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Abstract: The necessity of better Electrocardiogram (ECG) signal compression techniques is greater today
than few years ago for several reasons. The quantity of ECG records is increasing in millions each year and
previous records cannot be deleted since ECG signal is important for the comparison of records obtained over a
long period of time to monitor the state of patients’ heart. Therefore, it is imperative to ensure data generated is
compressed as much as possible so that it takes up the least amount of space necessary and could be effectively
transmitted despite the bandwidth limitation. In this research, hybrid lossless electrocardiogram signal
compression algorithm using discrete cosine transform (DCT) and fast Fourier transform (FFT) was developed
to find an optimal compression strategy for ECG data. The compression was carried out in two stages; DCT
performed the first stage of compression while the FFT performed the second stage of compression. The
algorithm was developed in MATLAB environment and the performance of the developed algorithm was tested
in terms of the compression ratio (CR) and the percentage root mean difference (PRD) distortion metrics for the
compression of data extracted from records 100 and 102 of the MIT-BIH database. The sampling rate and
resolution were 360 Hz and 11-bit, respectively. The obtained results revealed that developed technique
possesses higher compression ratios and acceptable reconstruction signal quality. For the record 100, the
developed hybrid technique achieved a saving percentage (SP) of 95.03%, compression ratio (CR) of 45.60 with
acceptable signal distortion (PRD) of 8.911%. For the record 102, the developed hybrid technique achieved SP
of 98.08%, CR of 39.01 and PRD of 8.975% which are suitable for most monitoring and diagnoses applications.
Keywords:Electrocardiogram, Discrete cosine transform, fast fourier transform, saving percentage,
compression ratio, percentage root mean difference.
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I.  Introduction

The electrocardiogram (ECG) is a vital tool medical practitioner use to assess and diagnose a patient’s
heart condition; the accuracy of the signal is vital for correct diagnosis. Biomedical signals, such as
electrocardiogram (ECG), electroencephalogram (EEG), surface electromyogram (SEMG) and bioacoustics
signals generate large amounts of data when digitized for storage and analysis within a signal processing
framework. It is an important physiological signal which is exploited to diagnose heart diseases because every
arrhythmia in ECG signals can be related to a heart disease. ECG signals are recorded from patients for both
monitoring and diagnostic purposes. Therefore, storage is very necessary. However, the storage has limitation
which made ECG data compression an important issue of research in biomedical signal processing.In addition to
these, there are other advantages of ECG compression such as enhancement of transmission speed of real-time
ECG signal, and cost minimization. The ambulatory monitoring system usually requires continuous 12 to 24-
hours ambulatory recording for good diagnostic quality. For example, with the sampling rate of 360 Hz, 11
bit/sample data resolution, a 24-h record requires about 43MB per channel. So, 12-channel system requires
nearly 513.216 MB of storage disks daily [31]. As a result, data reduction and compression processes are of
great interest in biomedical signal analysis, especially in the area of data transmission (e.g. in telemedicine
applications) or where long-term recordings (e.g. in sleep laboratories, intensive care) are involved. With
appropriate processing of biomedical signals, the redundant data stream could be reduced to the most significant
parameters that could efficiently contribute to medical decision making. In this way, high density storage could
be achieved. In the same vein, reduction of the number of bits required to describe a biomedical signal could
facilitate the data transmission. Electrocardiograph is a combination of several Greek words. The Greek word
electro, relates to electrical activities; kardio, means heart; and graph is a Greek root word meaning ‘to
write’.Electrocardiography is a commonly used, non-invasive procedure for recording electrical changes in the
heart. The records, which are called an electrocardiogram (ECG), show the series of waves that relate to the
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electrical impulses which occur during each beat of the heart. An initial breakthrough came when Willem
Einthoven, working in Leiden, the Netherlands, used the string galvanometer he invented in 1901. This device
was much more sensitive than both the capillary electrometer Waller and String galvanometer that was invented
by a French Engineer Clement Ader (1897). Rather than using self-adhesive electrodes, Einthoven’s immerse
each of patient’s limbs into containers of salt solutions from which the ECG was recorded. Einthoven assigned
the letters P, Q, R, S, and T to the various deflections, and described the electrocardiographic features of a
number of cardiovascular disorders [26].

The ECG is the electrical manifestation of the contractile activity of the heart, and can be recorded
fairly easily with surface electrodes on the limbs or chest. Due to its ease of measurement, ECG is perhaps the
most commonly known, recognized, and used biomedical signal. The ECG recording diagnosis has a great
variety of uses which are to find the cause of unexplained chest pain, which could be caused by a heart attack,
inflammation of the sac surrounding the heart (pericarditis), or angina, find the cause of symptoms of heart
disease, such as shortness of breath, dizziness, fainting, or rapid, irregular heartbeats (palpitations).Find out if
the walls of the heart chambers are too thick (hypertrophied). It also used in check the effect of medication and
whether they are causing side effects that affect the heart, monitors the operation of mechanical devices like
pacemakers that are implanted in the patient’s heart.An effective data compression scheme for ECG signal is
required in many practical applications such as ECG data storage, ambulatory recording systems and ECG data
transmission over telephone line or digital telecommunication network for telemedicine. The main goal of any
compression technique is to achieve maximum data volume reduction while preserving the significant features
and also detecting and eliminating redundancies in a given data set.Tarik et al. (2014) in their paper presented a
hybrid technique for the compression of ECG signals based on DWT and exploiting the correlation between
signal samples. It incorporates Discrete Wavelet Transform (DWT), Differential Pulse Code Modulation
(DPCM), and run-length coding techniques for the compression of different parts of the signal. Mohamed et al.
(2015) presented a hybrid ECG compression technique based on Discrete Wavelet Transform and reducing the
correlation between signal samples and beats. The proposed scheme starts by segmenting the ECG signal into
blocks; each of length 1024 samples. Duong et al. (2016) in their paper proposed a compression algorithm,
called the advanced two-state algorithm. In this algorithm, the ECG pattern is divided into two categories:
“complex” durations such as QRS complexes; labeled as low-state durations, and “plain” durations such as P or
T waves, are labeled as high-state durations. Each duration type can be compressed at different compression
ratios, and Piecewise Cubic Spline can be used for reconstructing the signal. The approach of combining
multiple transformations i.e. DCT-FFT, has been successfully presented in this research work. The hybrid
algorithm compensated the demerits of standalone DCT and FFT.

Research methodology

The developed algorithm is of two stages namely the Discrete Cosine Transform (DCT) and Fast
Fourier Transform (FFT) as shown in Figure 3.1. The first stage start at x(n) and end at IDCT while the second
stage start at FFT and end at IFFT. x(n) is the input signal and x’(n) is the reconstructed signal after hybrid
compression.

1st stage compression

x(n)—o DCT > R7 Compression N IDCT

2" Stage compression

\

—P1 FFT > R7 s{Compression IFFT — x’(n)

Figure 1: Block diagram of the developed hybrid algorithm.

The first stage compression is carried out by DCT algorithm, which compresses the data immediately
the ECG stored file is loaded. Upon launching the algorithm, it read in ECG data and evaluates DCT of data.
Thereafter, removing of zeroes is done in order to remove the redundancy in the data and to achieve a higher
compression ratio. After removing of zeroes, the compression is done via DCT and inverse of discrete cosine
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transform (IDCT) is evaluated which served as input for the second stage of compression as shown in Figure
3.1. While the second stage compression, received the output of DCT algorithm i.e. IDCT as its input for further
compression like in the first stage. The output of the IDCT which served as the input to the FFT was evaluated
via FFT after which zeroes were removed purposely to achieve better and higher compression ratio with
negligible distortion, then the compression through FFT and the Inverse of Fast Fourier Transform (IFFT) is
then evaluated. The combination of the first stage with the second stage forms the hybrid method

Discrete Cosine Transform

Discrete Cosine Transform is a basis for many signal and image compression algorithms due to its high
decorrelation and energy compaction property. DCT has many similarities to the FFT, for example, time-domain
to frequency-domain conversion. However, the DCT only expresses the signal as a sum of cosine functions. A
discrete Cosine Transform of N sample is defined as in Equation 1:

2 _ (2x+1)
R = [2000 T f(xdeos [L2H24]0
whereu =0,1,..,N — 1, C(w) = % for u=0
=1 O<u<sN-1
The function f(x) represents the value of x™ samples of input ECG signals. F(u) represents a DCT coefficient.
The inverse DCT is defined in similar fashion as follows in Equation 2

FG) = 23tz crocos 1] 2
x=0,1,...,N-1 F(x)isthe IDCT (reconstructed ECG signal)

Fast Fourier Transform (FFT)

A Fast Fourier Transform (FFT) is an efficient algorithm to compute the Discrete Fourier Transform
(DFT) and its inverse. There are many distinct FFT algorithms involving a wide range of mathematics, from
simple complex-number arithmetic to group theory and number theory. A DFT decomposes a sequence of
values into components of different frequencies but computing it directly from the definition is often too slow to
be practical.

The difference in speed can be substantial, especially for long data sets where N may be in the
thousands or millions in practice, the computation time can be reduced by several orders of magnitude in such
cases, and the improvement is roughly proportional to N / log (N). This huge improvement made many DFT -
based algorithms practical; FFTs are of great importance to a wide variety of applications, from digital signal
processing and solving partial differential equations to algorithms for quick multiplication of large integers.

Fast Fourier Transform is a fundamental transform in digital signal processing with applications in
frequency analysis, signal processing etc. The periodicity and symmetry properties of FFT are useful for
compression. The u™ FFT coefficient of length N sequence {f(u)} is defined as in Equation 3

F(u) = EY55 f(x)e2ma/N 3

where u=0, 1...N-1.

F (u) is Fast Fourier transform, f(x) is the reconstructed signal from DCT, N is uniform sample space, and 2nu/N
is the frequency.

Its inverse transform (IFFT) as in Equation (4) is

f(x) = 3 ZHZ3 Fwyer2mes /Y 4
where xis 0, 1...N -1 f(x) is the IFFT (i.e. final reconstructed ECG signal)

Compression measurement

All data compression algorithms minimizes data storage by reducing the redundancy wherever
possible, thereby increasing the compression ratio. The compression ratio (CR) is defined as the ratio of the
number of bits representing the original signal to the number of bits required to store the compressed signal. A
high compression ratio is typically desired. A data compression algorithm must also represent the data with
acceptable fidelity while achieving high CR.
It is given by:
CR = Original flle‘ stze; 5

Compressed file size
The definition is very obvious to reflect how much data is reduced during compression. The higher the
compression ratio is, the smaller the size of the compressed file.
Saving Percentage= ((B-A)/B) *100 6
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where B is the size before compression and A is the size after compression. The higher the saving percentage is,
the more the efficient use of available bandwidth in telemedicine health care system, and subsequently the lower
the cost of medical information transmission.

Distortion measurement

One of the most difficult problems in ECG compression and reconstruction is defining the error criterion
that measures the ability of the reconstructed signal to preserve the relevant information. The reconstruction
error is defined as the difference between the original signal and the reconstructed one. It measures the ability of
the reconstructed signal to preserve the relevant diagnostic information; any slight loss or change of information
canlead to wrong diagnosis. In the case of ECG compression, data that does not contain diagnostic information
can be removed. The computational complexity component relates to practical implementation considerations
and is desired to be as low as possible. Different objective error measures namely; root mean square error
(RMSE), percentage root mean difference (PRD), signal to noise ratio (SNR) are used for calculation of
reconstruction error. Among these error measures, the ECG processing is frequently measured by the percentage
root mean difference (PRD). It is most commonly defined as: a measure of error loss. This error estimate is the
one most commonly used in all scientific literature concerned with ECG compression techniques. The main
drawbacks are the inability to cope with baseline fluctuations and the inability to discriminate between the
diagnostic portions of an ECG curve. However, its simplicity and relative accuracy make it a popular error
estimate among researchers. The globally standard of ECG signalreconstruction quality in terms of PRD is
defined as PRD < 2%: very good reconstruction, PRD <2-5%: good reconstruction, PRD < 5-9%: acceptable
quality of reconstruction and PRD > 9%: unacceptable quality. PRD calculation is as follows:

(7)
i (ORG(i)— REC(i))

PRD =100x |=—
> (ORG(i))’
i=1

where ORG is the original signal, REC is the reconstructed signal and N is the length of the window over which
the PRD is calculated. The lower the PRD, the closer the reconstructed signal is to the original ECG data.
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Figure 2: Flow chart of the developed hybrid compression algorithm.

I1. Results and Discussion

The developed method was tested on the signals extracted from records 100 and 102 of the MIT-BIH
database; for which the sampling rate is 360 Hz and the resolution is 11-bit. The results of the developed
algorithm are obtained for record 100 and 102 MIT-BIH, and are shown in Figures 3 to 10.Figure 3 showsa time
sample of the original ECG signal and DCT of the signal of MIT-BIH record 100. The DCT shows a sequence
of finitely data point in terms of a sum of cosine functions. It shows that that ECG signal are quasi in nature
(similar) means there is presence of redundancy and this property does not benefit compression, hence it need to
be removed.Figure 4 comprises of wave forms of compressed DCT and recovered ECG signal. The compressed
wave form clearly shows the removal of zeroes since it does not contain the clinical information. While the
reconstructed ECG signal obtained by applying Inverse Discrete Cosine Transform.

(Hyborid) Original ECG Data

Amplitude (m)

y ; : . ; : ; :

0] 1 z 3 e | 5] G i 3 9
Time (sec)

{(Hybrid) DCT OF ECG SIGHRAL

Amplitude

4
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Figure:3: Original ECG Signal and DCT of the signal of MIT-BIH record 100.
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Figure: 4: Compressed DCT of ECG signal and recovered signal from DCT of MIT-BIH record 100

Figure 5 shows the FFT of IDCT and compressed FFT of IDCT of ECG signal of MIT-BIH record
100. The FFT of IDCT wave form shows the transform of recovered signal (IFFT) by means of FFT for further
compression, while the compressed FFT of IDCT wave form shows the further removal of any redundancy that
might present.Figure 6 shows the final recovered ECG signal and error due to hybrid compression of the ECG
signal of MIT-BIH record 100. The first wave form of Figure 4.4 shows the reconstruction of the original ECG
signal while the second wave form is the error due to hybrid compression, which indicates how extent the
original signal has been distorted.The result of the Hybrid (DCT_FFT) Compression Analysis of MIT-BIH
record 100 shows a high compression ratio (CR) of 45.56 with acceptable quality of reconstruction (PRD) of
8.91%.

(Hybrid) FFT of IDCT ECG Signal
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Figure: 5: FFT of IDCT and compressed FFT of IDCT of ECG signal of MIT-BIH record 100.
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(Hybrid) Final Recovered ECG Signal
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Figure: 6: Finalrecovered ECG signal and Error due to Hybrid Compression of ECG signal of MIT-BIH record
100.

Figure 7 shows a time sample of the original ECG signal and DCT of the signal of MIT-BIH record
102. The DCT wave form of Figure 6 shows a sequence of finitely data point in terms of a sum of cosine
functions oscillating at different frequency. There is presence of redundancy in this wave form due to correlation
between ECG data; hence it needs to be removed in other to archive high compression ratio. Figure 8 shows the
wave forms of compressed DCT and recovered ECG signal. The compressed wave form clearly shows the

removal of zeroes since it does not contain the clinical information. The reconstructed ECG signal was obtained
by applying Inverse Discrete Cosine Transform.
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Figure: 7: Original ECG signal and DCT of ECG Signal of MIT-BIH record 102.
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Figure: 8: Compressed DCT of ECG signal and recovered signal from DCT of MIT-BIH record 102.

Figure 9 shows the FFT of IDCT and compressed FFT of IDCT of ECG signal of MIT-BIH record
102. The first wave form of Figure 9 shows the transform of recovered signal for further compression. The
second wave form is the compressed signal which shows the further removal of any redundancy that might
present.Figure 10 shows the final recovered ECG signal and error due to hybrid compression of the ECG signal
of MIT-BIH record 102. The first wave form of Figure 10 shows the reconstruction of original ECG signal after
compression. The second wave form depicts error due to hybrid compression (the difference between the
original signal and reconstructed signal), that shows how original signal has been distorted. The result of the
Hybrid (DCT_FFT) Compression Analysis of MIT-BIH record 102 shows a compression ratio (CR) of 39.009
with acceptable quality of reconstruction (PRD) of 8.97%. By comparing the original signal with the
reconstructed signal, it can be observed that the original and reconstructed ECG signals (signal after

compression) are approximately matched.

(Hybridl FET of IDCT ECS Signal

Amplitude

1 =2 2 <1
Sample
(Hybrid) Compressed FFET of IDCT of EXCS Signal
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Figure: 9: FFT of IDCT and compressed FFT of IDCT of ECG signal of MIT-BIH record 102.
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Figure: 10: Final recovered ECG signal and Error due to Hybrid Compression of ECG signal of MIT-BIH
record 102.
Table 1: Performance of Compression Techniques for Record 100
No of Sample Methods Record 100
CR PRD (%) SP (%)
Developed (HYBRID) 45.60 8.9113 95.03
50,0000 DCT 8.18 8.5923 90.43
FFT 5.57 2.311 80.79
*SP-
Table 2: Performance of Compression Techniques on MIT-BIH record 102
No of Sample Methods Record 102
CR PRD (%) SP (%)
HYBRID 39.01 8.9785 98.08
DCT 7.13 7.9902 94.18
FFT 5.50 3.9816 8143

For record 100, the developed technique has a CR of 45.60, acceptable PRD of 8.9113% with higher
saving percentage of 95.03%. For record 102, a high compression ratio (CR) of 39.01 was achieved, and
acceptable PRD of 8.9785% with higher saving percentage (SP) of 98.08%. In both comparisons, the HYBRID
technique is very effective when compared with DCT and FFT compression methods.

Comparison with other existing algorithm

In the field of ECG signal compression, several techniques have been reported in the literature. In order to
promote the developed algorithm, it is necessary to compare it with other acceptable published results. The
comparison with the existing methods was made in term of compression performance and signal distortion.
Table 4.3 shows the comparative performance of the developed method and some earlier published algorithms.

Table 3: Comparisons between the developed method and earlier published algorithms for MIT-BIH

record 100.
Methods Record 100
CR PRD (%)

Tais etal (2005). SPIHT 10.0 1.48
Hung et al (2009). ROI mask. 20.9 0.185
Sangjoon et al (2011). A real-time compression and transmission algorithm. 27.9 2.93
Tarik et al (2014). DWT, Differential Pulse Code Modulation (DPCM), and Run- 15.0 2.82
Length coding techniques, correlation between signal samples.

Mohamed et al (2015). DWT and QRS-Complex Estimation. 22.98 2.62
Duong et al (2016). Advance two stage compressions. (Piecewise Cubic Spline) 175 0.418
The developed method. 45.6 8.911

The results of Table 2 have clearly shown the effectiveness of the developed algorithm in getting high
compression ratio of 45.6 with acceptable reconstruction signal quality compared to the indicated published
results. Though the value of PRD of developed algorithm is higher than those of other published result indicated
in the table, still it is acceptable since this value fall between globally standard of ECG signal reconstruction
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quality in terms of PRD. Therefore, the developed method has acceptable satisfactory performance in
comparison with other existing methods.

I11. Conclusion

Compression can significantly reduce the cost of medical information transmission through
telecommunications channels. In this research, hybrid lossless electrocardiogram signals compression technique
using Discrete Cosine Transform (DCT) and Fast Fourier Transform (FFT) methods was developed to find an
optimal compression strategy for ECG data. The developed algorithm was tested adopting records extracted from
MIT-BIH Arrhythmia Database (stored file) considering the compression ratio and the PRD distortion metrics.
Simulation results have clearly shown the effectiveness of the developed algorithm in getting high compression
ratios with acceptable reconstruction signal quality compared to recently published results. It is flexible in
dealing with different types of applications; namely telediagnoses and telemonitoring of cardiac patients.The
developed compression algorithm has some other features which are very important in the real-time
environment. First, the reconstructed signal quality and the bit stream can be controlled by removing the spectral
redundancy through the process of thresholding of data samples. Secondly, the computational complexity of the
developed algorithm is very low.This hybrid compression can be implemented to save disk spaces for ECG
signal storage, and to allow efficient use of available bandwidth in telemedicine-based health care
systems.Hybrid approach is successful in compressing the ECG data samples using the approach detailed in this
report. It can effectively detect and remove a considerable amount of redundancy by means of thresholding the
ECG data samples thereby achieving the better compression ratio (CR) with acceptable reconstruction signal
quality in terms percentage root mean square difference (PRD). A limitation of this method is that, as the value
of threshold increases beyond the prediction limit, the more the distortion. To overcome this challenge, low
threshold value was selected such that the quality of the ECG signal is not distorted on reconstruction and a
good amount of data reduction is also achieved. Also, to improve on this, more complex algorithm like wavelet-
based method can be studied. Since this thesis contains a study on the possibilities of lossless compression of
ECG signals, there is plenty of further work to be done. In future, the compression study should be expanded to
other biomedical signals, for instance phonocardiograph (PCG) signals, since mostly only ECG signals have
been studied in this context.
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