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ABSTRACT Heart rate variability (HRV), which is the variation of inter-beat intervals, exhibits complex
characteristics on multiple temporal scales due to the balancing function of the autonomic nervous system.
Although there are various nonlinear analysis methods for assessing the complexity of HRV, quantifying
HRYV over multiple scales is lacking. Here, we present a novel multiscale fuzzy dispersion entropy (MFDE)
measure that incorporates quantifying fuzzy dispersion entropy over multiple temporal scales. The proposed
MFDE comprises two steps: First, a coarse-graining procedure is carried out for the multiscale decomposition
of an inter-beat interval. Second, it conducts FDE computation for each coarse-grained time series. It results
in the quantification of complexity, reflecting the long-range correlations inherent in HRV. Using synthetic
signals and actual electrocardiogram (ECG), we evaluate the performance of MFDE and compare it to
the traditional multiscale entropy methods. The results using synthetic signals show better robustness
of MFDE for quantifying complexity with various lengths and predefined parameters. The results using
ECGs demonstrate that the proposed MFDE leads to more significant discrimination of HRVs of different
cardiovascular states regarding p-values from the Mann-Whitney U test. The capability of MFDE can provide
a prospective tool for real-time and practical computer-aided diagnosis using HRV analysis.

INDEX TERMS Heart rate variability, RR intervals, complexity, multiscale fuzzy dispersion entropy.

I. INTRODUCTION people are more complex than patients with ill-conditioned

Electrocardiogram (ECG) is a medical diagnostic tool that
measures and records the electrical activity of the heart [1],
[2], [3]. Heart rate variability (HRV), which is the variation of
inter-beat intervals between consecutive heartbeats, namely
RR intervals, reflects the mechanism that is controlled by the
autonomic nervous system (ANS) [4]. Because the fluctua-
tion of heartbeats is controlled by dynamic ANS, RR intervals
vary depending on the conditions of ANS [5], [6]. For
example, healthy people have higher HRV levels with auto-
nomic health mechanisms, while patients have lower HRV
levels because of the insufficient adaption of the ANS [7].
It is known that the physiological mechanisms of healthy

The associate editor coordinating the review of this manuscript and

approving it for publication was Hamed Azami

cardiovascular systems. Thus, the complexity of patients is
reduced [8], [9], [10]. However, differentiating the HRVs of
patients remains challenging since the HRV level depends
on the type of disease. For instance, patients with atrial
fibrillation (AF) indicate high HRVs [11], while ones with
congestive heart failure (CHF) show low HRVs [12].
Recently, various nonlinear analysis methods, especially
entropy measurements, have been widely used in assess-
ing HRVs. Entropy is a quantitative measure of the degree
of irregularity of a time series, which has been widely
used in various physiological signal analyses, such as elec-
troencephalogram (EEG), electrocardiogram (ECG), and so
on [13], [14], [15], [16]. Sample entropy (SE), the negative
logarithm of the conditional probability, has gained a lot
of attention in analyzing various physiological signals [17].
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However, SE has the shortcoming of having undefined or
unreliable values for short signals. As an alternative tool
for SE, fuzzy entropy (FE), which uses various fuzzy mem-
bership functions to mitigate the threshold effect, has been
developed [18]. However, FE is computationally expensive
and still sensitive to the length of a time series. To address
the issues of SE and FE, dispersion entropy (DE) has been
presented [19]. The DE method, which is a technique that
considers the dispersion pattern itself, not only provides
reliable entropy values for short signals but also has low com-
putational complexity. Recently, fuzzy dispersion entropy
(FDE) has been introduced to address the sensitivity for noise
of DE by utilizing fuzzy membership functions [20].

Although entropy is a powerful tool for quantifying the ran-
domness of a time series, there are limitations in quantifying
the inherent complexity of a physiological time series, which
reveals structures with long-range correlations on multiple
spatial and temporal scales [9], [21]. In the physiological
complexity context, complex fluctuations of a healthy system
are similar to 1/f noise that contains long-range correlations,
and 1/f decay produces a fractal structure [22]. Compared
to the 1/f noise, the white Gaussian noise (WGN), which is
completely disordered and more irregular, has a lower com-
plex structure. However, a WGN is assigned to a higher value
than 1/f noise on a single scale by conventional entropy algo-
rithms. It suggests the inappropriate entropy for adaptation in
quantifying the complexity of biological signals.

To solve the mismatching between complexity and entropy,
Costa et al. [9], [21] have proposed the multiscale SE (MSE).
A coarse-graining procedure is used to utilize multiple time
series with distinct time scales, followed by the computation
of SE on each coarse-grained time series. However, the use of
the coarse-grained procedure results in an insufficient length
of time series for evaluating SE, leading to undefined and
inaccurate entropy values. Unreliable entropy values arising
with shortened time series are mainly caused by the existence
of the threshold parameter of SE. In order to overcome the
sensitivity for predefined parameters of the MSE, several
multiscale based entropy methods have been introduced [23],
[24], [25], [26], [27]. Among them, the multiscale disper-
sion entropy (MDE) gained popularity due to its ability in
biomedical applications [28]. However, previous multiscale
based entropy methods possess inherent shortcomings of
original single scale based entropy methods where the com-
plexity quantification on multiscale is still unreliable for short
physiological signals and easily influenced by predetermined
parameters.

To address the above issues, here, a novel multiscale
fuzzy dispersion entropy (MFDE), which quantifies the
FDE entropy over multiple temporal scales for reflecting
dynamic complexity, is presented. The proposed MFDE con-
sists of a multiscale decomposition of a time series by a
coarse-graining procedure and quantification of complexity
over multiple time scales using FDE computation. To the
best of the authors’ knowledge, the use of multiscale based
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computation of FDE has not been used for biological signals
yet. Although FDE is effective for quantifying the uncertainty
of time series, it may fail to capture the complexity of physi-
ological signals over multiple temporal scales. By inheriting
the advantage of FDE and multiscale based entropy, the
MFDE method results in enhanced quantification of com-
plexity with better robustness than conventional multiscale
based entropy methods. Throughout the experiments using
synthetic signals, i.e., WGN and 1/f noise, the results demon-
strate that MFDE is more capable of reflecting complexities
of WGN and 1/f noise for various conditions of lengths and
predefined parameters. Moreover, using real ECG signals of
distinct physiological states, i.e., CHF, AF, and healthy sub-
jects, the proposed MFDE achieves better discrimination of
HRYV between different groups compared to the conventional
MSE and MDE, which is validated by p-values from the
Mann-Whitney U test [29].

The contribution of the proposed MFDE is summarized as
follows:

1) The proposed MFDE not only employs reliable compu-
tation even for short-term time series but also reflects
long-range correlations inherited in physiological sys-
tems.

2) The proposed MFDE possesses robustness in quan-
tifying complexity on the length of time series and
predefined parameters.

3) The proposed MFDE is better capable of discriminating
complexity in HRV of distinct physiological states,
especially for short-term time series.

Given the capability of MFDE, it may play a role in the
rapid monitoring and diagnosis of individuals with a high risk
of cardiovascular disease such as cardiac arrhythmias.

The remainder of this paper is organized as follows: In
Section II, we introduce the conventional entropy methods,
followed by the introduction of the proposed MFDE methods.
Section III describes synthetic signals and real ECG datasets.
In Section IV, the performance of MFDE using synthetic
signals and real ECG recordings is demonstrated. Section V
concludes this work.

Il. MATERIALS AND METHODS

A. DISPERSION ENTROPY

For the univariate time series X = {xi,x2,...,xy} with a
length of N, dispersion entropy (DE) proceeds in five steps
according to [19].

1) The univariate time series X = {x,xp,...,Xxn} i8S
normalized to time series y = {yi,¥2,...,yn} by
the normal cumulative distribution function (NCDF) as
in (1). The components of the series y have real values
from O to 1. Without using NCDF, there is a problem of
bias to few values because of extremely large or small
values compared with a median value.

1 Xi —(—p)?
yi = / e 272 df,
o 27'[ —00

i=172""’N (1)
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FIGURE 1. Trapezoidal (k = 1,3) and triangle membership function (k = 2) when the number of classes is ¢ = 3.

2)

3)

4)

5)

where y is the mean and o is the standard deviation
(SD) value of the time series x.

The normalized time series y = {yi,y2,..., YN} IS
mapped to the series z© = {Zi, 25 ZICV} by the
round function as follows:

zi =round (c-y;i+05),i=1,2,--- N (2)

where ¢ is the number of classes. z{ is assigned to
integer classes 1 to ¢ by the round function.

The embedding vector z; " that has z{ as members is
created as follows:

m,c

i = {Zf’zf+dv = -»Zf+(m—1)d] ]
i=1,2,...,.N—(m—1)d

z

3

where m is the embedding dimension, c is the number
of classes and d is the time delay. z;" is mapped
to a dispersion pattern . v, - Each member of
2 g 24 (m1)a> corresponds to the classes
Vo, V1, - - -, Vm—1, respectively. Because the dispersion
pattern has m classes with values from 1 to ¢, the
number of possible dispersion patterns is ¢™.

The relative frequency of dispersion patterns is
calculated as follows (4), as shown at the bottom of the
next page, where the numerator of p (”V(m -‘-Vm—l) rep-
resents the number of z;" with the dispersion pattern
Ty .1 *

Finally, DE (x,m, c, d) is calculated using the Shannon
entropy [30] as follows:

o

DE (x,m,c,d)= —ZP (nvovl‘..vm,l) Inp (nvovl.‘.vm,l)
r=1
Q)
where x is the original time series,m is the embedding
dimension, ¢ is the number of classes, and d is the time
delay.

B. FUZZY DISPERSION ENTROPY

For the univariate time series X = {x, xp, ..

.,xy} with a

length of N, FDE proceeds in six steps according to [17].

1y
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. ,xN} is
YN} by

The univariate time series X = {x1,xp, ..
normalized to the time series y = {y1, y2, ...
NCDF. The NCDF function is the same as (1).

2)

3)

In DE, a round function is included for mapping
y={1,y2,...,yn} t0Z° = {zi,zg, ...,zlc\,}. Due to
the existence of the round function, which maps to
a single class only, DE is sensitive to the parameters
and signal lengths [20]. Therefore, FDE eliminates the
round function of DE as follows:

Z=c-y+05 i=12,---,N (6)
where c is the number of classes

In a way that reflects all classes, fuzzy functions are
used instead of a round function. The fuzzy member-
ship function My, is allocated to each class k. Then, the
degree of membership iy, (z7) is measured for each

class k, satisfying the following

c
> () =1 )
k=1
KMy (ch) =1
if05=<z <1
oty (3) + tat () =
fl<z <c
MMy (Z:C) =1
ifc<zi <c+05

If the class k is 1 or ¢, M, is the trapezoidal membership
function. For the class k between 1 and ¢, My, is the tri-
angle membership function. The degree of membership
g, (25) for each class k is as follows:

-

1 a <1
umy (@) =12—a l<a<2 )
0 2<a
0 a<k—-1
a—k+1 k—1<a<k
o) = - = , 1<k<c
M@ =00 e k<a<ktl
| 0 k+1 <a
(10)
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0 a<c—1
a—c+l c—-1<a<c

1 c<ao

e, () = Y

Fig. 1 shows the example of fuzzy functions when the
number of classes is ¢ = 3.

4) Embedding vector z;"“ that has z{ as members are
generated identically to (3) in DE. The degree of mem-
bership fiq, , ,  (z"°) for the dispersion pattern
Tyovy..vm; 15 defined as follows:

m—1 .
I’Lﬂvovl...vm_l (z;"*C) = H/’:O MMVJ (Zl€+j'd) (12)

5) The probability of the dispersion pattern 7y, .., 1S
defined as follows:

ZN— (m—1)d

i=1 I’Lﬂvovlmvm,l (Z;n’c)

N—(m—1)d

P (nvovl -~-Vm—l) =
(13)

6) Finally, based on the Shannon entropy [30], FDE is
calculated for all dispersion patterns.

FDE (x,m, c,d)

== P () 0P (i) (19)

where x is the original time series, m is the embedding
dimension, c is the number of classes, and d is the time
delay.

C. MULTISCALE FUZZY DISPERSION ENTROPY

To compute FDE at multiple scales, we propose mul-
tiscale fuzzy dispersion entropy (MFDE). We utilize a
coarse-graining process for decomposing an original time
series into a multiscale time series [9]. The coarse-graining
process generates new time series as a collection of
mean values of time series within non-overlapping win-
dows. For a given the original univariate time series

x ={x1, x2, -+ ,xn}, the coarse-grained time series u® =
{uy, uy, -, ujy g is generated as follows:
1 J-s
== 2 % 1=jsIN/s (15)
i=(—1)s+1

where s is the scale factor and non-overlapping window size.
If the scale factor s is 1, the u® is identical to the original
time series. For the coarse-grained time series u*(s > 1), the
MFDEfollows the same steps as the FDE with the exception
of NCDF mapping. In MFDE algorithms, each of the mean
and SD values remains the same as the first scale across all
scales. This means that the average and SD of the original

signal are used for all scales [25]. The normalized MFDE is
calculated by dividing MFDE by the maximum value In (¢™).

For the given univariate time series x = {1.2, 3.7, 2.2, 5.0,
4.1,10.3,2.7,6.5,7.3, 1.6} with the length N=10, MFDE
with parameter m = 2, ¢ = 3,d = 1, s = 2 has the following
procedure:

First, a coarse-grained time series u? = {u%, u%, e, u%} is
created through coarse-graining process:
1 2
2 .
Uy == xi, 1=<j=<[10/2] =5
) Zi:2(j—1)+l ! =Jj= 11072}
Second, the coarse-grained time series #? is mapped to the

2. The u? = {2.45,3.6,7.2, 4.6, 4.45} is normalized to the
seriesy = {0.242, 0.382, 0.830, 0.519, 0.499} by NCDF, and
y is mapped to the series z> = {1.227, 1.647, 2.989, 2.058,
1.996} by (6). The embedding vectors z;° = {z3,22,,}.
in which i is from 1 to 4, are created from the z°.

Third, the degree of membership i, ,, (Zim of ziz!3 for
the dispersion pattern 7,,,, is calculated. Because both the
classes vo and v; have values from 1 to 3, the number of
possible dispersion patterns is 3> = 9. Therefore, the patterns
can be (711, 712, T13, T21, 722, T23, 731, 732, 7033).

For each embedding vector zl.z’3 in which i is from 1 to 4,
the degree of membership fir, (Zl~2’3) is calculated for

allocated dispersion patterns. For instance, the degree of

membership of the z§’3 = {1.647,2.989} is calculated as
below:

o (%) = s, () - 1o, () = 0.0037,
s (%) =, (23) - 1oy () = 03401,
i (7) = 1 () - s, () = 0.0069,
sy (15’3) = [y, (13) A (zg) = 0.6403

where M1, M3 is the trapezoidal membership function, and
M, is the triangle membership function. For all dispersion

2.3\ .
patterns other than 12, 713, 722, and w3, Kty (z2 ) is 0.

Here, let’s assume that the round function is used in DE
instead of the degree of membership Kty (+). Then, ziz’3 =
{1.647,2.989} are mapped to the integer classes 2 and 3,
respectively. Although z? = 1.647 is clearly the real number
between 1 and 2, the round function forces to map to the
integer class 2, excluding the class 3. It causes the DE to be
sensitive to the length of the time series and the parameters
m and c. FDE overcomes the limitations of DE by reflecting
the information of all adjacent classes.

Fourth, the probability of the dispersion pattern 7y, is
calculated. For instance, the probabilities of the dispersion

_ Number {ili <N—(m—1)d, 2" has type Tyyy,..v,_, }

p(nVOVan’mfl) -
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FIGURE 2. ECG data sampled at 250 samples per second: (a) Congestive heart failure (CHF); (b) Atrial fibrillation (AF); (c) Healthy.
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FIGURE 3. RR intervals extracted from ECG data sampled at 250 samples per second: (a) Congestive heart failure (CHF); (b) Atrial fibrillation

(AF); (c) Healthy.

patterns w1, 713, 722, and ;3 are calculated as below:

>t (77) _ 05043

p(m2) = 7 =0.1261,
4 2,3
2=t Py (zj ) 0.3491
p(mi3) = ) = = 0.0873,
4 2,3
2t My (Z,- ) 1.1013
p(m0) = 1 = =0.2753,
4 2,3
2t Mo (Zj ) 0.6409
p(723) = - = 0.1602

4
Finally, for all possible dispersion patterns, MFDE is cal-

culated as — ?:1 213: P (m]) Inp (T[,]) = 1.794 at the scale
factor 2, and the normalized MFDE is % = 0.8164.

IIl. EVALUATION SIGNALS

A. SYNTHETIC SIGNALS

Two synthetic signals are used in experiments: white Gaus-
sian noise (WGN) and 1/f noise. WGN has the same energy
at all frequencies, which means power spectral density is
a constant, and 1/f noise has the characteristics that power
spectral density is inversely proportional to frequency [31].
In other words, it means that the energy of 1/f noise con-
tains complex dynamics that vary depending on frequency.
Through analysis of multiscale based entropy, it appears that
1/f noise is a more complex structure than WGN [9], [27],
[32], [33]. Multiscale entropy values for the synthetic signals,
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WGN and 1/f noise, provide important insight with respect
to physiological complexity. Besides, 1/f noise, which has a
fractal (self-similar) structure, is closely related to the com-
plicated behavior of various physiological signals. Therefore,
several multiscale entropy methods still use synthetic signals
as performance evaluations for biomedical signals [25], [27],
[34].

B. REAL ECG DATASET
Three ECG datasets are publicly available on Phys-
ionet [35] and explained precisely as follows. BIDMC CHF
database [36] includes ECG recordings from 15 patients
(11 men, aged 22 to 71, and 4 women, aged 54 to 63 with
severe congestive heart failure NYHA class 3—4). The indi-
vidual recordings are each about 20 hours in duration, and
the sampling frequency is 250Hz. MIT-BIH Atrial Fibrilla-
tion database [37] includes 25 ECG recordings of patients
with atrial fibrillation (mostly paroxysmal). The individual
recordings are each 10 hours in duration, and the sampling
frequency is 250 Hz. Fantasia database [38] includes ECG
recordings from 40 healthy subjects (twenty young aged 21 to
34 and twenty elderly aged 68 to 85). Each subgroup of
subjects includes an equal number of men and women. The
individual recordings are each 2 hours in duration, and the
sampling frequency is 250 Hz.

The typical ECG signals of the CHF, AF, and healthy sub-
jects are shown in Fig. 2. To analyze HRYV, inter-beat intervals,
namely RR interval, are extracted from ECGs. RR interval
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FIGURE 4. MSE of 50 independent WGN and 1/f noise signals; (a) N=100;
(b) N=300; (c) N=500; (d) N=1000.
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FIGURE 5. MDE of 50 independent WGN and 1/f noise signals; (a) N=100;
(b) N=300; (c) N=500; (d) N=1000.

represents the change of time intervals between two consec-
utive R waves of ECG [39], [40], [41]. Fig. 3 shows the RR
intervals of CHF, AF, and healthy subjects, respectively.

IV. EXPERIMENT RESULTS

A. SYNTHETIC SIGNALS

1) DIFFERENT LENGTHS OF SYNTHETIC SIGNALS

To evaluate the performance of the proposed MFDE in
terms of the length of synthetic signals, we compare it
with the conventional MSE and MDE. All methods use the
coarse-graining process with a range of scale factor between
1 and 20. The synthetic signals for the experiment are 50 inde-
pendent WGNs and 1/f noises with four different lengths
(N=100, 300, 500, and 1000). In simulations, MSE, MDE,
and MFDE have the following parameters. The parameter of
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FIGURE 6. MFDE of 50 independent WGN and 1/f noise signals;
(a) N=100; (b) N=300; (C) N=500; (d) N=1000.

MSEisr = 0.2 x SD,m = 2,d = 1, where SD means the
standard deviation of the original time series. For MDE and
MFDE, m = 3,c¢ =3, and d = 1 are used.

Fig. 4 shows the MSE of WGN and 1/f noise with length
N=100, 300, 500, and 1000. In Fig. 4 (a), MSE values of
the noises with N=100 are not defined at all scales except
scale 1. In Fig. 4 (b) and (c), there are undefined MSE
values with N=300 and N=500 at large scales. It indicates
the shortcoming of SE, which is undefined for short signals.
Furthermore, the use of a coarse-graining process makes a
signal shorter as the scale factor increases, which implies
that MSE suffers from analyzing short signals. Fig. 4 (d)
shows that all MSE values are defined. Additionally, WGN
has higher entropy values for s < 3 and lower entropy values
for s > 3 than 1/f noise. Here, the MSE values of 1/f noise
remain constant at all scales, while the MSE values of WGN
decrease monotonically. It shows that the 1/f noise has higher
complexity than the WGN, which is a consistent result with
the complexity analysis of WGN and 1/f noise [27], [34].

Fig. 5 shows the MDE of WGN and 1/f noise with length
N=100, 300, 500, and 1000. As shown in Fig. 5, all MDE
values are defined for all lengths, unlike MSE. However,
in Figs. 5 (a) and (b), the MDE values of the 1/f noise with
N=100 and 300 decrease as the scale increases. By compar-
ison, Figs. 5 (c¢) and (d) indicate that MDE can capture the
complexity of WGN and 1/f noises.

Fig. 6 shows the MFDE of WGN and 1/f noise with
length N=100, 300, 500, and 1000. As shown in Fig. 6, all
MFDE values are defined for all lengths. Notably, as shown
in Fig. 6 (a), the MFDE values of WGN and 1/f noise with
N=100 are more similar to those with N=1000 compared
to the MDE values of WGN and 1/f noise with N=100.
Figs. 6 (b)-(d) show that the MFDE values of the 1/f noise
with N=300, 500, and 1000 are similar, implying that MFDE
is robust to the length of synthetic signals. In addition, the
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different ¢ (m = 3, ¢ = 3-6): (a) Normalized MDE; (b) Normalized MFDE.
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FIGURE 9. MSE of RR intervals extracted from CHF, AF, and Healthy ECG
data: (a) N=100; (b) N=300; (c) N=500; (d) N=1000.

standard deviations of the MFDE values are lower at most
scales than those of MSE and MDE.

Considering the previous works for complexity [9], [10],
[42], MFDE significantly enhances the quantification of the
complexity of two synthetic signals for various lengths. Espe-
cially for short-length cases such as N=100 and 300, the
MFDE values of 1/f noise are higher than ones of WGN and
remain constant over scales, reflecting its property having
long-range correlations. On the other hand, the MSE and
MBDE values fail to quantify the complexity of two synthetic
signals correctly. These observations suggest that MFDE can
reflect more accurate complexity regardless of the length of
signals and leads to better robustness to the length of signals
compared to MSE and MDE.
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2) EFFECT OF PARAMETER ON SYNTHESIZED SIGNALS

To verify the dependency of MDE and the proposed MFDE
on predefined parameters, the computation of MDE and
MFDE with different values of predefined parameters was
carried out.

According to Sections II-A and II-B, MDE and MFDE
have common parameters, i.e., the embedding dimension m
and the number of class c¢. The parameters ¢ and m are
chosen from 3 to 6 and 2 to 5, respectively. In addition,
when one parameter is changing, another parameter is fixed.
The synthetic signal 1/f noise with a length of N=1000 is
used for analyzing the influence of ¢ and m on MDE and
MFDE. Normalized MDE and MFDE are used to analyze
MDE and MFDE in the same range. All methods use the
coarse-graining process for multiscale analysis and the range
of scale factor is 1 to 20.
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TABLE 1. The MSE p-values between RR intervals of the CHF and AF, AF and Healthy, CHF and Healthy (scale 1- 20). The ‘C-A; ‘A-H, and ‘C-H’ are the
abbreviations of the comparison of CHF and AF, AF and Healthy, and CHF and Healthy, respectively. ‘N/A" denotes ‘Not Available’. If a p-value is smaller

than 0.05, the value is painted in gray.

| N=100 N=300 N=500 N=1000
¥#€TCA AH CH CA AH CH CA AH CH CA AH CH
I | N/A  NA 04763 | 01237 06295 0.1904 | 0.0456 05053 0.0695 | 0.0769 0.6961  0.0291
2 1 NA N/A  N/A | 02064 03826 00131 @ 00769 03232 0.0054 : 0.1354 0.0769  0.0006
3.1 NA N/A N/A | 00769 02802 00108 & 01029 03703 00258 | 0.0180 0.1904 0.0002
4 1 NA  NA  NA 00123 04483 0.0041 | 00229 0.1611 0.0009 : 0.0769 0.0508 0.0003
5 1 NA NA  NA 02234 0038 0.0229 = 00508 0.0808 0.0022 : 0.1029 0.0326 0.0003
6 | NA NA  NA {01610 NA  NA | 0194 00935 00180 | 0.0849 0.0409 0.0010
70 NA  NA  NA 03461 NA  NA | 00769 02413 0.0024 | 02234 0.0695 0.0016
8 N/A N/A N/A 04759  N/A N/A 0.0291 N/A N/A 0.2234  0.0229  0.0006
9 I NA N/A NA | NA  NA  NA 103232 NA N/A | 03012 0.1354  0.0041
10 | N/A N/A NA | N/A N/A N/A | 02232 07827 0.0935 ! 0.6625 03232  0.0291
11 NA N/A NA | NA N/A N/A | 06623 07477 03118 | 02802 0.1610 = 0.0028
121 NA  NA NA | NA NA  NA | NA 01902 NA | 05657 02802 0.1129
13 1 NA N/A NA | NA N/A NA | NA N/A N/A | 0.8722 0.1478  0.0409
14 NA  NA  NA | NA NA NA | NA NA 06623 08183 01477 0.1077
15 1 NA N/A N/A | N/A N/A N/A © N/A N/A N/A 1 0.6295 0.1237  0.0291
16 1 N/A N/A N/A | NA N/A N/A | NA N/A N/A 02413 07131  0.0695
17 NA NA NA | NA NA NA | NA NA  NA | 0629 00365 0.1904
18 | N/A N/A NA | N/A N/A NA | NA N/A N/A | 0.7652 03462  0.1236
19 NA  NA NA | NA NA NA | NA NA  NA | 0696 00769 0.1752
20 1 N/A N/A NA | NA  NA N/A | NA N/A N/A | 0.6624 04213 0.8362

Fig. 7 shows the normalized MDE and MFDE of 1/f
noise with the different numbers of class ¢ between 3 and 6.
As shown in Fig. 7(a), the MDE values of 1/f noise tend to
decrease for large scales as the number of classes ¢ increases.

On the other hand, Fig. 7(b) demonstrates that the MFDE
values of 1/f noise remain constant for various values of the
number of classes c.

Fig. 8 exhibits the normalized MDE and MFDE of 1/f
noise in cases where the embedding dimension m varies
from 2 to 5. Fig. 8(a) shows that the MDE values of 1/f
noise decrease for all scales as the embedding dimension m
increases. In Fig. 8(b), the MFDE values of 1/f noise remain
similar for different embedding dimensions.

The results in Figs. 7 and 8 imply that the proposed MFDE
can compute complexity robustly in cases of varying pre-
defined parameters. On the other hand, the MDE results in
inconsistent entropy values if the parameters are changed.

These results are consistent with the fact that the MFDE
inherits the strength of FDE less sensitive to the predefined
parameters ¢ and m [20]. It might suggest that MFDE is more
appropriate for healthcare applications due to its robustness.

B. REAL ECG DATASET
1) VISUAL ANALYSIS OF EXPERIMENT RESULTS

We use RR interval time series extracted from real ECG
data which comes from BIDMC CHF, MIT-BIH Atrial
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Fibrillation, and Fantasia dataset. The R waves from ECG
signals are extracted using the Pan-Tompkins algorithm [43].

Then, the RR interval on the ECG signal represents the
time between consecutive R waves, which are the prominent
upward spikes seen on an ECG trace. Here, the subjects in
each dataset are called CHF, AF, and Healthy, respectively.
The complexity of the RR interval is analyzed using MSE,
MDE, and MFDE. The parameter of MSE is r = 0.2 x
SD,m =2,c =3, and d = 1, where SD means the standard
deviation of original RR intervals. For MDE and MFDE,
m = 3,c = 3, and d = 1 are used. Those parameters are
the same as in Section [V-A1. All multiscale entropy methods
utilize the coarse-graining process with a range of scale factor
between 1 and 20.

To verify the statistical significance, the Mann-Whitney
U test was carried out. Here, the significance level of the
hypothesis test decision to 0.05, thus if the p-value is less
than 0.05, it indicates strong evidence against the null hypoth-
esis, which is the entropy values of two different. groups
are not discriminated. The asterisks in Figs. 9-11 indicate
a significant difference between groups obtained by the
Mann-Whitney U test (p <0.05).

Fig. 9 shows the MSE results of RR intervals of the CHF,
AF, and Healthy ECG signals with lengths N=100, 300, 500,
and 1000. In Figs. 9 (a) — (c), the undefined MSE values
are happened with N=100, 300, and 500 at scale 1, 6, and
8 and above, respectively. It confirms the vulnerability of
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TABLE 2. The MDE p-values between RR intervals of the CHF and AF, AF and Healthy, CHF and Healthy (scale 1- 20). The ‘C-A; ‘A-H, and ‘C-H’ are the
abbreviations of the comparison of CHF and AF, AF and Healthy, and CHF and Healthy, respectively. ‘N/A" denotes ‘Not Available’. If a p-value is smaller

than 0.05, the value is painted in gray.

I N=100 N=300 N=500 N=1000
¥ CcA AH CH CA AH CH CA AH CH CA AH CH
1 @ 02413 03012 0.7652 ! 0.0366 0.6295 02064 | 0.0072 0.9451 0.0123 ! 0.0180 0.5657  0.0026
2 102064 0.6625 02603 | 0.1129 07652 0.0159 | 0.0159 03232 0.0019 | 0.0180 0.1611 0.0012
3103232 04213 0.0695 i 0.0180 0.2234 0.0004 ' 0.0072 0.0849 0.0007 : 0.0291 0.0366 0.0002
4 107828 0.0326 0.0258 ! 0.0565 0.1237 0.0003 | 0.0094 0.0229 0.0002 ! 0.0326 0.0140  0.0001
5 105198 0536 00552 | 0.1237 00849 00001 | 0.0203 0.0054 0.0004 | 0.0456 0.0082 0.0001
6 ! 0.1470 0.0970 0.0022 : 0.4213 0.0508 0.0005 : 0.0159 0.0291 0.0004 : 0.0159 0.0180  0.0000
7 107820 0.0827 0.0217 | 03953 0.1611 ~0.0005 | 0.0409 0.0508 0.0022 | 0.0849 0.0291  0.0001
8 107630 0.0682 0.039 : 0.6625 0.0180 0.0001 | 0.0849 0.0159 0.0004 | 0.0565 0.0159 0.0000
9 | 07084 0.1364 0.1468 | 0.8362 0.0695 0.0021 | 0.0769 0.0769 0.0007 | 0.1478 0.0123  0.0001
10 | 05109 00358 0.1978 | 0.9085 0.0565 0.0094 | 0.1237 03232  0.0123 | 02413 0.0769  0.0016
11 ¢ 0.7008 0.0777 0.1984 : 0.7304 0.0432 0.0456 ' 02234 0.3462 0.0258 : 0.1753 0.0366 0.0004
12 04623 00534 0.1608 | 02412 0.0072 0.0660 | 0.5053 00229 0.0094 : 03012 0.1029 0.0019
13 1 04425 00119 00631 | 03952 0.0565 02802 | 0.8362 0.0628 0.0326 | 0.6295 0.0565 0.0014
14 1 0.6567 0.1736 03528 ! 0.0768 0.0077 0.2796 ' 0.9817 ~0.0456 0.0326 ! 0.3232  0.0695 0.0041
15 | 04660 0.0078 0.0378 | 0.1473 0.0076 0.3341 | 0.9085 0.0565 0.0149 | 0.5657 0.1611 0.0072
16 | 0.6067 0.1296 02736 | 0.1607 0.0100 0.3818 | 0.8722 0.1901  0.2063 | 0.5200 0.0565 0.0054
17 | 02897 0.0078 0.0793 i 0.0407 0.0256 0.7125 : 0.7304 03231 0.5052 ! 0.9085 0.1237  0.0258
18 | 04212 00376 0.1646 | 0.0759 0.0257 09265 | 0.8361 02506 0.3702 | 0.6961 02802  0.0849
19 1 03186 0.1205 0.5491 | 0.0657 0.0062 04192 | 04762 02905 0.5351 | 0.7652 0.0456 0.0628
20 @ 0.1817 0.0583  0.5491 ! 0.1472  0.0201 0.4606 | 0.5972 0.4622 09633 | 0.7304 0.1129  0.1129

MSE to short-length RR intervals, as previously reported
in [24] and [27]. Even though the RR interval length is
sufficient, the coarse-grained process prevents the MSE from
being computed at large scales. In Fig. 9 (d), although MSE
values with N=1000 are defined at all scales, the distinction
of distinct groups performs poorly.

Fig. 10 shows the MDE results of RR intervals of the
CHEF, AF, and Healthy ECG signals with lengths N=100, 300,
500, and 1000. As shown in Figs. 10 (a) — (c), the MDE
values are defined at all scales for length N=100, 300, and
500, unlike the MSE. In Figs 10. (¢) and (d), in cases of the
length is N=500 and 1000, there are significant differences
between scales 4 and 6 (Fig. 10 (c), N=500), and between
3 and 6 (Fig. 10 (d), N=1000), respectively. It shows that
MBDE has better distinction performance than MSE with the
same lengths of RR intervals. However, the subjects CHF, AF,
and Healthy are not distinguished well at large scales.

Fig. 11 shows the MFDE results of RR intervals of the
CHEF, AF, and Healthy ECG signals with lengths N=100, 300,
500, and 1000. Figs. 11 (a) — (d) show that MFDE leads to
reliable computation at all scales for short and relatively short
lengths of signals compared with the existing methods in
Figs. 9 and 10. In Figs. 11 (c¢) and (d), MFDE results with RR
intervals with N=500 and 1000 show that there are significant
differences between scales 4 and 6 (Fig. 11 (c), N=500),
and between 3 and 9 (Fig. 11 (d), N=1000), respectively.
Notably, if the length is N=1000, MFDE results in a broader
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range of scales in which three groups are statistically distinct
compared with MSE and MDE. In addition, the standard
deviations of MFDE values with various lengths are lower
than those of MDE values over all scales.

Given the results using the synthetic signals in Sec IV-A,
although MDE and MFDE appear to have similar discrimi-
nation performance, the inaccurate results of MDE for short
signals and its susceptibility to parameter variation suggest
that MFDE may be a better measure of HRV complexity in
the three groups.

2) STATISTICAL ANALYSIS OF EXPERIMENT RESULTS

The Mann-Whitney U test was carried out to verify the dis-
criminating performance of MSE, MDE, and MFDE between
two groups. The significance level of the hypothesis test
decision to 0.05. The statistical results of pairwise compar-
ison using MSE, MDE, and MFDE are shown in Tables 1-3,
respectively. In Tables, if the p-value is less than 0.05, a sta-
tistically significant difference is accepted and highlighted as
gray in Tables. The notations ‘C-A’, ‘A-H’, and ‘C-H’ denote
the abbreviations of the comparison of CHF and AF, AF and
Healthy, and CHF and Healthy, respectively.

Table. 1 shows the p-value of the Mann-Whitney U test
using MSE of the CHF, AF, and Healthy RR intervals with
lengths of N=100, 300, 500, and 1000. In Table. 1, several
computations of p-values are unavailable, mainly in cases of
N=100, 300, and 500. It means undefined entropy values
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TABLE 3. The MFDE p-values between RR intervals of the CHF and AF, AF and Healthy, CHF and Healthy (scale 1- 20). The ‘C-A; ‘A-H) and ‘C-H’ are the
abbreviations of the comparison of CHF and AF, AF and Healthy, and CHF and Healthy, respectively. ‘N/A" denotes ‘Not Available’. if a p-value is smaller

than 0.05, the value is painted in gray.

| N=100 N=300 N=500 N=1000
¥ CcA AH CH CA AH CH CA AH CH CA AH CH
1 | 04484 04213 09817 | 0.0628 0.5351 0.1478 | 0.0229 0.8722 0.0180 | 0.0229 0.7304  0.0063
2 105657 0.6961 0.5053 | 0.0628 0.9451 0.0140 @ 0.0409 03462 0.0054 | 0.0159 0.1904  0.0014
3006625 01611 0.1129 | 00072 04484 0.0010 | 0.0140 0.1904 0.0009 | 0.0063 0.0203  0.0002
4 104763 02064 00508 | 0.0229 03703 0.0001 | 0.0094 0.0366 0.0001 i 0.0140 0.0123  0.0000
5 107304 00456 0.0628 | 0.0508 0.0366 0.0001 ' 0.0159 0.0035 0.0004 | 0.0082 0.0026 0.0000
6 | 01753 00695 00140 | 0.1354 0.0628 0.0001 | 0.0180 0.0180 0.0003 i 0.0094 0.0082  0.0000
7 102802 00935 00072 : 03232 0.0508 0.0003 | 0.0628 0.0180 0.0005 | 0.0159 0.0140  0.0000
8 102234 01237 00047 | 03232 0.0849 0.0006 @ 0.1611 0.0123 0.0005 ' 0.0366 0.0094  0.0001
9 102603 02802 0.0063 i 05351 00628 0.0003 | 02413 0.0326 00012 | 0.0366 0.0140 0.0001
10 | 04763 0.1129 0.0180 | 03232 0.0565 0.0016 ' 0.1478 0.0456 0.0054 i 0.0508 0.0326 0.0001
11 | 03703  0.0366 0.0026 @ 0.6295 0.0291 0.0035 = 0.3953 0.0695 0.0072 | 0.0628 0.0159  0.0001
12 | 0.8005 0.0565 0.0409 | 0.8722 0.0159 0.0041 | 0.6295 0.0456 0.0140 : 0.1237 0.0258  0.0002
13 1 0.6295 02064 0.0229 ' 0.9451 0.0565 0.0159 & 0.6625 0.1354 0.0229 : 0.0849 0.0366 0.0003
14 | 09817 00935 0.1237 | 0.7652 0.0082 0.0094 | 0.7304 0.0508 0.0123 | 0.1120 0.0769 = 0.0003
15 | 05053 0.0695 = 0.0094 | 0.9817 0.0063 0.0159 | 0.5053 0.0326 0.0063 : 0.0849 0.0456 0.0003
16 | 0.8722 02064 0.1029 | 0.4763 0.0159 0.0456 = 0.7652 0.0508 0.0628 | 02234 0.0203  0.0003
17 | 0.6625 0.1904 ~0.0409 | 0.3462 0.0108 0.0258 | 0.8005 0.0628 0.1354 | 0.1904 0.0456 0.0012
18 i 0.8722 0.0769 0.1029 : 03012 0.0072 0.1354 : 0.5351 0.0628 0.1478 : 0.1478 0.0935  0.0014
19 1 0.6625 0.6625 0.1354 | 03232 0.0047 00508 | N/A 00935 0.1478 | 0.1611 0.0565 0.0035
20 | 0.9085 0.4763 03462 | 0.2413  0.0072  0.1904 | 0.8005 0.1354 0.2802 ! 03012 0.0628 0.0072

or p-values equal 1.0, where two different samples are not
discriminated. It is clear that the shorter the data length is, the
more the p-values are not available. In addition, the longer
the data length is, the more the p-values are statistically
significant. Especially, the number of significant p-values is
larger between CHF and Healthy subjects than other com-
parisons. These results suggest that MSE cannot discriminate
the complexity of HRV between different groups for short RR
intervals.

Table. 2 shows the p-value of the Mann-Whitney U test
using MDE of the CHF, AF, and Healthy RR intervals with
lengths of N=100, 300, 500, and 1000. In Table. 2, com-
pared to the MSE results, all p-values using MDE values
are available and there is an increased number of significant
p-values for all lengths of RR intervals. However, the number
of significant p-values between CHF and AF is smaller than
the comparison of AF and Healthy and CHF and Healthy.
In other words, although the discriminative ability of the
MBDE is superior to that of the MSE, it still suffers from
distinguishing between the patient groups CHF and AF.

In Table. 3, the p-value of the Mann-Whitney U test utiliz-
ing MFDE is displayed for the same comparison. As shown
in Table. 3, MFDE leads to significantly more significant
pairwise discriminations than MSE, regardless of the length
of the RR intervals. In the case of discrimination between
AF and Healthy, the discrimination performance of MFDE
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is better or comparable to that of MDE in comparison to its
results except for N=100. Besides, for all lengths, MFDE
performs noticeably well in discriminating between CHF and
Healthy. It is noteworthy that MFDE is superior to MDE in
terms of discriminating between CHF and AF for N=1000.

It has been known that the classification between CHF or
AF disorder from a normal condition is most important [1],
[44]. Generally, MFDE has a superior ability to differentiate
between cardiovascular patients (CHF, AF) and the healthy
than MSE and MDE. However, distinguishing between CHF
and AF for short lengths of ECGs remains a challenge.

The proposed method for discriminating abnormal ECGs
with short-term ECGs may provide a significant step forward
in cardiac health monitoring. Its potential for application in
clinical settings and further research could lead to remarkable
improvements in cardiovascular disease diagnosis and treat-
ment. Furthermore, integrating this technique into wearable
ECG monitoring devices could pave the way for continuous,
real-time monitoring of patients at high risk.

V. CONCLUSION

For an improved quantification of the variation of inter-beat
intervals, namely HRV, we have proposed a multiscale-based
entropy utilizing FDE, named MFDE. The proposed MFDE
possesses a stable computation of complexity using time
series with short and sufficient lengths compared to
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conventional MSE and MDE. In addition, MFDE achieves
a more robust quantification of complexity on the predefined
parameters. Through experiments using synthetic signals and
real ECG signals, the results show that MFDE improves
a capability for representing complexity regardless of the
length of time series. By applying MFDE for discriminating
distinct physiological statutes using RR intervals, it achieves
an improvement over widely used entropy measures. While
promising, this work has a limitation on a coarse-grained
procedure. Future work needs to develop a refined version of
multiscale decomposition. Considering the properties of the
proposed MFDE, it might play an essential role in utilizing
HRV for a variety of applications.
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