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MOTEHIIMHO HeOe3MeUH1 CTaHU Ha PaHHIX CTaJlisIX, 110 JI03BOJISIE BYACHO PO3MOYATH
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npodiTakTUYHE JIKyBaHHS Ta YHUKHYTH MOTeHHIMHMX mpobrem. CyuacHi
oiotpekepu st EKIT BigkpuBarOTh HOBI MOMIJIHMBOCTI 3aBISIKA TEXHIYHUM
iHHOBAaIISIM 1 mopTatuBHOCTI. Cepen OaraThoX IMepeBar BiI3HAYMMO MOOITLHICTS,
3pYYHICTh Ta MOXJIMBICTH MOCTIHOTO MOHITOpUHTY. Lli BC1 (hakTOpH BIAKPUBAIOTH
IUIAX 7O MOKJIMBOCTI JAMCTaHIIHHOrO aHamizy. B ocTaHHI Tpu AECATHIITTS
3niiicHeHO cyTTeBUi npopuB B chepi anamizy nanux EKI'. 3’aBunocs nekinbka
IHCTPYMEHTIB, SKI MOYXHA BHKOPHCTATH JJii 0a30BOr0 aHajidy CUTHalIy. Ajie B
O1BIIIOCTI BUIMAJKIB 1I€ CTOCYEThCSA JIMINE TIONIYKY MIKIB Ta IHTEpBATIB Ha
YHICJIOBOMY B11I0OpaskeHH1 Kapjiorpamu. Llux gaHux 3a3Buyail € HEAOCTATHBO JJIS
noBHoro a”am3y EKT'.

Jlana craTTs mnpuUCBsAYeHa IMOOYJ0BI MaTEMaTHYHOI MOJENl ISl aHaTi3y
nudpoBoi kapaiorpamu. [{udposa kapaiorpamMa MiCTUTh 3HA4YHY KUIBKICTh MOKa3-
HUKIB, ajie JIJIsl JOCTII)KeHHs] oOpaHi caMe yJiapH, skl MOYKHA 0XapaKTepU3yBATH SIK
BUPOJIKEHI. BUPOKEHICTh yaapiB BHU3HAYAETHCS CYTTEBUMHU BIIXHIJICHHAMH BIJ
CTaH/JapTHUX MOKA3HHUKIB Yacy CEpIEBOTO CKopoueHHs, mupuHu QRS-kommekcy,
HasIBHICTIO P-XBuIi.

3ajaya TOMIYKY EKTOMIYHUX YAapiB 3BOAUTHCS JO 3aJadl pO3JUICHHS
CUTHAITy Ha cerMeHTH. KOoXkeH 13 CerMeHTIB BiJINOBIJIa€ OJUHUYHOMY CEpPLIEBOMY
yaapy, 1 B IOJAJIbIIOMY aHATI3Y€EThCS HA HASIBHICTh O3HAK, 1110 BU3HAYAIOTh €KTOM1Y-
HicTb. Ha OCHOBI OTpUMAaHMX YHUCJIOBHX XapaKTEPUCTHK CETMEHTIB OyayeThCs
YUCJIOBUM PsJl 3 O3HAKAMHU EKTOIMIYHOCTI JUIsl BUSIBJICHHS 1X MeplogudYHOCTI. J[mst
noOyZ0BU MOJ€Jl BUKOPUCTOBYIOTHCS 1HCTPYMEHTU 3 BIIKPUTHM KOJIOM: MOBA
nporpamyBaHHs Python, 616mioTeku Neurokit Ta Pandas. Po3po6iiena matemaTnuHa
MOJIEJIb J03BOJISIE OTPUMATH CTATUCTUYHI XapaKTEPUCTHKHU ITUGPOBOI KapI1oTpamH,
o aae MoxiuBicTh BigHecTH EKI™ 10 meBHOI kaTeropii, sika BiMOBIIa€ ACIKOMY
BUJTY 3aXBOPIOBAHHS.

Kuo4oBi cjioBa: maremaTiiHa MOJIeIIb, €ICKTPUYHA ITM(poBa Kapaiorpama,
€KTOMIYHICTh, CTATUCTHYHI XapaKTEPUCTUKHU, O10TPEKEPH, CErMEHTALIisl.
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BUILDING A BASIC MATHEMATICAL MODEL FOR DETECTING
ECTOPIC HEARTBEATS

Abstract. Electrocardiography (ECG) is a key method for studying heart
function and diagnosing cardiovascular diseases. ECG analysis is a critically
important tool in modern cardiology for timely diagnosis, treatment, and prevention
of cardiovascular diseases. Regular ECG analysis can help detect potentially
dangerous conditions at an early stage, allowing for timely initiation of preventive
treatment and avoiding potential problems. Modern ECG trackers offer new
possibilities thanks to technological innovations and portability. Among the many
advantages are mobility, convenience, and the ability for continuous monitoring. All
these factors open the way for remote analysis. Over the past three decades, there
has been a significant breakthrough in the field of ECG data analysis. Several tools
have been developed for basic ECG signal analysis. However, in most cases, this
only involves detecting peaks and intervals on a numerical representation of the
electrocardiogram. This data is usually not enough for a complete ECG analysis.
This article is dedicated to building a mathematical model for analyzing
digital electrocardiograms. A digital electrocardiogram contains a significant
amount of data, but for this study, focus is on beats that can be characterized as
degenerate. Ectopicy of beats is defined by significant deviations from standard
indicators of heart rate, QRS complex width and the presence of P-waves.

The task of detecting ectopic beats is reduced to the problem of signal
segmentation. Each segment corresponds to a single heart beat and is subsequently
analyzed for signs indicative of ectopy. Based on the obtained numerical
characteristics of the segments, a numerical series with ectopy features is
constructed to detect their periodicity. Tools with open source are used to build the
model: the Python programming language, and the Neurokit and Pandas libraries.
The developed mathematical model allows obtaining statistical characteristics of a
digital cardiogram, which makes it possible to assign an ECG to a certain category
corresponding to a certain type of disease.
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IMocTanoBka npodaemu. Anaini3 nuPpPoBoOi Kapaiorpamu - 1e GararoeTar-
HUH MPOTIEC, A€ ACSIKI €Taru JOCTiHKeHI 3HaYHO MEHIIIE, HIXK iHII1. € 6arato pi3HuX
crioco0iB BU3Ha4YeHHsI MiKiB [1, 6] abo sk cerMeHTIB Ha 3pa3ok QRS-komrmiekcy [2, 5].
Opnak, mporec aHajaidy BH3HAUEHHMX ITIKIB Ta CETMEHTIB 1 CITIBCTaBJICHHS iX 3
(b13MYHUM MPOIIECOM € HEJJOCTATHHO BUBUECHUM.

B KOHTEKCTI N1aHOTO AOCHIIPKEHHS 30CEpeMMO yBary Ha eTal aHalizy
MepIOANYHOCTI eKTOmYHuX ynaapiB. Ilin mepioguuHicTiO OyaeMO BBaXkKaTH SK
HAsIBHICTh TPYyN 3 TOCIIJOBHUMHU EKTOIMYHUMHU YAapaMH, TaK 1 MEPIOJUYHICTD
BUHUKHEHHS TaKUX TPYTI.

AHaJIi3 OCTAaHHIX JOCTIIKeHb 1 myOJrikami. [Momyk wmatepiamB ais
cTtaTTi Oyno 3aificHeHo 3rigHo Meanunux TepMmidiB  “ECG”, “ventricular”,
“supraventricular”, “fibrilation” B nepioz 3 ciuns 2010 poky no kBiTeHb 2024 poxy
Ta O0paHO JOCIIJIPKCHHS, SIKI CTOCYBaJlUCsl BU3HAYEHHSI Ta MOOYAOBU 0a30BUX
OPUHIUIIB (OpMYBaHHS MaTeMaTHUYHOI MOJENl. BUIbIIICTh JOCHIIKEHb OyiIu
BY3bKOCTIEI[1aTI30BaHUMH 1 CTOCYBAJIHCS SIKOTOCh YACTUHHOTO Bumaiky. L1 maHi
MO>KHA BUKOPHUCTOBYBATH JIJIsl BUBHAYEHHS TO1 UM 1HIIOT XapaKTEPUCTUKH 3araJIbHOT
0a3oBoi Mojeni. OgHak, MUTaHHS MPAKTUYHHUX aCIEKTIB peai3allii MaTeMaTHYHO1
MOJIeNII 3 BHUKOPUCTAHHSAM CY4YaCHHUX TNPOTPAMHHUX MEXaHI3MIB 3alIUIIAETHCS
BIJIKPUTHUM.

Meta cTaTTi mosisrae y JOCHIDKEHHI NPaKTHYHHUX AacCIeKTIB ToOyI0BU
0a30BO1 MaTeMaTUYHOI MOJIENI Jisl aHAJI3y MEPIOJIUYHOCTI EKTOMIYHUX CEPLIEBUX
yAapiB 3 BUKOPUCTAHHSM MOBH IporpamyBaHHs Python Ta 0i10miotexn Neurokit2.

Buxkiaa ocHoBHOro martepiajiy. 3 METOIO CTPYKTYPOBAHOIO MIIXOIY 10
nanux EKT Ta ix aHanizy HeoOXiJIHO MO0y yBaTH MaTEeMAaTUUYHY MOJENb MPOLECY.
Mopnenbs OyneMo peani3oByBaTH 3 BUKOPUCTaHHSIM MOBH IporpamyBaHHs Python,
sKa BiJ3HAYA€THCSI HASBHICTIO BEJIUKOI KIJIBKOCTI O10JIOTEK JUIsl aHaJi3y JaHHX.
Kpim Ttoro, Python Mae ymrtabenbHMil 1 3pO3yMUIMI CHHTAKCUC, IO JIO3BOJISIE
CKOHIIEHTPYBATHCS 0e3MocepeIHbO Ha MPOIeci TOOYI0BH aITOPUTMIB Ta MOJCIICH.

Ha mnepmomy etami omuimemo 06a30Bui aOCTpakTHMI Kiac sAKud Oyje
0aTtbhKiBChKUM KitacoM it Beix mojeneit EKI. B meskux iHImMX MoBax Iieil Kjac
MOXKHA Ha3BaTH IHTEPQEHCOM.

from abc import ABC, abstractmethod

class IBaseEcgModel(ABC):
@abstractmethod
def load_signal(self, filename: str):
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@abstractmethod
def save_signal(self, filename: str):

@abstractmethod
def analyze(self):

@abstractmethod
def category(self):

B nanomy kiaci BU3HA4€HO YOTUPH METOJIH, sIKI TOBUHHI OYTH Y BCIX HOTO
Ham@aakiB. SIK BUAHO 3 HA3B METOMIB, OCHOBHY YBary MPHUIIIMMO aHaJi3y.
CTBOpPHMO HAIIAOK I[LOTO A0CTPAKTHOTO OA30BOTO KIIACy, SIKUi OyJe peaizyBaTH
OMKCaHl BUILE METOJU BUKOPUCTOBYIOUM 0101ioTeky Neurokit st mepBUHHOTO
MOINIYKY MIKIB (€EKCTpEMYMIB) Ta IHTEPBAIIB.
Hwxde HaBeCHO OTOJIOIICHHS TAaKOTO KiIacy:
class ECG(IBaseEcgModel):
def __init__(self, raw_data=None,
sampling_rate=settings. DEFAULT_SAMPLING_RATE):
self. raw_data = raw_data or []
self. _data =]
self._sampling_rate = sampling_rate
self._quality =]
self. r _peaks =]
self._ecg_r_peaks = {}
self. rate=0
self._info =[]
self._signal = None
self._waves = None
self.ventricular = None
self.supra_ventricular = None
self.atrial_fibrillation = None
self._hrv = None
Jns iHiiamzanii ek3eMIuiapy kiiacy HeooxinHo Bka3atu aaHi EKT' y dopmarti
JIOBIJILHOT'O YHCJIOBOTO Py Ta YAaCTOTy CUTHaTy. JlaHul Kiac peanizye JeKUIbKa
meToAiB. PosrisHemo peasizaiiiro metoay analyze.
def analyze(self):
self.clean()
self.r_peaks()
self.process_delineate()
self.process_ectopic_beats()
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[Ipomec anamizy po3AiIeHH Ha KITbKa YaCTHH:
self.clean() - ounmae Ta HopMaIi3ye CUTHAI;
self.r_peaks() - 3Haxomuth P miku - HaiiOinbm xapakrepHi ekctpemymu EKT,
Ha OCHOBI SIKMX BU3HAYAIOTHCS 1HIII KJIIOYOBI JIaHi;
self.process_delineate() - po3miiiseMo cWrHanm Ha XBWJII - YacCTHHH, IO
XapaKTepU3yrTh OKPEMHI CEpIIEBUM yaap.
B pesynbpTarti mouaTkoBoro po3aiieHHs orpuMmaeMo DataFrame, kosxeH psiok
Oyle xapaKTepu3yBaTH CEPIEBUM yJap, a CTOBMII OYyIyTh MICTUTH YHCIOBY
iHopmariito npo iHaekc P, Q, R, S, T-mikiB. Ha ocHOBI 1IuX MaHUX BU3HAYAEMO
JIOAATKOB1 CTOBIIIII, TaKl sIK 9Yac CEPIIEBOTO CKOPOUCHHS (B1JCTaHb MIXK CycCiaHIMH P
nikaMu), 1oBxkuHy QRS Ta QS-komIuiekciB. A Bke 3 BUKOPUCTAHHSAM IMX JaHUX
BU3HAYAEMO MIiJO3pUII HA €KTOMIYHICTh yaapu. dparMeHT peani3alli HaBEIECHO
HIDKYE:
def process_delineate(self):
self._signal, waves = nk.ecg_delineate(
ecg_cleaned=self._data,
sampling_rate=self._sampling_rate,
rpeaks=self. ecg r peaks,
)
self._waves = pd.DataFrame(_waves)
self._waves[settings.EGG_R_PEAKS COLUMN] =
self. _ecg_r_peaks.get(
settings.EGG_R_PEAKS COLUMN
)
self._ waves["ECG_RR"] =
self._waves[settings.EGG_R_PEAKS COLUMN].diff()
self._ waves["ECG_RR_ms"] = self._waves['ECG_RR"]/
self._sampling_rate * 1000
self._ waves["ECG_HR"] = 60 * self._sampling_rate /
self._waves["ECG_RR"]
self._ waves["ECG_60"] = self._waves["ECG_HR"] <
settings.MIN_HEART_ RATE
self._ waves["ECG_100"] = self._ waves['ECG_HR"] >
settings. MAX_HEART_RATE
self._ waves["ECG_QRS"] = (
self._ waves["ECG_R_Offsets"] - self. waves["ECG_R_Onsets"]
)

self._ waves["ECG_QS"] = self._waves["ECG_S_Peaks"] -
self._ waves["ECG_Q_Peaks"]

self._waves[settings.VENTRICULAR_COLUMN] =
self._waves["ECG_100"] & (
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self._waves["ECG_QRS"] > settings.LENGTH_QRS_MS

)
self._waves[settings.SUPRA_VENTRICULAR_COLUMN] = (

self._waves["ECG_P_Peaks"].isnull()
& self. waves["ECG_100"]
& (self._waves["ECG_QRS"] <= settings. LENGTH_QRS_MYS)
)
self._waves[settings. ATRIAL_FIBRILLATION_COLUMN] =
self._waves["ECG_100"] & (
self._waves["ECG_P_Peaks"] >0
)

self.process_ectopic_beats() - mykaemo cepeq IUX TaHUX HEBIAMOBITHI

[Tonryk eKTOMIYHMUX yAapiB CKIAIA€ThCA 3 TPhOX IMIAMPOLIECIB

def process_ectopic_beats(self):

self.process_ventricular()

self.process_supra_ventricular()

self.process_atrial_fibrillation()

B 3aranibHOMY mpoliecu peai3yroTh 1ICHTHYHY JIOTIKY:

def process_ventricular(self):

self.ventricular = make_ectopic_dicts(
list(self._waves[settings.VENTRICULAR _COLUMN])

)

3a ocHOBy Oeperbcs QyHkmiss Mmake ectopic_dicts, ska Ha OCHOBI
BIJIMOBIJTHOTO CTOBIUSA JaTtadpeiiMy CTBOPIO€ 00'€KT, SIKUH OMUCYETHCS MOJEIIIIO
RepeatBeatsModel.

def make_ectopic_dicts(data: List) -> RepeatBeatsModel:

repeat_beats = find_repeat_beats(data)

ectopic = RepeatBeatsModel(

total beats=sum(data),

couplets=repeat_beats.couplets,

salvos=repeat_beats.salvos,

tachycardias=repeat_beats.tachycardia,
bigeminies=find_bigeminies(data),

trigeminies=find_trigeminies(data),

return ectopic

[Iporiec momryky 3aKOHOMIPHOCTEH YMOBHO PO3AUISETHCS HA MOIIYK MOCTI-
JIOBHUX EKTOMIYHUX yJapiB: couplets - 2 mocmi1oBHI yaapu, salvos - Bin 3 1o 7 yaapis,
tachycardias - 8 1 6iyblie, Ta MOMIYK MEPIOAMYHOCTI BUSBIICHUX ITOCITITOBHOCTEH.
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[MTomryk mocnigoBHUX ynapis peanizoBaHo ¢yHkmieto find_repeat_beats:
def find_repeat_beats(data: List) -> RepeatBeatsBaseModel:
repeat_beats = RepeatBeatsBaseModel()
ct=0
for item in data:
if item:
ct=ct+1
else:
If ct == settings. COUPLES_THRESHOLD_EQ:
repeat_beats.couplets = repeat_beats.couplets + 1
elif settings.SALVOS_THRESHOLD_MIN <=ct <=
settings.SALVOS_THRESHOLD_MAX:
repeat_beats.salvos = repeat_beats.salvos + 1
elif settings. TACHYCARDIA_THRESHOLD_MIN <= ct:
repeat_beats.tachycardia = repeat_beats.tachycardia + 1
ct=0
return repeat_beats
JlonaTkoBO 3a3HaUYMMO, 0 Mexa MiX salvos Ta tachycardias BusHauaeThes y
HaJIalITYBaHHAX.
[Tomyk mepiomuuHocTeil peanizoBaHo (Qynkiismu find bigeminies Ta
find_trigeminies:
find_bigeminies = partial(find_regularity, frequency=2)
find_trigeminies = partial(find_regularity, frequency=3)
i ¢pyHKIIIT € YaCTUHHUMHE BHUITaKaMH OUTBII MHUPOKOT QyHKITIT
find_regularity:
def find_regularity(data: List, frequency: int = 2) -> int:
count_regularity =0
possible regularity = False
=0
while i < (len(data) - 1):
dd = data[i + 1 : i + frequency]
if data[i] and not any(dd):
if possible_regularity:
count_regularity = count_regularity + 1
else:
possible_regularity = True
I =1+ frequency
else:
if possible_regularity:
possible regularity = False
I=i+1
return count_regularity
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TakuMm YrHOM, Ha BUXOJ1 oTpuMyeMo 00’ ekT 3 moyisimu total _beats, couplets,
salvos, tachycardias, bigeminies, trigeminies. HaBiTh Bi3yaabHHi1 aHAITI3 OTPUMAHKUX
JaHUX JTaCTh 3MOTY BIATIOBICTH YH € Ti703pa Ha BUPOIKEHICTH CEPIIEBOTO PUTMY.
PesynbraTom pobotu € 06’ €kT y opmari json:

{

"beats": 10000,
"ventricular'': {
"couplets™: 45,
"salvos": 0,
"tachycardia": 0,
"total_beats": 120,
"bigeminies": 0,
"trigeminies™: 0

}

upra_ventricular":
{"couplets": 0,
"salvos": 0,
"tachycardia": 0,
"total_beats": 0,
"bigeminies™: 0,
"trigeminies™: 0

H
"atrial_fibrillation™: {
"couplets™: 0,
"salvos": 0,
"tachycardia": 0,
"total_beats": 4,
"bigeminies": 0,
"trigeminies™: 0

k

Jlanuit 06’ €KT MICTUTH 1HPOPMAILIIIO TTPO 3aralibHY KUIBKICTh YAapiB, MOXKIIMBI
exTomiuHl yaapu. KokHa rpyna eKTOMIYHHX YJapiB Ma€ THUIIOBY CTPYKTYpY 1
MICTUTH 1H(pOpMaLiI0 PO KIIBKICTh (total beats) BUSBICHHX €KTONIYHUX yIapiB,
KUIBKICTh TOCHIJIOBHUX €KTOMIYHMX ynapiB (couplets, salvos, tachycardia) ta ix
nepiognuHicTh (bigeminies, trigeminies).

BucnoBku. [TobygoBana monens jgae MOXKIMUBICT, BU3HAUATH SIK 3aralibHi
BUIAJKN BUPOKEHUX YIapiB, TAKUX SIK BEHTPUKYISPHI Ta CYyNpPaBEHTPUKYIIAPHI
€KTOIYHI yapH, TaK 1 OUIbIII YaCTUHHI BUIMTAJIKH, TaK1 IK MUTOTJIMBA apuTMmis (atrial
fibrillation). Cnij Bii3HAYUTH, 1110 CTBOPEHA MO/IETb MOKE ITPOCTO PO3IIUPIOBATUCH
JJI JI0JaTKOBUX TapaMeTpiB, ILIO0 € MEePCIEeKTUBHUM HaMpPSIMOM IOJAIbIINX
JIOCJTIIKEHD.
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