D array from a 1-
D ECG signal. To this end, the QRS complex of each heartbeat
is first detected in order to cut the ECG signal into different
segments, which are finally aligned with one another to form
a 2-D data array.

For 1-D heartbeat data, the proposed algorithm is imple-
mented in the following steps:

¢ QRS detection;

« conversion of the original signal to the desired bit reso-

lution and sampling rate N [samples / beat cycle], where
N is the width of the 2-D data array;

« construction of a 2-D ECG data array;

« identification of regions of interest according to the

context information;

« compression of the image with an image compression

codec (e.g. JPEG2000) according to the identified ROIs;

o processing of the compressed image and re-organisation

of the data in the form of 1-D ECG signal;

The algorithm’s performance is assessed via simulations, in
order to characterize the trade-off between compression and
distortion in each different ROI.

We proceed in the following with a more detailed descrip-
tion of each stage.
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A. ECG Detection and Segmentation

We first segment the ECG signals by detecting the QRS
complex in order to map a beat cycle into a row of the image.
To this end, QRS detection can be performed by automatic
detection algorithms available in the technical literature. How-
ever, in order to have results independent of a specific QRS
detection algorithm, we will use in the following the relevant
annotations provided in the MIT database [11]. Noteworthy,
an evaluation of the impact of QRS detection on the resulting
quality in terms of percentage root-mean-square difference
(PRD) has already been performed in [5], where it is shown
that a 30% error ratio in the QRS detection algorithm may
affect the performance as 21% in PRD.

Once two QRS complexes are detected, a heartbeat cycle is
identified as the part of the signal between the position 150
ms before the first QRS complex detection and the position
150 ms before the second one.

B. Period Normalization

The set of ECG segments can be rearranged into an M x N
matrix where the M rows are filled with consecutive ECG
cycles, and where IV is the length of the normalized period
of each ECG cycle. However, the length of each heartbeat
segment generally changes with time, whereas the rows of an
image have the same length. Two alternative solutions to prop-
erly organise heartbeats in an image consist in matching all the
row lengths either by zero-padding or by time-stretching the
segmented ECG cycles with an opportune signal resampling.
In this paper we adopt the latter solution, since our goal is to
compress with different CR and quality different portions of
the heartbeat, and it is important to have alignment among
the different significant portions in subsequent heartbeats.
Moreover the first approach could lead to unacceptable results
when the patient beat cycles are very irregular. Specifically for
the resampling strategy we resorted to spline interpolation.

Given such an approach, the image size can be adapted to
the maximum cycle length or to its mean value. Thus, in the
remainder of the paper, depending on the different sampling
rate of the original ECG signal in the two data-base we used,
we will consider images of size 512 x 512 or 352 x 352, which
correspond, in the case of 8 ECG channels, to 44 heart beats,
i.e. about 40s.

In [7] it is shown that the period transformation described
above will not cause distortion in the normalized segments of
the recovered waveforms. However, it is important to note that
in order to recover the original time duration of each segment
by a reverse interpolation, it is necessary to know the specific
resampling ratio that has been used, which needs to be stored
or transmitted as a further side information. Thus, a number
of parameters equal to the number of image rows (number of
heart cycles in the single channel case) have to be included in
each compressed frame, with a small penalty on the effective
compression ratio.



C. ECG Leads arrangement

For multi-lead ECG, we can arrange the signals obtained

by each lead of the system in two different ways.

o Inserting in an image a number of heart cycles from
each lead equal to M/Njeqqs followed by the ones of
the subsequent leads;

o Inserting the information about the first heartbeat from
all the Njeqds (€.g. 8 leads), then the information about
the second heartbeat from all the Njeqq4s (e.g. 8 leads)
and so on.

Following data arrangement in a matrix of proper size, we

can then apply any 2-D data compression technique.

D. ROI identification and ROI based compression

Thanks to the proposed data organization in a 2-D array,
ROIs in subsequent heartbeats result to be aligned in the
image. Hence, a specific ROI in the ECG signal almost results
in a rectangular ROI in the image, with height equivalent to
the height of the image. Consequently, image compression can
be performed taking the shape of such ROIs into account,
together with the context information that tells us how much
the compression should be unbalanced” in favor of a specific
ROL

In the example reported in Section VI, we split the image
in two portions, where each portion has half the columns
of the original image. The first portion contains the QRS
complex, and alternatively the first or the second sub-image
is considered as the ROI. In this case, the two sub-images,
one of which the ROI, can also be compressed as independent
images.

The JPEG2000 codec OpenJPEG v1.3 has been used for
simulations, by applying different compression ratios on the
different portions of images obtained with ECG data.

V. QUALITY ASSESSMENT

Ideally we would like to compress the signal losslessly, but
in many applications this is not an option. Thus, given a fixed
bit budget, in the view of the considerations in Section II, it
makes sense to spend more bits to represent those parts of
the signal that belong to a specific ROI and, thus, reconstruct
them with higher fidelity, while allowing other parts to suffer
a larger distortion.

Consequently, also the performance assessment of the pro-
posed methodology should take this approach into account.

In general, the main goal for any compression procedure
consists in reducing as much as possible the bit-rate of the
signal by keeping an acceptable quality or, equivalently, by
improving as much as possible the quality for a fixed assigned
bit-rate. Thus, the two most important parameters are the
compression ratio and the quality of the signal. Specifically, in
our scenario, we can define two different compression ratios,
expressed by:

number of bits in the original ECG signal

ORecg = number of bits in the compressed data

&)
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R = number of bits in the original image ©)

" number of bits in the compressed data’

The two ratios are different due to the signal pre-processing
of the ECG data, which is requested to fit each heartbeat in
the image matrix (including resampling).

As already mentioned, some side information should be
added to the compressed data, including the original dynamic
range and the original heartbeat lengths which are requested
to reconstruct the signal. However, the bit-rate of such side
information is negligible with respect to the data-rate of the
compressed signal.

Since with our proposed algorithm we will compress dif-
ferent portions of the ECG signal with different compression
ratios, we will consider not only the overall compression ratio,
but also the compression ratios of specific portions of the
signal. For instance, when the signal is split in two different
portions, as in the examples shown in Section VI, we can
define:

R/2

CR; = —R/l %)
R/2

CRy; = R—/2 ®)
R

CRror = R iR (&)

where R is the size of the image in raw format (in bits),
R, is the size of the compressed data associated to the first
portion of the image and R is the size of the compressed data
associated to the second portion of the image. Note that all
these compression ratios are related each other according to

CRrorCR;
2CR; — CRroT’

Ideally, quality measures should account for diagnostic
information in the reconstructed ECG signal. However, di-
agnostic information is quite subjective and dependent on
the patient/application. Indeed, depending on the main risk a
patient is subject to, some information can be more important
than other. Regardless of ongoing research in the area, standard
quantitative measures that account for clinically important
ECG signal characteristics have not been widely established
and the most widely used measure for quality assessment of
ECG compression is the percentage root-mean-square differ-
ence (PRD).

The PRD measure is defined as:

CRyr = (10)

PRD = | Zazi @) —F@)?
S (2(n) ~T)?

where z(n) is the original signal, Z(n) is the reconstructed
signal, T is the signal mean and L is the PRD observation
window. We will consider this expression in the results shown
in section VI as the reference case.

3]



Some papers consider a different PRD definition, neglecting
the term Z in 11, which however is preferable because it makes
the PRD definition independent of the dc level of the original
signal.

Some articles that show results that are based on the MIT-
BIH arrhythmia database, conversely adopt a fixed 1024-offset
[12] [4] [5], i.e. they substitute the value 1024 to T in 11.
However, when the mean 7 is remarkably different from 1024,
results are significantly biased and misleading (see e.g. [S]).

Since our algorithm focuses on compression of different
portions of the signal with different compression ratios, we
also define

PRDni,ni+1 = \/Zz:}tl (z‘(n) - 55(77.))2

x 100

e ()~ 3 (12
as the PRD calculated in a specific portion of the signal from
sample n; to sample 74 1.

Since in the examples shown in Section VI we split each
heartbeat in two parts, we will also consider the two following
metrics:

PRD; = PRD; /3 (13)

PRD;; = PRD|nj2)41,8 (14)

representing the PRD calculated in the first and second portion
of the signal, respectively.

Note that the PRD calculation depends on the energy of the
signal: if the compression error is evenly distributed over the
ECG samples, the portions of the signal with higher energy
will have a lower PRD. This will be observed in section VI.

VI. SIMULATION RESULTS

This section shows CR and PRD results for ECG signals
recorded in the MIT-BIH Arrhythmia database [11] and in the
St. Petersburg Institute of Cardiological Technics (SPICT) 12-
lead Arrhythmia Database. Specifically, we consider the record
117 from the MIT-BIH Arrhythmia database in the first set of
simulations shown in Figures 2-4, and the record 101 from the
SPICT Arrhythmia database for the simulation results shown
in Figures 5-7.

Figure 2 shows the PRD versus the compression ratio C Ry
of the ROI (QRS), by setting a fixed target compression ratio
equal to 16:1, and by accordingly varying the compression
ratio C Ry of the second part of the image. As C'R; increases,
C Ry decreases in order to keep the global CRror constant.
The considered compression ratios for the different portions
of the image/ECG signal are conveniently reported in Table
I, which clarifies that at the left hand side of Figure 2 the
compression ratios are more unbalanced in the two portions
of the image and the improvement in the first portion is higher,
at the expense of a poorer quality in the second portion. Note
that, when the image compression ratio is 16:1, the actual ECG
compression ratio, including data processing and overhead,
is 13.5:1. Moreover, we report the comparison between two
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different frame formats (512 x 512 and 256 x 512). We can
observe that for larger frames (i.e. 512 x 512, where the two
portions 512 x 256 are encoded separately) slightly better
performances can be achieved, at the expense of a double
delay. When delay is not an issue, considering larger frames
is thus beneficial, since the redundancy of a higher number
of heartbeats can be considered jointly. Fig. 2 also shows that
when the compression ratio is the same for the two regions
(CR; = CRyr = CRror = 16), independent coding of
the two regions provides worse results on the QRS complex
region, but better results on the remainder of the signal, with
respect to a whole image compression. This is due to the fact
that the TQ interval has a low frequency content and it can be
better compressed if it is considered independently from the
rest of the heartbeat.

TABLE I
COMPRESSION RATIOS CONSIDERED IN FIGURE 2

[ T CR: ] CRir | CRror |

A 10 40 16
B 11 29.3 16
C 12 24 16
D 13 20.8 16
E 14 18.7 16
F 15 17.1 16
G 16 16 16

However there are also situations where the second portion
of the heart cycle is more important for diagnostic purposes
[9], which lead us to fix the second part of the image as the
actual ROI, which request to be less compressed than the rest
of the image. For instance, Figure 3 reports the PRD versus the
compression ratio C Ry of the second portion of the image,
when the ROI is represented by the U wave. Also in this case
we chose a target global CR equal to 16:1, and we report in
Table II the corresponding CRs for the two portions of the
image (ECG signal). Also in this scenario, the improvement
in PRD in the region of interest (including U waves), that is
located in the second half of the image, is evident.

TABLE II
COMPRESSION RATIOS CONSIDERED IN FIGURE 3
CRI CRI] CRTOT
A 40 10 16
B [ 293 11 16
C 24 12 16
D | 208 13 16
E | 187 14 16
F | 171 15 16
G 16 16 16

In Figure 4 we plot a portion of the ECG waveform (MIT-
BIH arrhythmia record 117) when CR; = 10, CR;; = 40
(CRror = 16), which corresponds to the left margin of
Figure 2 (i.e. combination A in Table I), to a frame size
512 x 512, and to the first ROI (QRS complex). Figure 4 also
shows the error signal to highlight that the error is remarkably
lower in the ROI than in the remaining part of the signal.









