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Abstract

We study the time reversal properties of time series by means of a ternary
coding of the differentiated series. For the symbolic series obtained in this
way we show that suitable pairs of ternary words have the same probability
if the time series is reversible. This provides tests in which time reversibility
is rejected if the estimated probabilities are significantly different. We ap-
ply one of these tests to the human heartbeat series extracted from 24-hours
Holter recordings of 19 healthy subjects. Data analysis shows a highly sig-
nificant prevalence of irreversibility. Our symbolic approach to time reversal
gives further support to the suitability of non linear modeling of the normal
heartbeat.
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1 Introduction

The heartbeat time series is defined as the sequence of time intervals between con-
secutive R peaks (RR intervals) in the ECG. This series reflects the physiological
control mechanisms of the heart rate, which act on several time scales. The main
mechanism is the autonomous nervous system, which controls heart rate via the
sympathetic and vagal terminations; in particular vagal control acts on a time scale
of a few seconds, hence it is related to the high frequency spectral components of
the RR sequence [17].

In time series extracted from physiological measurements, one often uses a method
of analysis based on some kind of symbolic coding. For details of these methods
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and some applications to the analysis of the heartbeat time series we refer for
instance to [1, 2, 3, 4,5, 6, 7, 10, 11, 14, 15, 18, 20].

The basic idea is to partition the range of the series into intervals and to associate
a symbol to each interval. If X, i =1,...,n denotes the series the coding used
here is based on the differentiated series Dj = Xj 1 — X, i=1,....n—1. Givena
positive threshold a, the symbolic series S is defined as

1 if Di >a
S=¢ -1 if Di< —a (1)
0 otherwise
If the series X;,i =1,...,nis modeled as a stationary sequence of random vari-

ables, one is interested in the joint distribution of the variables Xy, ..., Xy, where k
is a small integer. The estimate of this distribution cannot be fully accomplished
with the available data; however one can still get useful information from the dis-
tribution of the symbolic variables Sy, ..., Sc_1. In the present paper we show how
to use the distribution of Sy, ..., S to provide a test for the hypothesis of time
reversibility of the series X, i =1,...,n.

Our approach, based on symbolic series, is different from the usual ones reviewed
for example in [16]. See also [12] for further results.

Basic models used in the analysis of time series are linear Gaussian ARMA mod-
els. It is known that for stationary linear models the time reversibility is equivalent
to the normality of the innovations [19]. For this reason, time irreversibility has
been used to test non linearity [8, 9].

Non linear properties of human heartbeat are widely accepted (see for instance
[13]). Time irreversibility of this series has been investigated for the first time in
[7], using a multi scale index of asymmetry. In the present paper we approach
the problem of time irreversibility of human heartbeat using a short scale analysis
motivated by the fact that the vagal control acts on a time scale of a few seconds.
We have tested the hypothesis of time reversibility of 19 RR series of healthy
subjects. This hypothesis is rejected in most cases at high level of significance (see
Table 1). This provides further support to the suitability of nonlinear modeling of
these series.

The content of the paper is the following. In the next section we prove that the
probabilities of conjugate words are equal for time reversible series. In the third
section we show how this result provides a test for reversibility and, in the last
section, we apply this test to the heartbeat series.



2 Time reversibility properties of the symbolic se-
ries

We consider a random vector Xg, ..., Xy having probability distribution P and the

vector of the consecutive differences D; = X 1 — X, i=1,...,k—1.

Definition 1 Arandomvector Xi,..., Xy istimereversibleif

P(X;LE l1,..., X € |k) :P(XkE l1,...,X1 € |k)
for any k-tuple 14, ..., I of intervals of R.

We say that a stationary sequence Xi, ..., X, is time reversible if for any k < n, the
vector Xy, ..., Xk is time reversible.

In this paper we assume that the vector Xy, ..., Xk has a k-variables density func-
tion f(xq,...,X); hence reversibility is equivalent to

fX, . %) = (X, ., %) (2)
Let a > 0 be a fixed positive number and let A be an event of one of the following
three possible types
{Di>a}7 {Di<_a}7 {’DI|§a}7 izl?"'ak_l (3)
We define
{Dx_j>a} if A={Di< —a}
{[Dk-il <a} if A ={|Di| <a}

If E=A1N---NA1, we define E = ATN---NA; ;. The events E and E* are
said to be conjugate.

The test of time reversibility which we use in data analysis is based on the follow-
ing result.

{Dx_i < —a} if A ={Dj>a}
=

Theorem 1 If therandomvector Xy, ..., Xy istimereversible then, for each event
E =Ai1N---NA_1 asabove, one has

P(E) = P(E*)

Proof Given
E=AN---NA1 4)

let us choose, for each of the three types of events (3), an event A of this form in
the sequence (Ag,Ay,...,Ac_1), if the type occurs. Let

A={Di>a}, A={Dj<-a), A={DW<a (5
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be the chosen events which, for some E’s, may be less than three (for instance if
E={D1>a}N{D2>a}N---N{Dk_1 > a}). Since each of the Ay,...,Ax_1is
of one of the types (3), the following computation indicates what to do for each
E.

One has

P(E)=P(---n{Di>a}n---n{Dj < —a}n---N|{bn| <a}n...)=
P(---N{Xit1 =X >a}n---N{Xjr1—Xj < —a}n---N{|Xnr1—Xn| < ajn...)
(6)

For computing P(E) we first integrate on a domain which is in normal form w.r.t.
the variable x;.

+o0 400 Xj—a Xp+a
PE)= [ dx-- dml---/ dx,-+1---/ X (X0, .., %)
—00 Xj+a —00 Xh—a
(7)
Making the change of variables § = xx.1-1, | =1,...,k in the integral (7) and

using time reversibility, we get

+o 00 Ek—jr1—a &k—ht1+a
P(E) = olzk---/E dak_i---/ dzk_,----/ A& n- F(E1,...,E)

—00

k—ir1ta —o &k-hy1—a

Note that
1. &> & ir1+aisequivalentto & i1 < & i —a&;
2. & j < &_jr1—aisequivalentto & j 11 > & | +a;

3. &k-hr1—a<&-h < &k-hr1taisequivalentto &k p—a<&k-hi1 <&k-h+
a,

hence, by writing the domain of integration in normal form w.r.t. the variable &1,
integral (8) can be written as

+oo &k—i—a +00
P(E) = dzl---/ dEki+1"'/E A8 1a- -

— k—j+a

Xk—hta
/ d€k—hy1--- F(&€1,...,&k) =
&k—h—a

P(---N{Dx_i < —a}N---N{Dx_j >a}N---N{|Dx_n| <a}N...) = P(E")
©)

O

(8)



3 Testingtimereversibility

Let X3,..., X, be astationary time seriesand let Sy, . . ., S,_1 be the symbolic series
defined in (1). We consider the pair of events

k—1 k-1
W =({bi>a}; W_,=(){Di<-a}.
i=1 i=1

Note that these events are conjugate, i.e.
(Wktl)* =W1-

The consideration of these events has already revealed fruitful in the analysis of
heartbeat series, allowing for example to discriminate between groups of age [11].
Our test is based on the fact that if the vector X4, ..., X is time reversible then

P(Wktl) = P<Wk_—1)' (10)

Unbiased estimators of the above probabilities are given by the frequency of oc-
currence of the corresponding words in the symbolic series. At this aim we define

n—k+1 N n—ki1
N, = i; X{S=S11=-=Sik =1} N¢ = i; X{S=S 1==S.k_p=1} (11)

where X denotes the characteristic function of the event in its argument. In other
words we count the strings such that all the differences in them are greater than
the threshold a. The estimators of the probabilities are

1 - 1
= N/
P n—k+1 X

K :n—k-l—lN"_; (12)

P
In the hypothesis of reversibility the two probabilities are equal and so our test
is based on the following: the hypothesis is rejected if the estimated f)kﬂ P, are
significantly different.

4 Dataanalysis

In this section we apply the above results to test time reversibility of heartbeat
series.

We consider the RR time series extracted from the 24 hours Holter recording of
a group of 19 healthy subjects. The software (ELA Medical) provided a classifi-
cation of the beats in several categories: normal, artifact and so on. We select the
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p < 0.001 | 0.001 < p <0.05 | p>0.05
16 2 1

Table 1: In the first row the significance intervals for the p-values for the sign test.
In the second row the number of cases in each interval out of 19.

normal words which are formed only by normal beats. In our data analysis we
have chosen a = 10 ms as the value for the threshold and k = 3 for the length of
words. The number of normal words range from 80 % to 99% of the total, which
is of the order of 10° for each subject.

It is well known that the RR series is non stationary on the scale of the 24 hours:
this is evident for example in the first panel of Figure 1 where the night segment is
markedly shifted up-words. Hence we divide the series into m adjacent segments
of length n = 1000. This value has been chosen for two reasons. First one can
assume that the RR series, and a fortiori the symbolic series, is stationary over this
time scale. Second, a segment of length 1000 contains a number of normal words
which is sufficiently large for providing an accurate estimate of the probability of
each word; of course this is possible since we have chosen to perform a short scale
analysis.

We denote N."(i)and N (i), i=1,...,mthe values of N,” and N,  computed
on the i—th segment. This defines two paired sequences

NS (i), i=1,....m; Ng(i) i=1,....m

that were computed for the RR time series of each subject in our 19 cases database
for k = 3. We performed a sign test for the differences

As(i) = N3 (i) — N (i)

assuming that As(i), i =1,...,m are independent and equally distributed. The

results are summarized in Table 1.

This test clearly suggests that normal RR time series are generally time irre-

versible.

In order to investigate further the features of this irreversibility we say that Nlj

(resp. N, ) dominates N, (resp. Nk+ ) if the median of Nk+ (resp. N, ) is greater

than the median of N, (resp. Nk+) and the sign test is significant. In our data
analysis we have fixed a significance level of 0.05 and we have found that in 15
cases out of 19 Ny~ dominates N5 and in 3 cases out of 19 Ny~ dominates N5

A typical case of the first group is shown in Figure 1. The two main qualitative
features are shown in the second panel. First the two profiles Nj” and N3 are not

stationary on a scale larger than 1000 beats and this reflects the non-stationarity
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Figure 1: In the first panel the 24 hours RR sequence of a normal subject. In the
second panel: the values of N3 (i) are in solid lines and the values of N3 (i) are
in dashed lines, both referring to segments of 1000 beats. In the third panel the
sequence of delta indexes.



of the RR sequence itself. Second the relationship of domination between N3~ and
N5~ comes from highly correlated profiles.
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