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PHONOCARDIOSIGNAL AS A PERIODICALLY CORRELATED
STOCHASTIC PROCESS PREPROCESSING ALGORITHM
STRUCTURE GROUNDING

Yuri Palaniza; Evheniya Yavorska; Halyna Shadrina; Leonid Dediv

Ternopil Ivan Puluj National Technical University, Ternopil, Ukraine

Summary. For the cardiovascular desease early diagnosis by the remote monitoring systems the
fonokardiosyhnal (as periodically correlated random process) simultaneously registered with
electrocardiosignal usage is proposed. An registered signal preproccesing procedure, groundet in this article, is
carried out by the following algorithm: detrending procedure (the constant component of the signal (trend)
reducing), smoothing (high noise suppression with minimal spectrum distortion and P-peacs offset locations),
the P-peacs repeating intervals determination.

Key words: biosignal, cardiosignal, phonocardiogram, mathematical model, simulation model,
verification, heart pathology detecting algorithms, MATLAB.
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Statement of the problem. The cardiovascular system (CVS) state is the key integral
indicator used to evaluate human health, To CVS pathological processes at an early stage of it
progression identify in time diagnostic CVS state monitoring systems which would be able to
easily integrate into the Ukrainian social and infrastructural realities development is very
relevant [1]. The basis for such systems creating is appropriate programm and mathematical
software that would allow to find informative and invariant biosignal signs whitch could be
used for heart state diagnostic and are understandable and acceptable for physicians [2].

Analysis of the available investigations. The up-to-date diagnostic systems widely
use the polycardiogram method [3] based on synchronously registered electrocardiogram
(ECG), a phonocardiograph (FCG) and a sphygmogram (SG). The complete information
about cardiovascular system state can be obtained only if several diagnosing methods are used
simultaneously. In a number of scientific authors's works (M.A Kurshakov, P.E. Lukomsky,
S.A. Lupenko, A.A. Selidovkina) is emphasized the advantages on such comprehensive
approach. The work of most modern cardio-diagnostic systems («CARDIO +», «cREOCOM
Professional») is based on the various physical nature signals processing separately. The
phonocardiosignal most completely represents a CVS activity as hemodynamic one and is an
information carrier about its state in the terms of system and signal concept. In general,
approaches to PCS processing could be divided into deterministic (spectral decompositions, in
different basis decompositions) and stochastic. In particular, in the G.M. Osukhivska works
for the tone signal processing (in compare to the PCS the heart tones range frequency is
localized below the noise frequency range, and the tone energy is much higher than the
murmurs energy), the concept of «relaxational multipulser» is introduced and the filter
statistical method is applied using the stochastic signals energy theory (ETSS). Another
approach to the cardiosignal representation in a form of finite-dimensional vector's
coordinates superposition of cyclic rhythmically related random processes for as
synchronously registered cardiosignals (SRCS) mathematical models is given in S.A Lupenko
works [4, 5]. Since SRCS statistical processing is carried out based on the signal rhythmic
structure (rhythm function), as input data in such processing are the signal values, the discrete
rhythm function, the number of signal's cycles and the number of zones it consists in each
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cycle [4, 5]. This requires data sequences resampling and interpolation causing a significant
amount of hardware and software resources usation, which is not suitable for smart wears
(smart clothes) patient bio-indicators remote monitoring systems in a compact form factor.
The quality of the PCS processing is determined by its mathematical representation
method [6] — the PCS mathematical model as a periodically correlated stochasic process

(PCSP) of =" , class was previously grounded [7, 8]. Such model has the means to combine
the randomness with repetition properties in its structure, interpreting as a probability
characteristics periodicity and determinisity the methods (synphase, component, filtering [9])
fore researched object processing and the polycardiogram CVS state diagnosing telemetry
systems design.

The Objective of the work is the PCS synchronously registered with ECS as
periodically correlation stochastic process preprocessing for the noise impact minimization.

Statement of the task. The PCS synchronously registered with ECS preprocessing
taking into account its genesis mechanism for the noise impact minimization.

Experimental model. The algorithms for synphase method realization [10] can be
integrated into modern computer diagnostic instruments, and its advantage over other
methods is the number of hardware and computing resources reducing. The PCSP as a FCS
model using allowed to consider the NERVOUS REGULATION influence (sinus node as a
«rhythm driver»), detect changes in the heart ACTIVITY on the early disease stages by
introducing a new informative invariant characteristics class — the spectral components
obtained as a result of synphase method signal processing.

However, the synphase method requires the statistical material homogeneity which
complicates the researches and the input sequence autocorrelation function period value
detection, which in the PCS case, can be represented as heart duration mean value.

The autocorrelation function period value detection classic approach the
autocorrelation function repetition period detection [2]. This method is sensitive to the input
sequence length and the heart cycle phase structure, which makes it impossible to ensure the
results repeatability. The heart rate variability (HRV) is traditionally estimated about by the
ECG RR-intervals duration, although it is advisable to consider the PP-intervals duration,
since the exatly P-wave [11] is the beginning of a new heart cycle excitation originates in the
sinoatrial (SA) node. The prevalence of RR-intervals estimating is due to the fact that the R-
wave, especially in the second standard lead, is easiest to allocate from the electrocardiosignal
during signal processing because it amplitude is the biggest one. For HRV registration there
can be used not only ECG but some other methods for heart rate recording (rheography,
plethysmography, the major arteries Doppler ultrasound, echocardiography,
phonocardiography). Therefore, it is proposed to use an PP-interval value for every single
heart cycle duration value detection, since the P-wave corresponds to the moment of the
action potential (Schmidt-Voigt) activation. In order to further PCS usage in the remote
monitoring systems [12] of the CVS state diagnostics at early disease stages, it is suggested to
choose the PCSP as FCS model [7, 8] (since this model is adequate to the signal genesis
nature) and the synphase processing method.

PCS as the CVS functional state data carrier also contains undesirable artefacts in
particular: noises which emerge during the PCS registration (microphone displacement on the
skin surface, the phonocardiograph contact bounce, external noises in an examination room);
patient's body endogenous (respiration, intestinal peristalsis); phonocardiograph zero drift
(trend). PCS preprocessing [13] is proposed to be carried out according to the following
algorithm: signal detrending (trend and signal constant component elimination), smoothing
(high-frequency noise reducing with minimal spectrum distortion and minimal P-wave
location displacement), the P-wave repeatability period finding.
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The trend minimization classic approach [14] is a two-stage process applying. On the
first stage, the sequence approximation is performed, for example, using n-th order Newton's
polynomial. And on the second one, an calculated sequence from the signal and trend mixture
additive subtraction (detrending) using the same k-th polynomial length, where k < n.
However, in the FCS case where there are at least a breathing trend and parasitic 50 Hz
component (network frequency) are present, the method is unsuitable because it does not
allow eliminate both of these components simultaneously. In practice, a sequence of a high-
frequency (HF) and notch filters are used in analogue electronics devices to, respectively,
trend, constant signal component and 50 Hz power supply network impact on the cardiograph
leads reducing. In our case, the synphase method is insensitive to the coherent components
present in the signal, so there is no need to impacts elimination.

Since the developed algorithm is focused on its application in the patient's CVS state
remote monitoring systems, so in order to trend minimization, it is proposed to use the
hardware implementation the high-pass Bessel filter (Sallen-Key topology) implementation,
which has uniform (flat) amplitude-frequency response characteristics (AFR) (minimal
equiripple in passband), linear phase-frequency characteristic (PFR), and the constant group
delay.

Throughout the bandwidth, the analogue Bessel filters are characterized by a almost
constant group delay. This allows to save the signal shape passing through such a linear
system, on condition that their spectrum is located in the filter bandwidth. Bessel's Discrete
Filters do not have this property. The designed Bessel filter order is chosen according to an
empirically formulated criterion [13]:

K, -f,
K=(n - ( 1A ))<03, (1.1)

of where n — the filter order; K o the coefficient of attenuation at a 1 Hz frequency, times;

f, — the coefficient attenuation at cutoff frequency; 4= f, -1.

A 3-rd order filter with a cutoff frequency of 10 Hz with AFR and the PFR shown on
the Figure 1 was synthesized as the result of choosing.
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Figure 1. AFR and PFR of filter, synthesized in Matlab environment
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The input signal (synchronously registered FCS and ECS) has the form:

Input ECS
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Figure 2. The input signal — synchronously registered FCS and ECS
ECS filtered by using hardware (without trend) has the form:

ECS without trend
1 T T T T T T T T

| ECS without trend

0.6 7

0.4 7

Mormalized amplitude

_04 i i i i i i i i
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
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Figure 3. ECS without trend
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The next step is the R-waves location finding «on the fly» by the threshold method.

R-waves localization in ECS with noise

L J L J
— v v ¥ v ECS
kd | | Y ¥ R-waves

0.6

Amplitude

D A

—D4 i i i i i
0 2000 4000 6000  BOOD 10000 12000 14000 16000 18000

Samples

Figure 4. R-waves localization in ECS

Based on Slutsky's rule that the dynamic system after disturbance asymptotically
approaches the new balance state, the PCS is registered and processed only on the organism
homeostasis condition — the RR-interval varies with an absolute deviation of 5%, it means
that the heart rate is relatively stable.

In order to reduce the computational resources and based on the equations grounded
by V.L. Karpman, P-wave is not searched at the entire RR-interval, but in the range of it
possible localization.

Since the P-wave is much smaller than the R one and its shape is more smooth, it is
more distorted under the high-frequency noise impact. To find correctly maximums
localization with high accuracy on low signal to noise ratio values condition is problematic.
The low frequency filters usage is unacceptable, since they, in addition to phase distortions,
cause strong sharp waves shape distortion and shifted them in time (strongly distort signals
having discontinuity of the first kind).

In our case, a high-frequency noise is uncorrelated with a significant signal.

Then it is advisable to use smoothing methods. One of the most commonly used
technics used for signals processing in many industries [16] is different kinds of moving
average methods. In the general case, the moving average is numerically equal to input
sequence arithmetic average at the specified range. The method of the modified moving
average is a recurrence ratio, for which each subsequent value of the filtered sequence
depends on the previous one. In addition to these, there are moving methods also based on the
other average functions, in particular, the moving median model.

In data processing systems other processing methods are also used including spline
interpolation in particular, in this case the recalculated subsequence values on each individual
segment are characterized by a given polynomial order which coefficients have to be
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calculated. However, the methods listed above are not suitable for ECG processing, since they
cause significant distortions in the signal with sharp short peaks.

The smoothing method by Savitzky-Golay [15] filter becoming increasingly
widespread, in this case instead of the linear approximation in the neighborhood of each point
of the sequence an aproximating n-th order polynomial is constructed by the least squares
method in a certain length window. This sequence reconstruction back is performed by the
smaller polynomial order calculation. The smoothing Savitzky-Golay filters (polynomial non
recursive filters) are used for wide spectrum noisy signals smoothing (in the narrow sense).
Such filters yield a much better result than ordinary non-recursive averaging filters (with
ability to significant proportion of high-frequency significant signal components removing)
make minimal phase distortions which is a critical condition for signal processing by
synphase method. However, this smoothing method provides a bit worse noise attenuation
compared to commonly used non-recursive filters, which requires a bit more computing
resources. Since such a filtration provides a polynomial approximation of the input sequence
individual frames by the minimum of the mean square error criteria that's why in this sense it
is optimal.

Thus, the Savitsky-Golay filter is the most optimal technique, which does not distort
the significant signal form under the optimal choosing of polynomial order and of the
smoothing window width.

For the smoothing process quality estimation, we use two criteria:

- the P-wave maximum deviation value (horizontal displacement) after ECS and
1/0,05 amplitude ratio white noise additive mixture smoothing using Savitsky-Golay filter;

- the mean square deviation between real and filtered ECS.

The results are summarized in two tables.

The first one (Table 1) illustrates the P-wave maximum deviation dependence on the
frame length and the smoothing polynomial order.

Table 1

The P-wave maximum deviation dependence on the window length and the Savitsky-Golay filter smoothing
polynomial order

- Filter frame length F
Deviation, ms 131517 1921|2325 ]27]20] 31
w|8|7|7|7|6|5|5]|5]3]2
<| 7|7 |7 |6|5|5|4]|4]2]2
o
ks w| 77|65 |5 |4|4]2]2]2
= o|l7 6|5 |5|4a|al2]2]2]|1
§ ~| 6| 5|5 |4 |3|2|2]2]2]1
>
g o|5 |5 |4 |4|2]2]2]2|1]|1
g o| 54|42 |2|22]2]1]1
=
é S{s5 14|22 2|22 |1]|1]0
(p]
3|2 |22 |2|1|1]1]1]0
Nl2|2]|2]1|1|1|1]0]0]0O
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The second one (Table 2) illustrates the mean square deviation between real and
filtered ECS dependence on the frame length and the smoothing polynomial order.

Table 2

Mean square deviation between real and filtered ECS dependence on the frame length and the Savitsky-Golay
filter smoothing polynomial order

Filter frame length F
1315171921 ]23]|25)|27]2 | 31

Deviation, ms

» 10,393|0,364(0,343|0,326 0,313 (0,302 {0,292 (0,284 0,275 | 0,271

< 10,501|0,464 |0,434|0,407 0,385 (0,367 {0,352 (0,340|0,329 | 0,319

w ]0,503|0,465|0,434|0,408|0,386|0,368|0,353|0,340|0,330| 0,319

© 10,592|0,547(0,513|0,484 0,459 (0,436 {0,416 {0,398|0,381 | 0,368

~ ]0,593|0,547(0,514|0,485|0,459 (0,436 {0,416 {0,397|0,382 | 0,370

o |0,684|0,626(0,580|0,549|0,521(0,497|0,476|0,456|0,439| 0,419

o 10,684|0,631(0,582|0,549|0,521(0,498|0,476|0,457|0,438 | 0,423

10

0,790|0,707|0,654|0,610|0,576 | 0,548 0,526 | 0,506 {0,487 | 0,471

Smoothing polynomial order O

0,791/0,707|0,656 |0,613|0,578 0,549 0,526 | 0,506 {0,487 | 0,470

12

0,943|0,804 0,726 |0,674|0,636 |0,602|0,573|0,548 {0,530| 0,511

For minimization problem solving the of fastest descent along intersection curve of
parameter dependency planes gradient method is used.

Mormalized amplitude
-

F-wave shifting

RDO{'I""IBI.‘IH'SL]LIHI’B error

Filter frame length, F
Smoothing polynomial order, O

Figure 5. The Savitsky-Golay filter optimal parameters choice optimization problem solving
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The threshold method is used to find P-wave, since now there is no need to use

different types of pattern recognition, pattern search, or transition to another area (for
example, time to frequency domain transformation using Fourier transform, wavelet scaling
coefficients).

P,R-waves localization in ECS
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Figure 6. R-waves and P-waves localization in ECS

Conclusions. The applied preliminary processing algorithm makes it possible to

reduce the noise negative influence during the FCS processing by synphase method and
increase the results repeatability.
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OBIPYHTYBAHHS BUBOPY AJITOPUTMY IMOINEPEIHBOI'O
OIIPAIIIOBAHHSI ®OHOKAPAIOCUTHAJLY SIK TEPIOAUYHO
KOPEJIBOBAHOI'O BUTIAIKOBOI'O IPOLHECY

HOpiii Hanssauus; €srexis SABopcbka; ['anuna Mlaapina; Jleonin Jdenis

Teproninbcokutl HayioHaIbHULU MeXHIYHUU YHIgepcumem imeni leana Ilynios,
Tepnoninw, Yrkpaina

Peziome. Llina nuska ex302eHHUX mMa €HOO2EHHUX (QAKMOPIE UUHUMb KOMNIEKCHUU CUHepeiuHull
He2amuGHuil 6NIUE HA CMAH Cepyeso-CYOUHHOI CUCmeMu AK OCHOGHO20 aodanmozeHd. [na 11020 paHHboi
oiazHoCmuKu, 30Kpema Yy cucmemax — 8i00aneHo20  MOHIMOPYSAHHS,  3aNPONOHOBAHO  GUKOPUCTNATNU
@onokapoiocueHan (CUHXPOHHO 3APecCmposaHull 3 eneKmpoKaApOiOCUSHANOM), AKUL Y MEPMIHAX CUCTHEMHO-
cucHanbHoi KoHyenyii € nepeHoCHUKoOM eioomocmetl npo mopgodynxyionarvuui cman cepysa. Ak moodens
@onokapoiocueHany SUKOPUCMAHO NEPIOOUYHO KOPelbOBAHUL GUNAOKOBUU Npoyec (OCKIIbKU Ui MOOelb €
A0eK8AMHOK 00 NPUPOOU NOPOOICEHHS CUSHALY) MA CUHQA3HULL MemoO ONpayr8aHHs, wo O0ai0 3MO2y
epaxysamu Gniue Hepeosoi pezynayii (cumnycoeozo eyzia sk 600is pummy). Cungasnuti memoo sumazae
3a6e3neuenHHss 0OHOPIOHOCHI CMAMUCIMUYHO20 MAMePIany ma 6U3HAYEHHs Nnepiody KoperbOo8AHOCMI GXIOHOT
ROCHI008HOCII, AKUL Y GUNAOKY (DOHOKAPOIOCUSHALY MOdce bymu npedcmasienum 5K cepeOHs Mpusanicmo
cepyesozo yukuy. Busnauenns wiozo 3a mpueanicmio R-R inmepeany ne oae 3mozu 3abe3neyumu 6uOipKy 0OHi€i
OKpemoi  peanizayii, mobmo iHmMepeany Mixc MOMEHmMAaMu nposasy Oii CUHYCO8020 8Y31d, WO HA
enekmpoxapoiozpami suasiiemvca P-3yoyem. Tomy 3anpononoeano eusnayamu 00HY peanizayiio cepyesozo
yukny sk inmepean P-P. Hageoeno npoyedypy nonepeonb020 onpayio6anHs 3apeecmpo6anoz0 CUSHANY 3a
aneopummom: dempenoine cucHany (no3oasienus 6i0 mpenoy, NOCMIlHOI CKIAO080I CUSHANY), 3271a0CYBANHS
(no36aenenns 6i0 BUCOKOUACMOMHUX WIYMIE 3 MIHIMAIbHUM CHOMBOPEHHAM CHeKmpy md 3MIWeHHIM
aokanizayii  P-3ybyis), 3naxodoicenns  nepiody  nosmopiosawocmi  3a  P-3yoysmu. Taxa  moodens
@POoHOKAPOIOCUSHATY 0AE MONCIUBICIb YOOCKOHALEHHSL ICHYIOUUX CUCMEM GI00AIeH020 KapOiOMOHIMOPUH2Y OJis
BUABNIEHHS 3MIH Y pOOOMI cepys Ha PAHHIX CMAdiAX PO3GUMKY NAMOL02IYHO20 NPOYECy WIAXOM YAPOBAOICEHHS
H0B020 KIaCy iHQOPMAMUBHO-IHEAPIAHMHUX O3HAK — CHEKMPANbHUX KOMHOHEHM, OMPUMAHUX ) pe3yibmami
ONPayIOB8aAHHs CUSHATY CUHPAZHUM MEMOOOM.

Knrwuosi cnosa: diocuenan, xapoiocucnan, oHokapOiocueHan, mamemamuyna mooens, iMimayiiuHa
MoOenw, gepugbikayis, areopummu suseients namoiocii cepys, MATLAB.
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