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Abstract—The use of telemedicine capabilities to manage aged attack in progress and preserving heart muscle functiameSt
and cardiac chronically ill patients is going to become a com- and-forward ECG transmission is also possible from the
mon practice. Usefulness and diagnostic value of classical ECG ambulance to the hospital, although in this case the delay

monitoring and recording can be enhanced by jointly collecting _ . . - .
and analysing data detected by other sensors (e.g. movementShOUId be limited, since quasi-real-time ECG monitoringaby

detectors) which enable to associate specific cardiac events withcardiologist in a hospital allows a reduction in the time e
the patient's environment and activity at the time epoch the for patients evaluation once he arrives at the hospital.
cardiac event appears. In this scenario, characterized by a  Cardiologists can gain useful insight into a patient’s con-
continuous growth of data volume to be stored and transmitted, dition when they are able to correlate the patient's symgtom

data compression plays a crucial role. In this paper we propose . . -
a compression method aimed at preserving and exploiting the and activities. For this purpose, a Holter Monitor, a pdeab

different diagnostic importance of different ECG segments, €lectrocardiogram recorder worn by the patient for a period
making smart use of context information, i.e. information about of 24-72 hours, is often used. Preferably, the monitor is not
the patient’s condition. Specifically, we focus on a 2D compression cumbersome to the patient and it should be designed to be as

method that exploits the features of JPEG2000 compression and g1 and light as possible. The simultaneous use of otirer se
we propose a novel paradigm for context-adaptive compression

of ECG data. sors for the detection and analysis of other conditiongedla
Index Terms—ECG, Holter, compression, video coding, quality the patient (e.g. movement detectors) and the joint arsalysi
assessment, medical sensor networks of data collected from the different sensors can improve the
diagnostic value of the ECG data collected, by enabling the
I. INTRODUCTION association of specific cardiac events to the patient'sistat

the time the event takes place.

The use of telemedicine capabilities to manage aged andrhe storage requirements for such different long signals
cardiac chronically ill patients is becoming more and morgre very large. Furthermore, if the collected data need to
clinically relevant and economically cost-effective. be transmitted to a specialist for analysis, the data-rdte o

There are two different ways in which electrocardiogranthe data collected by the multiple sensors should be made
(ECG) data can be transmitted in a telecardiology enviropempatible with the characteristics of the available neksio
ment: real-time and store-and-forward (prerecorded)stras- For these reasons, signal compression is often employed. At
sion. Store-and-forward ECG transmission has been widehe same time, the decompressed signal must contain enough
used in earlier telecardiology systems where real-time EGfgtail for the cardiologist to be able to identify irregiilias.
interpretation and/or supervision was not crucial [1]. Ahossless compression is typically used for biosignals, due
example of store-and-forward ECG transmission would be tha the requirement to keep the possibly critical informatio
of a General Practitioner (GP) recording an ECG at patientiwailable in the signal. However, a compression method hwyhic
home, followed by transmission to a cardiologist for anislysalthough lossy from the information-theoretic point ofwjés
and interpretation. Store-and-forward ECG transmissi®n able to keep the diagnostic information would be beneficial.
extensively used due to its simplicity and efficiency. In som For an ECG signal, each of the component waveforms has
scenarios real-time transmission is essential, whereathers a specific significance in diagnosis of various cardiovascul
a delay of a few minutes is tolerated. The compression adideases. Medical experts focus on features such as dyratio
transmission characteristics should thus be adapted to #mplitude and shape of individual segments in the ECG signal
considered scenario. Most of these features can be distinguished in the time domai

Several studies have shown that 12-lead ECG perform@]. Some of the key diagnostic features of ECG signals are
within an ambulance increases the critical available time teported in [3].
administer thrombolytic therapy effectively, stopping @aht Generally, the goal of ECG data compression is to reduce



the bit-rate by preserving at the same time the signal gualit R
for clinical evaluation. To achieve this goal, many ECG data
compression methods have been proposed over the last fou
decades.

Two-dimensional (2-D) approaches to heartbeat signal com-
pression have recently been proposed [4] [5] [6] [7] in order
to exploit both sample-to-sample and beat-to-beat cdioela
In this case, an ECG signal is first cut and beat-aligned to
form a 2-D array. Then, 2-D data compression is applied [4]. L—p-n-a K‘_ST_N

In this paper we propose a multi-channel compression . o Esegmerit T
method based on the importance of the different ECG compo- i i
nents for diagnosis and on context information, i.e. infation A
about the disease to diagnose: in some cases, ECG monitoring :
is performed for screening for a specific cardiac risk [3], 0
[2] and different features of the ECG signal have a different k— p-R —»
importance depending on the risk to assess or disease tc { interval
diagnose. ;

We focus on a 2D compression method and in particular on
the JPEG2000 compression standard. Such a standard allows Fig. 1. Schematisation of an ECG wave.
the possibility to encode data in regions of interest (ROI)
differently with respect to the background, i.e. it enabées
non-uniform distribution of the available bit budget beemea different possible pathologies and when compression is per
selected region (ROI) and the rest of the image (backgrount@rmed this aspect should be taken into account.

This is achieved by an appropriate scaling of the waveletFor example, the QRS complex of an ECG cycle occupies a
coefficients. The positive aspects of using a standard rdettiglatively low percentage of the whole cycle, but it is thestno
for compression include availability of the (same) compims important portion from a diagnostic point of view for many
software in different medical centres and easy interopksab diseases. If this portion suffers from high error and oth@G=
among systems. cycle portions do not have errors, an artificially low nuroati

The remainder of this paper is organised as follows. Sd&sult in distortion will occur.
tion 1l reports insights on the diagnostic quality of difet Hence, a given distortion in one portion does not inevitably
portions of the ECG signal; Section 1l outlines the muétat havg the same influence as the same distortion in another
scenario considered in this article and the adopted method@Prtion.
ogy is described in Section IV. Quality assessment methodg?S another example, in [2] the criteria for abnormal Q waves
considered are defined in Section V. Finally, simulationuites are reported as follows based on previous studies:

e— 5.7 —o
interval

P QRS |
interval

are reported in Section VI. « Q wave> 1/3 (> 1/4 according to some authors) of the
ensuing R wave in depth and/or 0.04 s in duration in
II. DIAGNOSTIC QUALITY OF ECG SIGNALS at least two leads excepl/g;

o . o « Q wave> 3mm in depth and/or> 0.04 s in duration in
A schematisation of an ECG wave is reported in Fig. 1. gt |east two leads except/x.

Each beat in an ECG signal consists of several waves, nameguch criteria_have been reformulated in [2] in terms of

P through U, with several intervals of the beat named aftgfiieria pased only on the Q wave. Similarly, the diagnostic

the Waves. The abnormal F:haracteristigs of these COMP®N&R e of the U wave for other specific diseases is highlighted
may indicate the type of disorder affecting the patient. Whep [9].

diagnosing a patient, a specialist takes into account ctexra

istics sugh as the Iepgth of an interval, the polarity, atagk pre-participation screening of young competitive attdefiar

or elevation/depression of a bgat component_. ) prevention of sudden cardiac death is highlighted in [3].
Surface 12-lead electrocardiogram (ECG) is crucial for the g these reasons our compression approach focuses on the

rapid identification of patients with acute coronary symdeo qyision of different compression ratios for differentrpons

The early and accurate identification of the infarct-raateys ine neart cycle, where the ROI is selected according to

artery from the ECG can help physicians to predict the locati ¢ontext information (disease / cardiac event to detectysta
of myocardium at risk and guide the decisions regarding {he patient).

the urgency of revascularization and reperfusion straiagy

emergency management. In particular, a detailed analysis o Ill. PROBLEM STATEMENT

ECG patterns of ST-segment change would change the mannene propose an ECG compression approach that can com-

in which reperfusion therapy is managed [8]. press one or more leads of an ECG system. Although a stan-
Different portions of the ECG signal provide insights omlard 12-lead ECG system shows the heart electrical activity

The importance of specific portions of the heart cycle for



in 12 different leads, some of them do not carry informatios. ECG Detection and Segmentation

Indeed only 8 leads are necessary to perfectly reconsthuct a

the information of a complete 12-leads ECG system, as longWe first segment the ECG signals by detecting the QRS

as the leads IllaVy, aVg, aVr can simply be obtained by complex in order to map a beat cycle into a row of the image.

the two main leads | and II, with the following equations: To this end, QRS detection can be performed by automatic

detection algorithms available in the technical literatufiow-

III=1I—-1 (1) ever, in order to have results independent of a specific QRS

detection algorithm, we will use in the following the releta

annotations provided in the MIT database [11]. Noteworthy,

aVp = (I - 1I1)/2 2) an evaluation of the impact of QRS detection on the resulting
quality in terms of percentage root-mean-square diffexenc
aVp =T +1I)/2 (3) (PRD) has already been performed in [5], where it is shown
that a30% error ratio in the QRS detection algorithm may
aVp = (IT + I11)/2 (4) affect the performance a@i% in PRD.

For this reason we can compress the signals obtained fro Pnce two QRS complexes are detected, a heartbeat cycle is

a 12-lead ECG system simply by compressing the two Iimb-entiﬁed as the part of the signal between the position 150
leads | and Il and the six chest-leadfs, V3. Vs, Vu. Vs and ms before the first QRS complex detection and the position
- s V2, V3, V4, V5

Vs. We will thus refer in the following to a 8 channels ECG,150 ms before the second one.

which is from this point of view equivalent to a 12-lead ECG.
In order to compress jointly th_e available channels,.vyg_ Period Normalization
propose to exploit a 2-D compression methods, by organising

the data from the different leads in a 2-D array. The set of ECG segments can be rearranged intd/anN

~ Due to the considerations in Section Il, we propose Qatrix where theM rows are filled with consecutive ECG

identify regions of the resulting image as ROIs, accordmg tycles, and whereV is the length of the normalized period

the ROIs in the ECG cycle pattern. To this end we propogg each ECG cycle. However, the length of each heartbeat

the use of the JPEG2000 standard [10], which is based gfyment generally changes with time, whereas the rows of an

wavelet coding, it provides its own ROI tools capabilitieed  jjage have the same length. Two alternative solutions tp-pro

it is nowadays considered the standard that, for a giveritqualeny organise heartbeats in an image consist in matchirtall

_allows the highes_t compression ratios with respect to angrot ., lengths either by zero-padding or by time-stretching th

image compression standard. segmented ECG cycles with an opportune signal resampling.
IV. METHODOLOGY In this paper we adopt the latter solution, since our goabis t

As already proposed in [4], the structure of ECG signafompress with different CR and quality different portiorfs o
suggests the possibility of constructing a 2-D array from a in€ heartbeat, and it is important to have alignment among
D ECG signal. To this end, the QRS complex of each heartbddg different significant portions in subsequent heartbeat
is first detected in order to cut the ECG signal into differer{loreover the first approach could lead to unacceptableteesul
segments, which are finally aligned with one another to forHfnen the patient beat cycles are very irregular. Specijidafl

a 2-D data array. the resampling strategy we resorted to spline interpaiatio
For 1-D heartbeat data, the proposed algorithm is imple-Given such an approach, the image size can be adapted to
mented in the following steps: the maximum cycle length or to its mean value. Thus, in the
« QRS detection; remainder of the paper, depending on the different sampling

« conversion of the original signal to the desired bit resgate of the original ECG signal in the two data-base we used,
lution and sampling rat&/ [samples / beat cycle], wherewe will consider images of sizel2 x 512 or 352 x 352, which

N is the width of the 2-D data array; correspond, in the case of 8 ECG channels, to 44 heart beats,
« construction of a 2-D ECG data array; i.e. about 40s.
« identification of regions of interest according to the In [7] it is shown that the period transformation described
context information; above will not cause distortion in the normalized segmefts o

« compression of the image with an image compressidhe recovered waveforms. However, it is important to no&t th
codec (e.g. JPEG2000) according to the identified ROIs; order to recover the original time duration of each segmen
« processing of the compressed image and re-organisatimna reverse interpolation, it is necessary to know the ipeci
of the data in the form of 1-D ECG signal; resampling ratio that has been used, which needs to be stored
The algorithm’s performance is assessed via simulations,dr transmitted as a further side information. Thus, a number
order to characterize the trade-off between compressian aif parameters equal to the number of image rows (number of
distortion in each different ROI. heart cycles in the single channel case) have to be included i
We proceed in the following with a more detailed descripeach compressed frame, with a small penalty on the effective
tion of each stage. compression ratio.



C. ECG Leads arrangement
For multi-lead ECG, we can arrange the signals obtained ., _ _number of bits in the original image ©)

by each lead of the system in two different ways. ~ number of bits in the compressed data

« Inserting in an image a number of heart cycles from The two ratios are different due to the signal pre-processin
each lead equal td//Nj..qs followed by the ones of of the ECG data, which is requested to fit each heartbeat in
the subsequent leads; the image matrix (including resampling).

« Inserting the information about the first heartbeat from As already mentioned, some side information should be
all the Nicqqs (€.9. 8 leads), then the information aboufdded to the compressed data, including the original dymami
the second heartbeat from all th€..q4s (e.9. 8 leads) range and the original heartbeat lengths which are reqiieste

and so on. to reconstruct the signal. However, the bit-rate of sucle sid
Following data arrangement in a matrix of proper size, wiaformation is negligible with respect to the data-rate loé t
can then apply any 2-D data compression technigue. compressed signal.

Since with our proposed algorithm we will compress dif-
D. ROI identification and ROI based compression fergnt porthns of the ECG signal with different COMPreBsIo
o ratios, we will consider not only the overall compressiotiora
Thanks to the proposed data organization in a 2-D arrayt also the compression ratios of specific portions of the
ROIs in subsequent heartbeats result to be aligned in ignal. For instance, when the signal is split in two differe

image. Hence, a specific ROI in the ECG signal almost resuﬂértions, as in the examples shown in Section VI, we can
in a rectangular ROI in the image, with height equivalent tgafine:

the height of the image. Consequently, image compression ca

be performed taking the shape of such ROls into account, CR, — R7/2 )
together with the context information that tells us how much T Ry
the compression should be "unbalanced” in favor of a specific
RO R/2
' _ _ _ _ CRir = —— 8)
In the example reported in Section VI, we split the image Ry
in two portions, where each portion has half the columns R
of the original image. The first portion contains the QRS CRror = BT R, 9)

complex, and alternatively the first or the second sub-image

is considered as the ROIL. In this case, the two sub-imag%]ere R is the size of the image in raw format (in bits),

one of which the ROI, can also be compressed as independ@htis the size of the compressed data associated to the first
images. portion of the image an®; is the size of the compressed data

The JPEG2000 codec OpenJPEG v1.3 has been usedagsociated to the second portion of the image. Note that all
simulations, by applying different compression ratios ba tthese compression ratios are related each other accomling t

different portions of images obtained with ECG data. CRrorCR;
CR][ = .
V. QUALITY ASSESSMENT 2CR; — CRror
Ideally we would like to compress the signal losslessly, but Ideally, quality measures should account for diagnostic
in many applications this is not an option. Thus, given a fixddformation in the reconstructed ECG signal. However, di-
bit budget, in the view of the considerations in Section i, @gnostic information is quite subjective and dependent on
makes sense to spend more bits to represent those partéhefpatient/application. Indeed, depending on the makais
the signal that belong to a specific ROI and, thus, recortstrid@tient is subject to, some information can be more importan
them with higher fidelity, while allowing other parts to serff than other. Regardless of ongoing research in the arealssthn
a larger distortion. guantitative measures that account for clinically impoirta
Consequently, also the performance assessment of the gf6&G signal characteristics have not been widely estalulishe
posed methodology should take this approach into accoun@nd the most widely used measure for quality assessment of
In general, the main goal for any compression procedur&G compression is the percentage root-mean-square-differ
consists in reducing as much as possible the bit-rate of t@ece (PRD).
signal by keeping an acceptable quality or, equivalently, b The PRD measure is defined as:
improving as much as possible the quality for a fixed assigned
bit-rate. Thus, t_he two most _important_parameter;_qre the PRD — Zﬁ:l (z(n) — (n))?
compression ratio and the quality of the signal. Specifycail - EL (z(n) — 7)2
our scenario, we can define two different compression ratios n=1
expressed by: where x(n) is the original signalZ(n) is the reconstructed
signal, T is the signal mean and is the PRD observation
number of bits in the original ECG signal window. We will consider this expression in the results show

number of bits in the compressed data ®) in section VI as the reference case.

(10)

x 100 (11)

C1]%ecg =




Some papers consider a different PRD definition, neglectidifferent frame formatsi12 x 512 and 256 x 512). We can
the termz in 11, which however is preferable because it makebserve that for larger frames (i.8l2 x 512, where the two
the PRD definition independent of the dc level of the origingortions 512 x 256 are encoded separately) slightly better
signal. performances can be achieved, at the expense of a double
Some articles that show results that are based on the Mielay. When delay is not an issue, considering larger frames
BIH arrhythmia database, conversely adopt a fixed 1024bff$s thus beneficial, since the redundancy of a higher number
[12] [4] [5], i.e. they substitute the value 1024 toin 11. of heartbeats can be considered jointly. Fig. 2 also shoats th
However, when the meanis remarkably different from 1024, when the compression ratio is the same for the two regions
results are significantly biased and misleading (see €]y. [5(CR; = CR;; = CRror = 16), independent coding of
Since our algorithm focuses on compression of differetite two regions provides worse results on the QRS complex
portions of the signal with different compression ratio® wregion, but better results on the remainder of the signah wi

also define 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
S (2(n) — T(n))? better compressed if it is considered independently froen th
PRDyp;n;y = i — %100 (12) rest of the heartbeat.
v > ontn, (x(n) —T)?
. e . . TABLE |
as the PRD calculated in a specific portion of the signal from COMPRESSION RATIOS CONSIDERED INFIGURE 2
samplen; to samplen; .
Since in the examples shown in Section VI we split each [ [CR; [ CRi [ CRror |
heartbeat in two parts, we will also consider the two follogyi g i‘i 24903 ig
metrics: c 12 o 16
D | 13 20.8 16
PRD; = PRD; | n/2) (13) E| 14 18.7 16
F| 15 17.1 16
G| 16 16 16
PRDi; = PRD | nj2)41,N (14)
representing the PRD calculated in the first and secondoporti  However there are also situations where the second portion
of the signal, respectively. of the heart cycle is more important for diagnostic purposes

Note that the PRD calculation depends on the energy of tf: which lead us to fix the second part of the image as the
Signa': if the Compression error is evenly distributed onex aCtUaI.Rol, Wh|Ch. request tO. be less Compressed than the rest
ECG samples, the portions of the signal with higher ener@y the image. For instance, Figure 3 reports the PRD versus th

will have a lower PRD. This will be observed in section VI.compression rati@'R;; 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
This section shows CR and PRD results for ECG signalable 1l the corresponding CRs for the two portions of the

recorded in the MIT-BIH Arrhythmia database [11] and in thémage (ECG signal). Also in this scenario, the improvement

St. Petersburg Institute of Cardiological Technics (SBICZ- in PRD in the region of interest (including U waves), that is

lead Arrhythmia Database. Specifically, we consider thendc located in the second half of the image, is evident.

117 from the MIT-BIH Arrhythmia database in the first set of

VI. SIMULATION RESULTS

simulations shown in Figures 2-4, and the record 101 from the TABLE |l

SPICT Arrhythmia database for the simulation results shown COMPRESSION RATIOS CONSIDERED INFIGURE 3

in Figures 5-7. [ [ CR; [ CRi | CRror |
Figure 2 shows the PRD versus the compression &fig A | 40 10 16

of the ROI (QRS), by setting a fixed target compression ratio B|293| 11 16

equal to 16:1, and by accordingly varying the compression g 2%48 g 12

ratio C' Ry of the second part of the image. ASR; increases, E T 187 12 16

C Ry decreases in order to keep the globdkror constant. F| 171 15 16

The considered compression ratios for the different postio G| 16 16 16

of the image/ECG signal are conveniently reported in Table

I, which clarifies that at the left hand side of Figure 2 the In Figure 4 we plot a portion of the ECG waveform (MIT-
compression ratios are more unbalanced in the two portioBEH arrhythmia record 117) whet'R; = 10, CR;; = 40

of the image and the improvement in the first portion is higheilC Rror = 16), which corresponds to the left margin of
at the expense of a poorer quality in the second portion. Ndtgure 2 (i.e. combination A in Table 1), to a frame size
that, when the image compression ratio is 16:1, the actu@ EG12 x 512, and to the first ROl (QRS complex). Figure 4 also
compression ratio, including data processing and overheatows the error signal to highlight that the error is remblka
is 13.5:1. Moreover, we report the comparison between timwver in the ROI than in the remaining part of the signal.
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Results reported in the following refer to the joint compres
sion of multi-lead ECG data.

Figure 5 reports the image representation of the 101 record
from the St. Petersburg Institute of Cardiological Techrii2-
lead Arrhythmia Database, in the case of raster scan of the 8
independent channels and in the interlaced case. The images
with resolution352 x 352, report 44 heartbeats of an 8 channels
ECG (101 record). On the left, images before compression are
shown. Fig. 5[a] shows the image with channels inserted in
raster scan, whereas Fig. 5[b] shows the image with inteztba
channels. On the right, the compressed images, Wity =
CRy; = 16, are reported.

Figures 6 and 7 report PRD values for the 101 record.
As above, the image is split in two parts, here with size
352 x 176 each. The first part (including the QRS complex) is
assumed to be the region of interest and it is compressed with
& lower compression ratio. PRD values are reported vergus th
(image) compression factér R; for the first region of interest
(including the QRS complex). The different combinations of
compression ratios in the two areas of the signal are reghorte
in Table IlI.

TABLE Il
COMPRESSION RATIOS CONSIDERED INFIGURES6 AND 7
[ [ CR; [ CRi1 [ CRror |
A 12 24 16
B 13 20.8 16
[ 14 18.7 16
D 15 17.14 16
E 16 16 16

As in the previous case, the global compression ratio is
16:1, whereas in this case the actual ECG compression ratio
CR.cq, including data processing and overhead, is 8. The
worse performance with respect to the 117 Arrhythmia record
is due to the different characteristics of the signal coersd
here.

In the case of images obtained with all the independent
channels, the delay is significantly reduced with respect to
the single channel case. Comparing Fig. 6 and Fig. 7, it is
easy to assert that the case of raster scan of the 8 indegienden
channels provides better results with respect to the aded
case since the images obtained (see Fig. 5[a]) offer a more
uniform pattern for the JPEG2000 encoder.

CONCLUSIONS

Focusing on a 2D compression method and in particular
through the exploitation of the features of JPEG2000 com-
pression, we have proposed a novel paradigm to encode with
different characteristics portions of the signal with ei#ént
diagnostic importance, based on the available information
on the patient conditions. Results show that such a method
allows performance improvement in the regions of interiest,
terms of PRD versus compression ratio. Useful insights tabou
the quality achieved in different portions of the signal fwit
different compression ratios are also reported.
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Fig. 7. PRD values for the 101 record versus the (image) corsmesactor
C Ry for the first region of interest. Raster scan case.

Fig. 5. Images reporting 44 heartbeats of an 8 channels ECGréitbrd).
[a] Channels inserted in the image in raster scan - originajéngp] channels
inserted in the image in raster scan - compressed in@ég, = CR;; = 16;
[c] channels interleaved - original image; [d] channels re@ed - com-
pressed image,’R; = CRy; = 16.
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