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TIME IRREVERSIBILITY AND COMPLEXITY
OF HEART RATE VARIABILITY

Martynenko A., Raimondi G., Budreiko N.

Intrioution. The heart rate variability is based on measuring (time) intervals between R-peaks (of RR-
intervals) of an electrocardiogram and plotting a rhythmogram on their basis with its subsequent analysis by
various mathematical methods. Using nonlinear methods in HRV and ECG analysis has proven to be very
advantageous. Time irreversibility is a fundamental parameter of a system, it defines justification and
necessity of applying nonlinear methods for analysis of a system’s dynamics.

Objective. We propose an algorithm for testing the probability of a time series' irreversibility, showing its
effectiveness in the process of HRV analysis. In this article, complexity of HRV will be described by two
parameters: entropy EnRE [18] and correlation dimension D2 [19]. Naturally, the chosen parameters EnRE
and D2 in no way can be used for comprehensive description of complexity of HRV, but we will be able to
tress the necessary sufficiency of such an approach.

Materials and methods. We used long-term HRV records by Massachusetts Institute of Technology —
Boston’s Beth Israel Hospital (MIT-BIH) from [15], a free-access, on-line archive of physiological signals for
Normal Sinus Rhythm (NSR) RR Interval, Congestive Heart Failure (CHF) RR Interval and Atrial Fibrillation
(AF) Databases [16]. In [17], we have developed a special modification to the classic Mann-Whitney (MW)
U-test in order to use the test for comparison of Time Series with an equal number of elements N — Time
Series MW M-test. Here the new statistical M -test was proposed for finding the probability of time series'
irreversibility.

Conclusion. In this article, we propose a statistical M -test for assessment of probability of irreversibility
of time series. It has been shown that the new statistical M -test accurately identifies times series reversibility
and irreversibility in known cases of synthetic data. For long-term HRV records of MIT-BIH database for
NSR, CHF and AF groups, we have compared values of z-score, which statistically defines the limit of
irreversibility of time series, and values of HRV complexity indicators: entropy EnRE [18] and correlation
dimension D2 [19]. We have noted the following:

e HRV istime irreversible nonlinear dynamic process, with the exception of AF episodes;

¢ nonlinear indicators of HRV complexity — entropy EnRE and correlation dimension D2 — have been
analyzed, and there is a conclusive difference between NSR and analyzed pathological states;

o analyzed time series have been presented in D2-z-EnRE phase space, and their reliable separability has
been shown. It can be stated that the analyzed D2-z-EnRE phase space is sufficient for research of nonlinear
HRYV events in this case.
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INTRODUCTION subsequent analysis by various mathematical
The heart rate variability (HRV) is based methods that are classified as Time-Domain,

on measuring (time) intervals between R Frequency-Domain and Nonlinear [1, 2].
uring (t ).' v W X Using nonlinear methods in HRV and ECG
peaks (of RR-intervals) of an

electrocardiogram  (ECG) and plotting a analysis has proven to be very advantageous,

X . X . and they are reviewed in detail, for example,
rhythmogram on  their basis  with its in [3, 4]. Time irreversibility is a fundamental
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parameter of a system, it defines justification
and necessity of applying nonlinear methods
for analysis of a system’s dynamics. At the
same time, analysis of dynamics of a time-
reversible system can very well be limited to
statistical or spectral methods. Analysis of an
HRV time series' irreversibility has been a
popular and oft-discussed topic in scientific
literature for the last 20 years [4-9]. It has
been noted in [7] that HRV ‘nonlinear
dynamics owing to time irreversibility at
short time scales are significantly present
during daytime in healthy subjects, more
frequently present in the CHF population and
less frequently during night-time in both
groups, thus suggesting their link with a
dominant sympathetic regulation and/or
with a vagal withdrawal’. Assessments of
time irreversibility have been conducted
through a pair of irreversibility indexes [7]. In
[10], based on calculation of Multiscale Time
Asymmetry Index (MSTAI), it has been
shown that MSTAI ‘is highest for a time
series from young subjects and decreases
with aging or heart disease’. The lowest value
of MSTAI has been recorded in patients with
AF, when compared to NSR and CHF groups
[10]. Lack of index assessments of time
irreversibility is due to lack of possibility to
draw a clear line between a reversible and an
irreversible time series. In recent years, there
has been a rise in popularity of those
irreversibility assessment methods [11, 12]
which allow to clearly identify and visualize
the presence of a series’ time irreversibility:
horizontal visibility algorithm with Kullback-
Leibler divergence [11], Time Reversibility
from Ordinal Patterns (TiROP) [12]. In [12],
effectiveness of TiROP algorithm for analysis
of electroencephalographic (EEG) signals has
been demonstrated, and it has been shown
‘that interictal EEG dynamics can be
associate to a reversible linear process,
whereas time irreversibility characterizes
epileptic seizures’.

Classic definition of a time series’
irreversibility refers to probabilistic nature of
an observed event: ‘a stationary process X(t)
is said to be statistically time reversible if for
every N, the series {X(t1), - ,X(tn)} and
{X(tn), - ,X(t1)} have the same joint
probability distributions’ [13]. That is why in
this article we propose an algorithm for
testing the probability of a time series’

irreversibility, showing its effectiveness in
the process of HRV analysis.

MATERIALS AND METHODS

We used long-term HRV records by
Massachusetts Institute of Technology -
Boston’s Beth Israel Hospital (MIT-BIH)
from [15] (http://www.physionet.org), a free-
access, on-line archive of physiological
signals. Normal Sinus Rhythm (NSR) RR
Interval Database includes beat annotation
files for 54 long-term ECG recordings of
subjects in normal sinus rhythm (30 men,
aged 28.5 to 76, and 24 women, aged 58 to
73). Congestive Heart Failure (CHF) RR
Interval Database includes beat annotation
files for 29 long-term ECG recordings of
subjects aged 34 to 79, with congestive heart
failure (NYHA classes I, Il, and I11). Subjects
include 8 men and 2 women; gender of the
remaining 21 subjects is not known. The
original electrocardiography (ECG) signals
for both NSR and CHF RR interval databases
were digitized at 128 Hz, and the beat
annotations were obtained by automated
analysis with manual review and correction.
The MIT-BIH Atrial Fibrillation (AF)
Database [16] includes 25 long-term ECG
recordings of human subjects with atrial
fibrillation  (mostly  paroxysmal). The
individual recordings are each 10 hours in
duration, and contain two ECG signals each
sampled at 250 samples per second with 12-
bit resolution over a range of + 10 millivolts.
The original analog recordings were made at
Boston's Beth Israel Hospital (now the Beth
Israel Deaconess Medical Center) using
ambulatory ECG recorders with a typical
recording bandwidth of approximately 0.1 Hz
to 40 Hz.

In [17], we have proposed a special
modification to the classic Mann-Whitney
(MW) U-test in order to use the test for
comparison of Time Series with an equal
number of elements N — Time Series MW M-
test with a formula for M:

We used long-term HRV records by
Massachusetts Institute of Technology -
Boston’s Beth Israel Hospital (MIT-BIH)
from [15] (http://www.physionet.org), a free-
access, on-line archive of physiological
signals. Normal Sinus Rhythm (NSR) RR
Interval Database includes beat annotation
files for 54 long-term ECG recordings of
subjects in normal sinus rhythm (30 men,



aged 28.5 to 76, and 24 women, aged 58 to
73). Congestive Heart Failure (CHF) RR
Interval Database includes beat annotation
files for 29 long-term ECG recordings of
subjects aged 34 to 79, with congestive heart
failure (NYHA classes I, I, and I11). Subjects
include 8 men and 2 women; gender of the
remaining 21 subjects is not known. The
original electrocardiography (ECG) signals
for both NSR and CHF RR interval databases
were digitized at 128 Hz, and the beat
annotations were obtained by automated
analysis with manual review and correction.
The MIT-BIH Atrial Fibrillation (AF)
Database [16] includes 25 long-term ECG
recordings of human subjects with atrial
fibrillation ~ (mostly  paroxysmal).  The
individual recordings are each 10 hours in
duration, and contain two ECG signals each
sampled at 250 samples per second with 12-
bit resolution over a range of +£10 millivolts.
The original analog recordings were made at
Boston's Beth Israel Hospital (now the Beth
Israel Deaconess Medical Center) using
ambulatory ECG recorders with a typical
recording bandwidth of approximately 0.1 Hz
to 40 Hz.

In [17], we have proposed a special
modification to the classic Mann-Whitney
(MW) U-test in order to use the test for
comparison of Time Series with an equal
number of elements N — Time Series MW M-
test with a formula for M:

We used long-term HRV records by
Massachusetts Institute of Technology -
Boston’s Beth Isracl Hospital (MIT-BIH)
from [15] (http://www.physionet.org), a free-
access, on-line archive of physiological
signals. Normal Sinus Rhythm (NSR) RR
Interval Database includes beat annotation
files for 54 long-term ECG recordings of
subjects in normal sinus rhythm (30 men,
aged 28.5 to 76, and 24 women, aged 58 to
73). Congestive Heart Failure (CHF) RR
Interval Database includes beat annotation
files for 29 long-term ECG recordings of
subjects aged 34 to 79, with congestive heart
failure (NYHA classes I, I, and I11). Subjects
include 8 men and 2 women; gender of the
remaining 21 subjects is not known. The
original electrocardiography (ECG) signals
for both NSR and CHF RR interval databases
were digitized at 128 Hz, and the beat
annotations were obtained by automated
analysis with manual review and correction.
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The MIT-BIH Atrial Fibrillation (AF)
Database [16] includes 25 long-term ECG
recordings of human subjects with atrial
fibrillation ~ (mostly  paroxysmal).  The
individual recordings are each 10 hours in
duration, and contain two ECG signals each
sampled at 250 samples per second with 12-
bit resolution over a range of = 10 millivolts.
The original analog recordings were made at
Boston’s Beth Israel Hospital (now the Beth
Israel Deaconess Medical Center) using
ambulatory ECG recorders with a typical
recording bandwidth of approximately 0.1 Hz
to 40 Hz.

In [17], we have proposed a special
modification to the classic Mann-Whitney
(MW) U-test in order to use the test for
comparison of Time Series with an equal
number of elements N — Time Series MW M-
test with a formula for M:

M = U — abs(D; — D,); D? =Z(rf—R§)2;D§ =Z(r5‘—R;‘)2
i=0

i=0

In this case, 11,7> are ranks of the
elements in original time series, R,,R, are
ranks of time series in a general series after
merging. In the proposed modification, we
have taken into account the changed positions
of elements of a time series before and after
merging of data into a single sequence by
calculating their total distances Dy,D,. The
critical values of Time Series MW M-test are
the same for MW U-test (N < 20); for sample
sizes larger than 20, we can use the normal as
follows:

z_M-EG®D
a

where
2 (2N + 1)_

1
E(M) = 5N? 02 = B

The critical value is the normal tabled Z
for o/2 for a two-tailed test, e.g. Z = 1.96 for
significance level of p < 0.05.

In case we want to test one and the same
time series (observed and reversed in time),
for finding the probability of its time
irreversibility the A formula proposed above
should be altered in the aspect of distance
calculation Dy, D,:

r
| i i42 | i _ ot 2
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RESULTS AND DISCUSSION

First of all, let us test the proposed
algorithm's possibilities for finding the time

| i Pyo | i i o
D, = Z . .\‘|1+(?’52_R2j‘+ Z .\‘|1+(Tl2_R2‘reij5
ielrh =R5] il =R5 o]
and final formula for testing time

irreversibility:

D =U—abs(D,—D,),z= ‘fﬂ‘)
where 73 are ranks of the elements in original
time series, 7> are ranks of the elements in
reversed time series, R+, R are ranks of time
series in a general series after merging,
R yovs R rep are ranks of time series in a
reversed general series after merging.

In this article, complexity of HRV will be
described by two parameters: entropy EnRE
[18] and correlation dimension D2 [19].
There are a lot of definitions for complexity,
but ‘one of the most consensual is that
complexity is a property of every system that
guantifies the amount of structured
information” [20]. Naturally, the chosen
parameters EnRE and D2 in no way can be
used for comprehensive description of
complexity of HRV, but we will be able to
tress the necessary sufficiency of such an
approach.

irreversibility of known time series.
Reversible processes include realization of
stationary ~ Gaussian linear  process;
irreversible time series is including non-
Gaussian stochastic processes and dissipative
chaos [11]. Presented in Table 1 are two time
reversible processes, — Linear Gaussian
Process (LGP), a linear auto-regressive model
of second order driven by a white noise
AR(2); irreversible classic chaotic systems
Lorenz, Duffing, Rossler, Hennon and
dissipative chaos system — Logistic map.
Additionally, a combination of chaotic
systems Lorenz and LGP has been analyzed
to study the impact of noise on the
algorithm's accuracy when calculating time
irreversibility. In all cases, there has been a
show of high selective ability of the proposed
Z — test for finding time irreversibility of
known time series, even in the presence of
noise. Verdict on time irreversibility of a time
series has been given for significance level of
p < 0.05, with a critical number of z = 1.96.

Table 1

Irreversibility test for known synthetic time series

Model ‘ Z score (reversibility z < 1.96, p < 0.05)
Reversible (z < 1.96)
LGP (Gaussian noise with distribution M=0; c=1) 0.89
AR(2) (X2 = 0.7Xw+1 + 0.2X; + &, & — white noise) 1.18
Irreversible (z > 1.96)
Lorenz 3.15
Lorenz + LGP 2.84
Logistic 6.00
Duffing 11.6
Rossler 10.5
Hennon 2.59

We shall note that, from the point of view
of the proposed — — test for finding time
irreversibility, there are two mechanisms for
altering the z score:

1. Presence of time asymmetry of a series.
Chaotic attractors have asymmetrical time
structures, and the © — test identifies those.
In an LGP series, values are distributed
randomly without forming any significant
asymmetrical ~ structures. That is why
reversion of such a series does not cause time
asymmetry, and such a series is statistically

reversible. A series symmetrical in time is
completely reversible with z = 0.

2. Recurrent values. A chaotic attractor or
an LGP series does not have strictly recurring
values, and that is why, with sufficient
accuracy of a series' presentation, this factor
does not impact their z value. In an HRV
series, presence of recurring values is a
common event. Moreover, increasing number
of recurring RR values leads to a decrease in
Total Power (TP) and is identified as a state
of metronomization of heart rate, which is in



and of itself confirmed as a strong,
independent predictor of future health
problems and as a correlate of all-cause
mortality [21, 22]. In Table 2, it is shown that
the percentage of recurrent RR values can
increase from Recurrence=4.79 +2.33 % in

Series «Mediciney. Issue 41

NSR group, to Recurrence =11.3 +8.16 % in
CHF group and to 30-40 % of recurrent RR
values in AF group. That is why there has to
be a special mechanism in the test’s 0 —
algorithm, for taking into account the impact

of recurrent RR values.

Table 2
Time irreversibility and complexity of HRV for different groups of patients
z Recug/[fnce’ TP, ms? D2 EnRE

Normal Sinus Rhythm 3.19+1.78" | 4.79+2.33" | 1734+1508" | 2.10+0.28" | 1.72+0.47"
Congestive Heart Failure 507+241" | 11.3+8.16" 758 +£1061" | 1.93+0.22" | 0.65+0.76"
Atrial before AF | 3.32+0.73™ | 28.1+£9.72" | 493+206" | 1.95+0.93" | 0.98+0.15™
Fibrillation AF 1.55+0.47" 8.25+ 0.45" 4372 +1128" | 8.44+0.82" | 1.23+0.05"
(AF) after AF 358+081" | 38.0+12.3" | 707+184" |1.88+0.83" | 091+0.19"

* — difference significant on the p < 0.05; ** — difference significant from AF on the p < 0.05

Let us analyze the results shown in Table
2, in greater detail:

Normal Sinus Rhythm (NSR)

An HRV time series is irreversible in time
on average z=3.19+1.78 (p<0.05 when
compared to z=1.96). Recurrence is the
lowest of analyzed groups, having the value
of 4.79+233%. Correlation rate of
Recurrence and TP is average, statistically
significant and equals -0.69. Correlation
dimension D2 and entropy EnRE is differing
from groups CHF and AF (before, during and
after AF episodes) with significance level p <
0.05.

Congestive Heart Failure (CHF)

An HRV time series is irreversible in time
with z=5.07 +£2.41, which is statistically
conclusively higher than in NSR group. This
result is consistent with [7], noted in which is
a higher degree of nonlinear dynamics and
time irreversibility (during daytime and
nighttime) in the CHF population when
compared to healthy subjects. We shall note
that Recurrence =11.3+8.16 % also
increases more than twofold when compared
to NSR group. Correlation rate of Recurrence
and TP is average, statistically significant and
equals -0.62. Correlation dimension D2 is
conclusively lower than in NSR group and
does not differ from AF group before and
after Atrial Fibrillation episodes. Value of
entropy EnRE is the lowest of all analyzed
groups and conclusively differs from them at
the level of p < 0.05.

Atrial Fibrillation (AF)

Before and After AF episodes

An HRYV time series before AF episodes is
irreversible in time with z = 3.32 + 0.73, after
AF episodes with z=3.58+0.81, which
statistically conclusively does not differ from
NSR group. Recurrence values are the highest
of all analyzed groups and equal
28.1+9.72% before AF episodes and
38.0 + 12.3 after AF episodes. Entropy EnRE,
correlation dimension D2 and TP are
conclusively lower than during AF episodes
(see Fig. 1 and Fig. 2).

During AF episodes

During AF episodes, an HRV time series
is reversible in time z=1.55+ 0.47, and this
value is conclusively lower than before and
after AF episodes. This is consistent with the
calculations in  [10], where, through
multiscale time asymmetry index (MSTAI), it
is shown that the lowest MSTAI value is
recorded in patients with AF, when compared
to NSR and CHF groups. However, unlike
our study, in [10] there is no conclusion to the
effect that during AF episodes an HRV time
series  becomes reversible in  time.
Recurrence = 8.25 +0.45 % lowers signify-
cantly, but it still exceeds values in the NSR
about twofold. Entropy ENRE, correlation
dimension D2 and TP grow significantly
during AF episodes (see Fig. 1 and Fig. 2).

The MIT-BIH Atrial Fibrillation (AF)
Database with 10-hours records was divided
for N =500 subsets and researched for
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Correlation Dimension D2 evolution before
AF episodes and during AF. Figure 1. shows
typical pattern of correlation dimension D2
evolution before atrial fibrillation episode:
each epoch on the Fig. 1 consists of short
RRs records (N = 500); epoch with # 0’ is
the beginning of AF episode according to

significant difference from mean record value
under Normal rhythm intervals except 5-6
epochs before AF episodes. The D2
significantly drop for about 30 minutes (or 5—
6 epoch by N = 500 RRs) before AF: D2 drop
shown from epoch # ‘-5’ on the Figure 1.
During AF the D2 growth 4-5 times over the

MIT-BIH reference rhythm annotations. mean value.
Correlation dimension D2 does not have
10.007 Atrial fibrillation
8.007
.00
o™
(a]
8.99 918
4,00
Mean D2
.................. PR == === R | . — — — - W | — | -~~~ - E
2.00
323
2 60 > a7 2.81
1.97
115 084 115
0.00 T T T T T T T T T T
-8 -7 -6 -5 -4 3 2 -1 ] 1

# of epoch by 500 RR intervals (0 - begin of atrial fibrillation)

Fig. 1. Typical pattern of Correlation Dimension D2 before atrial fibrillation episode (MIT-BIH AF

Database [16]).

Figure 2. shows typical pattern of entropy
EnRE evolution before atrial fibrillation
episode: each epoch on the Figure 2. consists
of short RRs records (N = 500); epoch with #
‘0’ is the beginning of AF episode according
to MIT-BIH reference rhythm annotations.

EnRE growth significantly over mean level
for the 10-15 minutes before AF episodes.
Finally on the Fig.3 we put together
synthetic time series and HRV of different
patient’s groups in D2-z-EnRE phase space. It
is obvious that the presented set of variables
is sufficient for clear separation of each state.

10
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1.20- Atrail fibrillation

1.107

EnRE

Mean EnRE
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0.90- 1.00
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# of epoch by 500 RR intervals (0 - begin of atrial fibrillation)

Fig. 2. Typical pattern of Entropy EnRE before atrial fibrillation episode (MIT-BIH AF Database [16]).

Fig, 3. Synthetic time series and HRYV of different patient’s groups in D2-z-EnRE phase space: 1",
Gaussian noise with distribution (M=0; ¢ = 1); 2*. Harmonic signal (a + bsin(nc)); 3. NSR; 4. CHF; 5~
AF episodes; 6. before and after AF; 7. Logistic attractor; 8. Lorenz attractor

“1, 2 and 5 are time reversible.

11
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CONCLUSIONS

In this article, we propose a statistical test
for assessment of probability of irreversibility
of time series. The test is based on a special
modification to the classic Mann-Whitney
(MW) U-test, proposed by the authors in [17]
in order to use the test for comparison of
Time Series with an equal number of
elements N — Time Series MW M-test. It has
been shown that the new statistical -test
accurately identifies times series
irreversibility in known cases of synthetic
data, including: Linear Gaussian Process
(LGP), a linear auto-regressive model of
second order driven by a white noise AR(2);
irreversible classic chaotic systems Lorenz,
Duffing, Rossler, Hennon and dissipative
chaos system — Logistic map (Tab.1). Also
demonstrated is the test’s robustness towards
Gaussian noise, which is usually problematic
in other approaches to finding time
irreversibility.

For long-term HRV records of MIT-BIH
database for Normal Sinus Rhythm (NSR),
Congestive Heart Failure (CHF) and Atrial
Fibrillation (AF), we have compared values
of z-score, which statistically defines the limit
of irreversibility of time series, and values of
HRV complexity indicators: entropy EnRE
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HE3BOPOTHICTS I CKJIAJJHICTH BAPIABEJIBHOCTI CEPLIEBOI'O PUTMY
Mapmunenko 0., Paitmonoi /., Byopeiiko M.

Beryn. BapiaGenpHICTE cepreBoro putMmy 0a3yeTbes Ha BUMIpIOBaHHI (4acy) iHTepBaiiB Mik R-mikamm
(RR-iHTepBaiB) eNEKTPOKAPIOrPaMH 3 MOJAHHAM X Y BHIJISAAI PUTMOTPAMH 1 TOIANBIIOT0 aHATi3y Pi3HUMHU
MaTeMaTHYHUMH MeTojamu. EdexTuBHiCTh HemiHiitHHX MeroniB aHamizy BCP i EKI' Oyma mokasana
YUCICHHAMH JOCHTiKeHHIMI. HeoOXiMHICTh 3aCTOCYBaHHS HENiHIHHIX METOJIB aHANli3y TUHAMIKH CHCTEMH
0OIPYHTOBYETHCS HAsIBHICTIO YaCOBOT HE3BOPOTHOCTI, SIK ()yHAaMEHTAILHOTO BJIACTHBOCTI CHCTEMH.

Merta. ¥ cTaTTi 3alpONOHOBAHO CTATHCTHYHHUN TECT JUIS OL[IHKM HMOBIPHOCTI HE3BOPOTHOCTI 4aCOBOTO
pany i mokaszana Horo edexrusHicTh npu aHanizi BCP. Cknamnicts BCP ommcana nsoma mapamerpammu:
entpomiero ENRE [18] i kopensuiitnoi po3miphictio D2 [19]. BesymoBHO, BuOpani BenuuuHM, - ENRE i D2
HISIK HE MOXYTh IPETeHIyBaTH Ha IIOBHOTY omucy KomruiekcHocti BCP, onHak BUSIBUTH HEOOXinHY
JIOCTATHICTb TAKOTO MiAXOIY MU 3MOXKEMO.

Marepiann ta Meroau. AHani3z kopotkux 3anucie BCP (N = 500 RR) BuxoHyBaBcs Ha mincrasi 24-
roguaHuX 3amuciB BCP 3 0asm ganmx MIT-BIH [15] ans mamieHTiB 3 HOPMAJbHUM CHHYCOBHM PUTMOM
(NSR), cepueBoro HepocratHicTio (CHF) 1 ¢iopmmanii nepencepas (AF) [16]. B po6oti [17] Hamu Oyna
3aIpOIOHOBaHa creliaibHa Moauikaliss kimacuuHoro cratuctuaHoro U-tecty Manna-Bitaeit (MW) s
MOPIBHSIHHSA YaCOBUX PSIiB 3 OJHAKOBHM YHCIIOM eeMeHTiB N — M-TecT A yacoBUX psmiB. Y Il craTTi
OyB 3aMPONOHOBAHMIT HOBHH CTATHCTHYHUIA || -TECT JJIsl OLIHKKA HMOBIPHOCTI HE3BOPOTHOCT] YaCOBOTO PSIY.

Pesynbratu i BucHOBKM. HoBuil cTatucTH4HMHA [ -TeCT Uisi OLIHKM MHMOBIPHOCTI HE3BOPOTHOCTI
4acoBOro psiay OyB po3poOieHMil i NPOTECTOBAaHMH HA CYKYHNHOCTI BIJIOMHX IPHKJIAIiB OOOpOTHHX 1
HEOOOPOTHHUX YacoBuX psiniB. Jist kopoTkux 3amucie BCP, o0panux 3 24-roguHHux 3anuciB 0a3u ganux BCP
MIT-BIH mis NSR, CHF i AF rpymn, OyB BuKOHaHMH iX aHaii3 Ha HE3BOPOTHICTH (Z-score) i MOKa3HUKIB
komruiekcHocTi BCP: entpomnii ENRE [18] i kopensuiitnoi posmipHocTi D2 [19]. Byno Big3HaueHO HacTyIHE:

e BCP — ne He3BOpOTHHMII B Yaci HeNiHIHHMN AMHAMIYHUI Tpolec, 32 BUHATKOM €mi3ofiB (iOpumswii
nepecepsp;
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e [poaHaJi30BaHI HeNiHIHI NokasHMKHM KomiuiekcHocTi BCP — entpomist ENRE 1 kopemsuiiinuii
posMmipHicTe D2 1 Oymno mokazaHo iX IIOCTOBIpHY BiAMIHY [ HOPMalbHOTO CHHYCOBOI'O PHUTMY BiJ
PO3IIISTHYTHX NaTOJIOTIYHUX CTaHiB;

e B TpuBHUMipHOMY (a3oBoMy mnpocropi D2-z-ENRE Oymm mpencraBneHi po3risHyTi 4acoBi pagd i
MPOJIEMOHCTPOBAHO, IO BOHHW MLiJIKOM cenapabenpHi. Takum umHOM, ¢azoBuii mpoctip D2-z-EnRE €
JIOCTaTHIM JIJIs TOCHiKeHHS HeniHiiHuX siun BCP B nanomy Bumajky.

K/IFIO90BI CJ/IOBA: BapiaGenbHICTH CEpUEBOTO PUTMY, HE3BOPOTHICTb, EHTPOIIs, KOPEJSIIHHUMA
PO3MIpHICT
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HEOBPATUMOCTSD U CJIOXKHOCTb BAPUABEJBHOCTU CEPAEYHOI'O PUTMA
Mapmuinenxo A., Paitmonou /., Byopeiiko H.

Beenenune. BapnaGenbHOCTH cepiaeyHOro puTMa OasupyeTcs Ha HM3MEPEeHHH (BPEMEHH) HHTEpPBAJIOB
Mexay R-mukamu (RR-nHTEpBaNoOB) 31€KTpOKapAMOTpaMMBI C MIPEACTABICHUEM UX B BHJIE PUTMOTPAMMBI U
MOCJICAYOLIETO aHAIN3a PA3TMYHBIMU MaTeMaTHIECKUMH MeToAaMH. D¢ GEKTHBHOCTD HEIMHEHHBIX METOJOB
aganmm3a BCP u OKI Obita moka3aHa MHOTOYHCICHHBIMH HCCIeOBaHUAMA. HeoOX0AUMOCTh TIpUMEHEHHUS
HEJIMHEIHBIX METO/I0B aHaJN3a JUHAMHUKN CHCTEMbl 0OOCHOBBIBACTCSI HUIMYNEM BPEMEHHONH HEOOPaTUMOCTH,
Kak ()yH/IaMEHTAJIBHOTO CBOIMCTBA CUCTEMBI.

Hean. B cTarhe npeanokeH cTaTUCTUYECKUH TECT JUIS OLICHKH BEPOSITHOCTH HEOOPATUMOCTH BPEMEHHOTO
psina u moka3aHa ero 3¢dexruBHOCTs Tpu aHanmm3e BCP. Crnoxraocts BCP onmcana nBymst mapamerpamu:
suTpormeiit ENRE [18] u xoppemsmunonHoit pasmepHocThio D2 [19]. BesycnoBHO, BEIOpaHHBIC BEINYHHBI, —
EnNRE u D2 Hukak He MOTYT NpeTeHJOBaTh Ha IOJHOTY ONMWCAaHUs KoMIulekcHocTH BCP, onHako oneHHTH
HEOOXOMMYIO I0OCTaTOYHOCTh TaKOTO TIOAX0/1a MBI CMOXEM.

Matepuanabl n meroabl. AHanmu3 kopotkux 3amuceir BCP (N = 500 RR) BemmonHsics Ha ocHOBaHMH 24-
yacoBbix 3amnuceil BCP u3 6a3sl nqanupix MIT-BIH [15] s nanueHToB ¢ HOpMaIbHBIM CHHYCOBBIM PUTMOM
(NSR), cepneunoii nemocrarounoctsio (CHF) u dubpummsitmeit npencepaeit (AF) [16]. B pa6ore [17] namu
OblTa MpeayIoKeHa crenuanbHas MOAM(UKALNUS KiaccHueckoro crarucruueckoro U-tecta ManHa-Butaeit
(MW) nmnst cpaBHEHHsI BPEMEHHBIX PSZOB C OJMHAKOBBIM 4YHCIOM 31eMeHToB N — M-TecT aisi BpeMeHHBIX
pszoB. B HacTosulell cTaThe GBUI TMPEUIOKEH HOBBIM CTATHCTUYECKUH M -TeCT JUIsl OLIEHKH BEPOSTHOCTH
HEeoOpaTHMOCTH BPEMEHHOTO PAZA.

Pesyanbrarbl M BbIBOABL. HoBBI craTucTuueckuit M-TecT I OLEHKHM BEPOSATHOCTH HEOOPATUMOCTH
BPEMEHHOT'0 psijia ObII pa3padoTaH M MPOTECTUPOBAH HA COBOKYITHOCTH U3BECTHBIX NPUMEPOB 00PATUMBIX U
HeoOpaTHMBIX BpEMEHHbIX psfoB. s kopoTkux 3amuceid BCP, BbIOpaHHBIX U3 24-4acoBbIX 3amuceld 06a3bl
nauubix BCP MIT-B s NSR, CHF u AF rpyrim, ObUT BBINOJIHEH MX aHAIN3 HA HEOOPaTUMOCTh (Z-SCOre) u
nokazaresnell kommuiekcHoctd BCP: satpormuu ENRE [18] u xoppensiumnonHoit pasmeprocta D2 [19]. Bsuto
OTMEYEHO CleAyIolIee:

e BCP — 510 HeoOpaTHMBIi BO BpPEMEHM HEJMHEHHBIM AMHAMUYECKHH IpOILecC, 3a HCKIIOYECHHEM
3MM30/10B (GUOPHUILISAIINY TTPEACEpIHid;

e IIpOaHAJIM3WPOBAaHBl HEJIMHEWHBbIE MoOKa3zaTean KomiuiekcHoctH BCP  — »sHrpormss ENRE nm
KOppEISIIIHOHHAs pa3MepHOCTh D2 M ObUIO IMOKa3aHO WX JOCTOBEPHOE OTIMYME JUISI HOPMalbHOTO
CHHYCOBOTO PUTMa OT PACCMOTPEHHBIX MATOJIOIMYECKUX COCTOSTHUM;

e B TpexMepHOM (a3oBoM npocTtpancTBe D2-z-ENRE O npezcraBieHsl pacCMOTPEHHBIC BPEMECHHBIC
psBl M IPOAEMOHCTPUPOBAHO, YTO OHM BIOJHE cemnapabensHbl. TakuM o0pa3zoM, (ha3zoBoe NMPOCTPAHCTBO
D2-z-EnRE siBnsieTcst AOCTATOYHBIM JIJIsl HCCIICAOBaHUs HENMHEHHBIX siByieHuit BCP B manHOM citydae.

K/IIIOYEBBIE CJ/IOBA: BapuabenbHOCTh  CEpIEYHOrO  pUTMA, HEOOpPaTUMOCTb,  SHTPOIHS,
KOppesAIHOHHAsA Pa3MEPHOCTb
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