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ABSTRACT: In this paper, a segmentation template matching-based electrocardiogram compression algorithm for mobile
device applicationsis proposed and implemented. Templatesfor PQ interval, QRS complex, and ST interval are created. Only
the template code that closely matches the input signal is saved. The algorithm's performance is evaluated using the
Massachusetts Institute of Technology—Boston's Beth Israel Hospital Normal Sinus Rhythm Database and with a different
sampling rate. When using a 128-Hz sampling rate, the average compression ratio and percentage of root mean square
difference are 7.94 and 5.33, respectively.
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1. Introduction

L ong-term electrocardiogram (ECG) wirel ess measurement technology requires several Mbytes of memory storage and awide
bandwidth to sustain active transmission. However, mobile devicesarelow resource systems, and the challenge of fulfilling the
af orementioned requirement of long-term ECG measurement isgreat. Furthermore, if there are multi-channel measurements, the
amount of datatransmissionisfurther increased. Therefore, itisessential to compress ECG datafor effective datatransmission.

ECG compression algorithms can be classified into lossless or lossy algorithms[1]. L ossless algorithms such as Lempel—-Ziv—
WEelch (LZW)[2] and Huffman[3] do not show asizable quantization error, and their compression ratio (CR) isgenerally lessthan
for lossy algorithms. Infact, CR for lossless algorithmsis approximately 2:1to 4:1. Lossy algorithmshave a CR of approximately
10:1t0 20:1, but agreat portion of ECG informationislost. Lossy algorithms can be classified further into two sub-categories:
direct signal compression and transformati on compression[4-9].
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In this paper, theimplemented templ ate matching-based ECG compression algorithm requires|ess cal culation complexity, while
maintaining a high CR and low reconstruction error. Thisisamethod that performs matching between fixed templ ates and object
searching coefficients. The coefficient value is used to justify whether matching exists (“yes’ or “no”), and the objection
location isthen identified. Fig. 1 showsthe normalized ECG ordered by the PQ-R-ST key feature. As can be seen inthefigure,
such normalized ECG has morphology that is extremely similar to normal ECG. A repetitive normalized ECG signa can be
compressed and substituted with a representative signal.

PQ interval QRS interval ES interval

0.6
0.4
0.2

0

202 f T =

-0.4

40 20 40 60 80 100120
Figure 1. Normal ECG morphological characteristics

2. ECG compression Algorithm using Segmentation Template M atching

In this paper, the compression a gorithm consists of three major techniques: R-peak detection, template creation, and segmentation
template matching techniques. Fig. 2 shows a block diagram for the proposed templ ate matching-based compression process.
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Figure 2. Block diagram for proposed templ ate matching-based ECG compression process

First, preprocessing for R-peak detection isimplemented to detect R-peak from normal ECG. Then, the PQinterval, QRS complex,
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and QT interval aredetermined from the R-peak. Finally, templatesfor PQ interval, QRS complex, and QT interval arecreated. The
created templates are used to compare with a real-time input ECG, and the optimum mean squared error (MSE) value and
coefficients are cal culated. The template with the least M SE provides the most similar ECG morphological characteristic (PQ,
QRS, and ST). Then, the most similar template is saved as the template code.

2.1 R-peak extraction

Methods of using wavelet, envelope, moving average and etc for detecting R-peak in electrocardiogram (ECG) have been
extensively proposed and evaluated. However, a main drawback is that computation complexity restricts the practical
implementation in mobile system.

Pan and Tompkins develop areal-time algorithm for accurate R-peak detection iswell-known in literature. The ECG signal is
differentiated. The differential ECG consists of positive and negative components. After differentiation, the signal is squared
point by point, and thus, making all data points into only positive. Then, moving average integration is applied to obtain
waveform featureinformation in addition to the slope of the R wave. The outcome of moving average signal isan enhanced QRS-
complex [10]. A threshold is set to detect the peak of the enhanced QRS-complex. From the peak of the enhanced QRS-complex,
awindow issetup to look for the maximum point inthe ECG signal. Maximum point fallswithin thewindow isrecognized as R-

pesk inECG.

2.2 Templatecreation
When comparing an input ECG with the created templ ate, it is difficult to compare raw ECG with varying amplitudes. Therefore,
raw ECG isfirst normalized for easy template comparison. Normalization is cal culated using Equations (2) and (3).

Y in = X-min(x) @
y= ma;y 5 ®

The details of the compression algorithm that uses segmentation template matching is as follows:

o Thefirst 50 cycles of the ECG measurement are used to create the PQ interval and ST interval templates.

o Thefivemost diverse signal patterns are used astemplatesfor each PQ and ST interval. This meansthat the five most diverse
templates are created for PQ and ST intervals. The created templates are assigned different code names.

e The PQ and ST data templates and their respective code names are then sent to and stored in mobile devices for signal
reconstruction purposes.

o For real-time ECG datatransmission, raw QRS dataistransmitted, whereasraw PQ and ST dataare not transmitted. Only the PQ
and ST template codes are sent with raw QRS datawithin the same data packet. ECG data compression occurswhere we send the
template codes for the PQ and ST intervals, and this provides a high data CR.

o In the reconstruction of compressed ECG data, we reverse match the template code accordingly. By identifying the template
code, weidentify the respective templates for the PQ and ST intervals. Then, we combine the respective PQ and ST templates
with the raw QRS complex data. Finaly, the ECG signal with key features (PQ interval, QRS complex, and ST interval) is
reconstructed. An RR-interval is provided in the received data packet.

The first 50 cycles of an ECG signal are used for template creation. First, the R-peak is detected; then, the PQ interval, QRS
complex, and ST interval are classified from such R-peak.

For efficient operation, we calculate MSE and coefficient from the first cycle to the 50th cycle. The most diverse pattern is

identified based on the M SE calculation. The five most diverse patterns are sel ected for template creation. Equations (4) and (5)
are used to determine the most diverse patterns.
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wherenisnumber of samples; xi istheraw ECG,; yi isthetemplate; x and y arethe averages of xi andyi, respectively; and sx and
sy are the respective standard deviations of x and y.

2.3 Compressed data packet structure

Theinput ECG signal iscompared to the selected template signal, and compressed. If the PQ and ST interval s of theinput ECG
signal have signal patterns similar to the template signals, the respective PQ and ST codes are used for data packet generation.
The QRS complex containscrucia clinical information that isanimportant pattern for providing accurate R-peak and morphological
information. Thus, the QRS complex only undergoes downsampling to minimize morphological loss. The downsampled QRS
complex isrefined using splineinterpolation.

The compressed data packet structure conveys only PQ code, QRS data, ST code, and RRI (RR-interval) information. RRI is
used for synchronization with raw ECG cyclesand for heart rate detection. Fig. 4 showsthe compressed data packet structure.

Compression Packet

PQ code | QRS data | ST code RRI

Figure 4. Compressed data packet structure

3.1 Templatecreation

First, atotal of 50 PQ and 50 ST templateswere created using thefirst 50 ECG cycles. After normalization, M SE and coefficients
were calculated for each template. Then, we selected an optimum number of templates for use. Such optimum number is
identified from the decaying slope of MSE x Coefficient versus the number graph. The optimum number is calculated using
Equation (6). Fig. 5 showsthat an optimum number of seven templates are selected. This meansthat the first seven PQ and ST
templates were selected.
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Figure 5. Optimum point for template creation
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Optimum =M SE x (|Coef.|- 1) 6)
where M SE and Coef. are as defined by Equations (4) and (5).

The ECG signa mainly consists of three parts: the PQ interval, QRS complex, and ST interval. Other low amplitude variationsare
considered non-useful information, and thus we segment them. Fig. 6 shows the segmentation point, with the exception of the
three parts.
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Figure 6. Segmentation point, with exception of three divided parts

3.2 Evaluation resultsof segmentation templatematching compression algorithm

The proposed ECG compression algorithm is evaluated using ten records from the Massachusetts Institute of Technology—
Boston'sBeth Israel Hospital (MI1T-BIH) Normal Sinus Rhythm Database. Each record contains 10 min of ECG datarecording.
The database containslong-term ECG recordings of subjectsreferred to theArrhythmiaL aboratory at BIH (now known as Beth
Israel Deaconess Medical Center). Records in this database are from healthy subjects with no significant arrhythmias. The
subjectswere five maleswith ages ranging from 26 to 45 years, and 13 femaleswith ages ranging from 20 to 50 years.

We use the percentage of root mean square difference (PRD) and CR to evaluate the performance of the proposed algorithm.

PRD isthe common parameter used to quantify the reconstructed signal quality of the compression agorithm. PRD indicatesthe
error between the original ECG samples and the reconstructed data, and is defined in Equation (7).

——— * 10 @

Sampling (H2) MIT-BIH CR PRD R-Peakdetectionaccuracy (%)
16265m 6.64 4.04
16483m 7.81 4.50
16539m 8.04 5.70
16773m 8.76 5.05
128 16786m 9.47 3.63 100
16795m 9.75 5.91
17052m 8.11 5.45
17453m 8.52 4,77
18177m 6.43 6.82
19088m 5.88 7.49
Average 7.94 5.33

Table 1. Performance result for proposed algorithm
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where n is the number of samples, and xi and’X are the original data and the reconstructed data, respectively. The proposed
algorithmisevaluated using the MIT BIH Normal Sinus Rhythm. We extract 10 min of datafrom ten records. Table 1 liststhe CR,
PRD, and successful R-peak detection rate.

The evaluation shows that an average CR = 7.94 and average PRD = 5.33 are achieved. CR is moderate, but not high, and it is
directly proportional to sampling frequency. The sampling frequency used for the MIT-BIH Normal Sinus Rhythm Databaseis
only 128 Hz, and therefore, it shows only amoderate CR. The proposed compression algorithm can increaseits CR by increasing
the sampling frequency. Table 2 liststhe CR performance results using different sampling frequencies.

Sampling (H2) CR PRD
128 7.94 5.33
200 13.13 3.75
360 19.84 2.97

Table 2. Compression result according to sampling

4. Conclusion

In this paper, asegmentati on and templ ate matching-based compressi on a gorithm was proposed and implemented. The proposed
algorithm can be applied for mobile ECG measurement systems. For high sampling measurement systems, we demonstrated that
CR performanceincreases. CR performance was eval uated using the MIT-BIH Normal Sinus Rhythm Database. When a128-Hz
sampling rate was used, the average PRD and CR obtained were 5.33 and 7.94, respectively. However, when a500-Hz sampling
was used, the average CR obtained was 27.92. In comparison with other common compression algorithms, PRD was|ower, but
we achieved a higher CR. This paper also demonstrated that the higher the sampling frequency, the higher is CR. For future
research, we plan to improve PRD, and to enhance the characteristic point detection, rather than only detect the R-peak.
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