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Abstract: Continuous and steady running of health status remote monitoring systems is essential not to omit episodes of
acute exacerbation of chronic disease. Running time of such systems is largely determined by performance capabilities of the
patient's wearable system elements. To ensure its long-term operation and efficient performance, the monitoring system must
have multilayered structure with the elements realizing recording and picking off biomedical signals, signal processing and
analysis, estimation of patient current condition, dynamics of the disease and its prognosis. For this purpose, it is necessary to
use smart monitoring algorithms. A specific feature of such algorithms is change of the number of channels used for biomed-
ical signal recording and processing according to the change of patient’s condition. To detect the exacerbation first symptoms
by means of the patient's wearable computer, additional channels are activated for recording biomedical signals used to
evaluate the expanded complex of diagnostically significant parameters of the disease and their integration when specifying
the patient's condition. The system and intelligent monitoring algorithm is tested with the use of heart rate remote control and
atrial fibrillation episode detection system. The testing results of the developed system and algorithm are discussed.
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HayeH YoHe TyeH, Hau YoH2 Xely, H2yen May Txay, 3. M. FOndawee
CaHkm-lemepbypackuli 2ocydapcmeeHHbil 31eKmpomexHu4eckul
yHueepcumem "JI3TN" um. B. U. YneaHosa (/leHUHa)

yn. Mpogeccopa lonosa, 0. 5, CaHkm-lTemep6ype, 197376, Poccus

CUCTEMA U AITOPUTM UHTENNIEKTYA/TIbHO OBPABOTKW U AHAJTU3A
BUOMEANUMNHCKUX CUTHANOB B CUCTEMAX YAANNTEHHOITO MOHUTOPUHTA
COCTOAHUA 340POBbA YE/TOBEKA

AHHOmMayus. HenpepeigHas npodoaxcumensHas paboma cucmem MOHUMOPUH20 UMeem 6016l 0e 3Ha4YeHue 0/15
UCK/IOYEeHUS Nponycka 3nu30008 060cmpeHus 3060/1e8aHUS. B cucmemax yo0aneHH020 MOHUMOPUH2A NPOO0/IHCU-
mensHOCMb HenpepeligHol pabomel onpedensiemcs 803MOXHOCMAMU HOCUMbIX hayueHmom ycmpoticms. OHU hpeod-
HO3Ha4YeHsl 01 CbeMa U peucmpayuu Komnaekca 6UuoMeduyuHCKUX CU2HAA08, npedsapumesnsHoli 06pabomku u
QHOAU30 CU2HAM08 U OQHHbIX.

Lleas Hacmosiweli cmamsu - pa3pabomka an20pUMmMa UHMeNNeKMyanbH020 MOHUMOPUH2a COCMOsIHUS 300po-
gbA. OH obecneyusaem 3¢PekmusHoe UCNO0/Mb308AHUE BbIYUCAUMENbHLIX U IHep2emuyeckux pecypco8 HOCUMbIX
ycmpolicme nayueHma, CHUXeHUe moKa nompebeHus, yseaudeHUe a8MOHOMHOCMU e20 pabomel. Jas peuleHUs
npobaemel UCNOAL3yeMCcs Memo00/02Usl Meopuu UHMeNeKmyanbHbiX usmepeHuli. OHa 3aK14Yaemcs 8 UsMeHeHuU
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UHMeN1eKMyaabHbIM 31eMeHMOoM CUCMEMbI KOAUYeCmea UChO0b3yeMblX UsMepumesnsHsiX KaHA108, Memodos U asl-
20pUMMo8 usMepeHul U 06pabomku CU2HA08 8 3a8UCUMOCMU OM U3MeHeHUS COCMOSAHUA 06bekma u3mepeHul.
Ana peanusayuu an2opumma UHMeANeKmMyaa6H020 MOHUMOPUH2A COCMOSHUA 300po8es cucmemMda OOAXCHA
umems MHO20ypOo8Hea8yto cmpykmypy. Hocumas cucmema 00XHA cocmoame U3 ycmpolicmea nayueHma, npedHa-
3HOYEHHO020 0151 peaucmpayuu Komnaekca 6UoMedUyUHCKUX CU2HA108, U HOCUMO20 KOMNbomepa nayueHma, npeo-
HO3HA4YeHHO020 04151 06paboMKU U GHOAU3A CU2HA/A08, KOHMPOS MeKyuje2o COCMOSAHUA nayueHma. An2opumm UH-
mesnekmyansHo20 MOHUMOPUH2A 3aKkao4aemcs 8 ciedyroujeM. @oHo8bIl pexcum ycmaHaeaueaemcs, k020 cocmo-
AIHUe nayueHmMa coomsemcmeyem COCMOSHUIO HOPMbI. B amom pexcume oyeHusaromcs He 6os1ee 08yx nokasamesed,
Haubosee 3Ha4YUMbIX 04151 OUA2HOCMUKU, U KOHMPOAUPYemcs coCmosiHue HOpMbl. Pexcum akmugH020 MOHUMOPUH2a
ycmaHasnusaemcs, Ko20a KOHMpPoAUpyemsie 8 OHOBOM pexcume napamempesl 8bIX00AM 30 2PAHUYbLI HOPMebl. B3mom
pexcume akmusupytomcsi donosHUMeNbHbIe KAHOALI pecucmpayuu 6uoMeduyUHCKUX CU2HA08, OyeHUsaemcs pac-
WUpeHHsIl Komnaekc 3HaYUMbIx 019 OUA2HOCMUKU nokasamesell. SkcnepuMeHmasnsHas anpobayusi cucmemsi U as-
20pUMMQ UHMENNEKMYANbHO20 MOHUMOPUH2A 6bl1a NposedeHa C UCNoa6308aHUEM CUCMeMbl yOaaeHH020 MOHUMO-
pUH2a cepdeyHO20 pUMMaA U 3nu30008 dpubpunayuu npedcepoull. Pesysnemamesi anpobayuu nokasanu yeaecoobpas-
HOCMb U 3¢pekmuUBHOCMb UCNO06308AHUSA NPEBI0HCEHHOU CMPYyKMyps! U aA20pUMMA MOHUMOPUHZA.

KntoueBble cnoBa: c/ctema, ya,aneHanZ MOHUTOPWHT, COCTOAHME 340P0BbA, 06pa6OTKl/I n aHanms,
6I/IOM€‘,CI,I/ILLVIHCKI/Ie CUTHasbl, anropuTMm, VIHTeﬂﬂeKTyaﬂbeIVI MOHUTOPUHI

Ansa umTnpoBaHusa: Cctema 1 anropmTM MHTENNEKTYalbHOM 06paboTKM 1 aHann3a 6MoMeANLNHCKNX CUTHAN0B
B CCTeMaX yAa/IeHHOro MOHUTOPWHIa COCTOAHNSA 340p0BbA Yenoseka / HryeH YoHr TyeH, YaH YoHr Xbly, HryeH
May Txau, 3. M. tOngawes // N3B. By30B Poccnun. PagnoanekTpoHumka. 2018. Ne 5. C. 81-90. doi:10.32603/1993-
8985-2018-21-5-81-90

Introduction. In the development of remote
health monitoring systems, much attention is paid to
the issue of ensuring continuous long-term health
monitoring for timely and prompt detection of the
body functional disorders and provision of emergency
medical care [1]-[5]. Such systems are used for re-
mote detection of atrial fibrillation episodes [6]-[8],
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sleep apnea [9], [10], hypertension [11], [12], epileptic
attack, bronchial asthma [13], [14], which should
identify life-threatening disorders within a few sec-
onds and form an effect for the body normalization.
To provide high accuracy, sensitivity and specificity, a
set of important diagnostic indicators of the disease is
used, measured by several biomedical signal channels,
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i.e. ECG, breathing, plethysmogram, oximetry, EMG,
etc. It is obvious that simultaneous synchronous pro-
cessing of all biomedical signals in real time requires
high performance microprocessor devices, such as
high processor clock speed and parallel signal pro-
cessing. However, this causes a significant increase in
current consumption and a decrease in the autonomy
of the means of registration and processing of medical
and biological signals, assessment of diagnostically
significant parameters of the disease [15]-[18]. To
guarantee remote continuous monitoring of the pa-
tient's medical condition, the system (Fig. 1) should in-
clude the following elements: equipment for receiving
and registration of biomedical signals, made in the form
of a small-sized wearable patient's device (WPD);
wearable patient's computer (WPC) with wireless com-
munication channels, made as a smartphone-based de-
vice, for processing and analysis of medical and biolog-
ical data, evaluation of important diagnostic indicators,
comparing them with thresholds (individual norm),
classification of medical status; server of a medical in-
stitution (MIS) to form a database of identified episodes
of the disease, to assess the disease dynamics and sup-
port doctor’s decision making; wearable doctor's com-
puter (WDC), used for analysis of comprehensive med-
ical status data, diagnosis, and forming instructions to
provide necessary medical assistance.

The duration of the system autonomous operation
is to be determined solely by the WPD and WPC au-
tonomy, their power supply resource and current con-
sumption. Therefore, WPD and WPC should use algo-
rithms to register biomedical signals, process and an-
alyze the data, which use minimal computing, hard-
ware and power resources when the patient's condition
agrees with the physiological standard. When condi-
tion disagrees with the physically normal state, addi-
tional channels for registration of biomedical signals,
processing and analysis of an expanded set of diag-
nostic indicators are applied. Thus, the problem of in-
tellectualization of algorithms for processing and
analysis of complex medical and biological data in the
systems of continuous long-term health monitoring of
people with chronic diseases is one of the priorities in
increasing the system autonomous operation.

The research objective is to develop a system and al-
gorithms for intelligent processing and analysis of bio-
medical signals for continuous monitoring of human health.

Methods and approaches to the problem solu-
tion. To solve the formulated problem we used methods
and approaches of smart information-measuring sys-
tems, in which the characteristics of the measuring
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channels and algorithms for the measured result pro-
cessing depend on the state of the measuring object, the
construction principles of adaptive biotechnical sys-
tems, ensuring optimal coordination of the characteris-
tics of the elements of the system measuring channels
with the ones of biological objects, methods of the the-
ory of pattern recognition, taking into consideration the
set of significant indicators and their weight to achieve
a given classification accuracy in the classification of
object conditions; methods of system analysis of bio-
logical systems, allowing to take into account the inter-
action of body systems to ensure homeostasis.

It is known that for such a complex system as a bio-
logical object, and, in particular, a person, to classify
their state it is necessary to use a set of indicators im-
portant for diagnosis. These indicators characterize the
functioning of various body systems-cardiovascular, res-
piratory, nervous, musculoskeletal etc. The body under
the action of an arbitrary system maintains homeostasis-
dynamic constancy of the internal environment and the
major physiological functions makes changes in the
functioning of other body systems. For example, an in-
crease in physical activity on the body (performing phys-
ical work) leads to an increase in the heart rate (HR),
pulse rate (PR) and breathing rate (BR). Such systemic
changes also appear in the development of the disease
and dysfunction of the body system. For example, the
heart rate, emergency care, blood pressure increases with
the exacerbation of obstructive sleep apnea, blood oxy-
gen saturation changes. This means that a sufficiently
large set of indicators characterizes the state of the norm
and the disease, and a set of diagnostic indicators for dif-
ferent types of diseases may vary. It is impossible to de-
tect accurately the disease, based on a limited number of
patients. In the conditions of continuous long-term mon-
itoring of the patient's health, to improve the accuracy
and reliability of the disease detection, it is necessary to
use additional channels for receiving and registration of
biomedical signals and integration of diagnostically sig-
nificant indicators into the decisive rules of the disease
diagnosis [15]. To control the compliance of the patient's
condition with the physiological norm, it is sufficient to
use a limited number of indicators and channels for reg-
istration of medical and biological signals.

Let us consider an example of constructing a sys-
tem of continuous long-term monitoring of the heart
rate of a patient with atrial fibrillation (AF) outside the
hospital and implementing an algorithm of smart
monitoring to detect episodes of the disease.

Atrial fibrillation is a dangerous violation of the
heart rhythm, manifested in the strengthening of irreg-
ular heartbeat and flickering of the atrial muscles. It can
occur spontaneously, lasting from several seconds to
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several hours and cause irreversible disturbances in the
structure of the atrial myocardium. Detection of AF in
real time allows using medical treatments to restore the
normal sinus rhythm of the heart, reduce the risk of
death of the patient with the help of a defibrillator.
When the heart rate of the patient is being con-
trolled outside the hospital to identify episodes of AF,
it is necessary to carry out the receiving and recording
of ECG signals of the chest wire, to assess a set of in-
dicators of cardiac activity: heart rate (HR), heart rate
variability (HRV), with TQ segment variability, the
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amplitude of the P-prong, F-wave strength and char-
acteristics of the prevailing frequency, to identify epi-
sodes of AF and extrasystole.

The main sign of arrhythmia, including AF, is in-
creased heart rate. However, it can be caused by in-
creased physical body activity and correspond to the
state of norm. Therefore, to detect episodes of in-
creased HR caused by various arrhythmias, it is nec-
essary to conduct continuous monitoring of physical
activity using accelerometers. There should be at least
four of them, fixed on the limbs, as the increasing



physical activity can be directed to the feet or hands,
while sitting (rowing, cycling etc.).

Another significant sign of AF, as well as other
cardiac arrhythmias, is an increase in heart rate varia-
bility (HRV). With a normal sinus rhythm of the heart,
the heart rate is relatively stable, while with arrhyth-
mias, there is a violation of cyclicity.

Both HR and HRV are diagnostically significant in-
dicators not only for AF, but also for various other ven-
tricular fibrillations. To increase the accuracy of diagno-
sis of AF, as well as their distinction from atrial flutter
(TP), it is necessary to evaluate with indices characteris-
tic only of AF. A significant indicator of AF is the TQ
segment increased variability. The weight of this indica-
tor, depending on the stage of the disease, can reach
45 %. In order to assess this indicator with high accuracy
it is necessary to activate additional channels for record-
ing the ECG of the thoracic leads (as a rule, three chan-
nels of thoracic leads are used). When diagnosing other
diseases, registration channels, such as breathing signals,
plethysmograms, muscular activity, etc., can be con-
nected and used to evaluate an additional complex of di-
agnostically significant indicators and their integration in
classifying the state of human health. To activate addi-
tional channels for recording biomedical signals, the
control signals from the patient's computer must go to the
input of the control channels so the signals of the patient's
wearable device can be recorded. This is the essence of
the algorithm for intellectual monitoring of the patient's
health. Therefore, when patient’s health condition con-
forms to physiological norm, a limited number of chan-
nels for recording biomedical signals as well as a limited
number of diagnostically significant WPC indicators is
used. At the first signs of functional disorders in the body,
additional channels for recording signals are activated
and an expanded complex of diagnostically significant
indicators is evaluated.
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To separate AF from other types of ventricular fibril-
lation, it is necessary to establish the absence of R-waves,
to ensure the appearance of F-waves with a clearly defined
dominant frequency, to exclude the episodes of atrial flut-
ter and extrasystole from the analyzed signal.

To identify the disease exacerbation, it is neces-
sary to assess the duration of AF episodes, as well as
to consider the dynamics of the AF episode frequency
during a certain period of time and their duration.

To identify short AF episodes, the ECG signal
processing and analysis, evaluation of diagnostic indi-
cators is to be carried out in a 'sliding' time window of
10 seconds long. The sliding window should be
shifted discretely by the value of the cardiocycle. In-
creasing duration of the sliding window can improve
the accuracy of the diagnosis of AF but lead to omis-
sions of short AF episodes.

When analyzing the ECG for AF in a sliding time
window, it is necessary to exclude episodes of atrial flut-
ter and alternating extrasystoles. In case of significant
myographic interference, the WPC should recommend
the patient to reduce their physical body activity.

If the HR and HRV exceed the thresholds individu-
ally specified for the patient, the patient's wearable com-
puter must provide additional ECG channels for chest
leads. In this case, the channels of ECG registration, the
WPD is activated, and the discrete signal samples will be
transmitted to the CPU of the WPC.

In accordance with the above, the structure of the
algorithm for continuous long-term monitoring of HR
and detection of AF episodes is as follows (Fig. 2).

The system development and atrial fibrillation ep-
isode detection algorithm approbation. In accordance
with the structure shown in Fig. 1, a system was developed
for heart rate remote monitoring and signalizing when de-
tecting atrial fibrillation episodes [16], [17].
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The wearable patient's device was developed
based on integrated circuit Analog Front End
ADS8232, amplifying and filtering the electrocardio-
graphic signal, suppression of common-mode interfer-
ence, a 32-bit microcontroller STM32F407VG6,
Bluetooth controller of class 2 of Cambridge Silicon
Radio BC417. The wearable patient's computer oper-
ated on the basis of Android 5.1 powered smartphone.

To calculate diagnostically significant parameters,
Android NDK was used for intensive calculation of
data flows, modeling of physical processes, signal
processing and analysis requiring a lot of memory.
The user interface of the wearable patient’s computer
appears as below (Fig. 3).

To assess the effectiveness of the AF episode de-
tection algorithm, an experimental study was con-
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Indices of the efficiency detection of atrial fibrillation episodes
Record
TPs | FN | TPp | FP | ESg | E+P | ERef | ETst | DSe | D+P
30007502.dat 1 0 8 0 100 100 1 8 99.32 | 100
80003725.dat 4 8 4 59 | 3333 ] 6.35 12 63 [ 3733 ] 0.82
FF5060526111605.dat 6 0 5 8 100 | 38.46 6 13 | 9937 | 99.44
Kot21984512.dat 29 2 27 | 81 | 93.55 25 31 108 | 89.08 | 37.72
ME18120405155453.dat | 13 7 12 | 25 65 3243 | 20 37 | 98.78 | 96.55
Gross 53 | 17 | 56 | 173 | 75.71 | 24.45 | 70 229 | 99.11 | 95.43

ducted using verified MIT-BIH AF Database records
and database of the Almazov National Medical Re-
search Center.

Fig. 4 there are the signal diagrams demonstrating
the processing steps of the original ECG-signal (Fig. 4,
a), the isoline drift with the use of median filter (Fig. 4,
b), the ECG-signal smoothing with the use of the Savit-
sky-Golay of 7-th order filter (Fig. 4, ¢). Fig. 5 shows
extracting the fiducial points of ECG-signal in sinus
rhythm (Fig. 5, a) and atrial fibrillation (Fig. 5, b). Fig.
6 shows evaluation of the spectral power density in si-
nus rhythm (Fig. 6, @) and atrial fibrillation (Fig. 6, b).

The table shows the results of the study based on
the developed algorithm for each record and the total
results for the AF episode detection in all these rec-
ords, where Se = TP/(TP + FN), +P = TP/ (TP + FP),
DSe =ref overlap/ref duration, D + P =test_overlap
/ test_duration.

The table provides the results of the research
based on the data of the Almazov National Medical
Research Center.

To evaluate the efficiency of the algorithm, the fol-
lowing indices of the sensitivity of DSe and the specific-
ity of D + P were calculated. At the same time, the sensi-
tivity and specificity indices for all the records made
99.11 % and 95.43 % respectively. As a result, for both

databases, the obtained sensitivity, specificity and accu-
racy indices were 95.00, 94.00 and 94.5 %. The use of
the intelligent monitoring mode allows to increase the
duration of heart rate continuous monitoring up to 16
hours with the possibility of recharging the power source
ofthe wearable patient's device during the patient's sleep.

Conclusion.

1. To ensure long-term continuous monitoring of
the human health, it is necessary to use the hierar-
chical structure of the system. In such system, the
wearable device of the patient must have channels for
recording biomedical signals, which are activated to
evaluate the expanded complex of diagnostically sig-
nificant parameters when revealing the first signs of
functional disorders of the body.

2. To increase the duration of continuous work of the
wearable device and the patient's computer, to effectively
use their computing power and energy resources, it is
necessary to use the human health status intelligent mon-
itoring algorithm. This algorithm consists of the process
of changing the number of actively operating channels
for recording biomedical signals and the process of eval-
uating the diagnostic indicators of the disease, depending
on dynamics of the patient's health status.

3. High accuracy of diagnostics of functional disor-
ders of the body during long-term continuous monitoring
of the health status outside the medical institution is
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achieved by using a complex of diagnostically signifi-
cant parameters of the disease and their integration in the
classification of the state of the body.

4. The experimental development of the remote
monitoring heart rate system for the patient with atrial
fibrillation based on the complex of diagnostically sig-

nificant parameters and their integration for classifica-
tion of the condition and approbation of the developed
system in clinical conditions confirmed the advisability
ofusing the intelligent monitoring mode to ensure long-
term continuous monitoring and high efficiency detec-
tion of atrial fibrillation episodes.
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