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Changes in the Hurst exponent of heartbeat intervals during physical activity
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The fractal scaling properties of the heartbeat time series are studied in different controlled ergometric
regimes using both the improved Hurst rescaled raiyeS) analysis and the detrended fluctuation analysis
(DFA). The long-time “memory effect” quantified by the value of the Hurst expom&nt0.5 is found to
increase during progressive physical activity in healthy subjects, in contrast to those having stable angina
pectoris, where it decreases. The results are also supported by the detrended fluctuation analysis. We argue that
this finding may be used as a useful new diagnostic parameter for short heartbeat time series.
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The normal human heart interbe@RR) intervall time  time duration of 3 min for each program. The pretrigger part
series, is extremely inhomogeneous and nonstationary. Has a variable duration and is limited for analysis to the first
fluctuates around the mean value in an irregular and comple30 sec in each measurement. The relaxation period is re-
manner, even under resting conditigii§. The presence of stricted to 6 min.
scaling properties suggests that fractal analysis may provide In the present paper only regimes P1 and P2 are analyzed.
a method to recognize diseased states of the heart by studigxcept in a few singular casé§ig. 1; bottom, our SAP
ing changes in the scaling properties. It has been observaguhtients were not able to complete regimes higher than P2,
that scaling is degraded in some diseased sfated. Also, and the measurements for them were stopped for medical
the significant scaling differences were found between resteasons.
and exercise for healthy individua]§]. The heart-rate vari- The ECG ergometric data were digitized at a sampling
ability (HRV) under controlled physical activity has been time of 1 ms by the WaveBook 51@otech. Cal. USA, and
partially studied in[6—8]. Some recent studies connectedtransferred to a computer for further analysis. All question-
with exercise[5,9] used only healthy subjects in their mea- able portions of RR intervals were excluded manually, and
surement, and under specific conditions. only segments with>90% sinus beats were included in the

In this paper we examine the scaling properties of thdinal analyses.
heartbeat time series in different controlled ergometric re- RR records with numerous E@nore than 11% of the
gimes, for healthy individuals as well as for those havingwhole beat numberwere totally excluded from consider-
stable angina pectori€SAP). We use ambulatory RR data ation. Some ES, if existing in regimes with longer duration
gathered from stress test, as a possibility to distinguisliexercise programs and relaxation peripdsere not ex-
healthy individuals from individuals with SAP10]. The cluded. However, in short-time rest-condition measurements
long-time Holter data, obtained while the subject is leading gPt period$, because of small beat number and their high
normal everyday life, are not suitable for our analysis sincgnfluence on the result, all ES were excluded. We believe that
the strength of the physical activity is unknown. The usualES should be kept, in general, during the analysis since they
diagnosis of SAP through stress tests is based on the shapkso contain information about the dynamical state of the
distortion of the ST wave. We believe that our approachheart[12].
could improve current methods of SAP diagnosis. In order to estimate the Hurst exponent in series of RR

Fluctuations in RR intervals during one of our ergometricintervals during controlled physical activity, we apply the
measurements are shown in Fig. 1. Both time series lookescaled rangéR/S) method[13,14. We are interested in
very similar and we cannot say which is from a healthy andhe capability of the R/S method to distinguish the patients
which is from a SAP individual. Spikes seen in the figure arewith SAP from the healthy subjects.
ectopic heartbeats @xtrasystolES). These spikes are not ~ The nonstationarity in the RR time series, caused by
a sign of SAP, for even a healthy subject can have numeroyshysical activity, is removed by a third-order polynomial re-
ES in their RR records. gression, separately for each regime of measurement. We

The time series of RR intervals in our controlled ergomet-have found that this simple polynomial regression succes-
ric measurement had a time duration of about 15 mirfully removes the influence of exercise on the RR data pro-
(=2000 beats This type of measurement is used as a roudile, and even removes some of the unusual drifts sometimes
tine in the everyday clinical diagnostic procedure becauséound in RR recording at rest. The improved R/S analysis is
some heart diseases, such as SAP, usually become transpidwen performed on the data representing deviations of RR
ent under physical activities. Each measurement is designddtervals from a trendlin¢Figs. 2b) and Zc)].
to consists of a resting periagbretrigger PY, a few stages Denoting by{u(n)} the deviation of RR data from the
(P1-P3 of running on an inclined belt, and a period of re- trendline, we calculate the running mearis) for a givenn
laxation (Re). Regimes of physical activity are defined ac- and the accumulated deviations from the meéh,n),I
cording to the standard Bruce protod¢al] (Table ), witha  =1,...n using
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FIG. 1. RR intervals of a healthgtop) and a SAP(bottom)
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[
X(1,n) = 2 [u(k) - u(m)].
k=1
The rangeR(n) is defined as a distance between the mini-
mum and the maximum value o
R(n) = maxX(l,n) — minX(l,n).

The rescaled rangdR/S) is obtained by dividingR(n) with
the standard deviatiof(n):

S = EKE [u(k) - T .
=1

R/S is expected to show a power-law dependence on the box
sizen:

R(n)/S(n) ~ n",

subject in one of our ergometric measurements. The global nonsta-

tionarity as result of physical activity is clearly seen. Pt corresponddvhereH is the Hurst exponent. The relationship between the
to the rest-condition measurement, P1-P4 to running stages onfgactal dimensiorD andH is [14]

belt with increasing intensity, and Re to a relaxation period after

stopping the moving belt.
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FIG. 2. An example of R/S analysi¢a) Typical shape of RR
interval sequencép) RR intervals in P1 with a third-order polyno-
mial regression trendline(c) deviations from the polynomial
trendline, andd) R/S analysis of data ifc) in comparison with the
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random datgH=0.5).

D=2-H.

The time series can be divided into three distinct catego-
ries: H<0.5, H=0.5, andH>0.5. The casédi=0.5 corre-
sponds to random or uncorrelated dataHIf>0.5, the data
are persistent and characterized by long-time correlations or
“memory” effects on all time scales. The strength of the per-
sistence increases asapproaches 1.0. The time series with
H<0.5 is antipersistent, which means that the time series
data are negatively correlated.

Our modification relative to the standard Hurst R/S
analysis[14,15 consists of using only one box whose width
increases fronrm=2 ton=N (the whole serigs so that in this
way the ordering in the initial series is preserved. In our
procedure the boxes of larger width become more relevant
for determining the Hurst exponent. The pronounce differ-
ences between healthy and SAP subjects are observed in this
case.

The R/S analysis was performed on four separate re-
gimes: resting Pt, running programs P1 and P2, and relax-
ation Re. However, the programs P1 and P2 are only relevant
for our analysis and results. The Pt period was too short

TABLE |. Defined regimes in ergometric measurement: Bruce
protocol[11].

Program Belt anglé°) Belt velocity (km/h)
P1 10 2.7
P2 12 4
P3 14 55
P4 16 6.9
P5 18 8
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FIG. 3. TheH from R/S analysis for each subject in the group  FIG. 4. Individual R/S points as a function of the box-sizim

(scatter ploy, in different regimes of ergometric measurement. Dotsp1 and P2 regimes. Points are connected for clarity by lines for
denotes healthy subjects and squares SAP subjects. each individual.

(30-50 heartbeatsand the Re period started when the mov-  For better understanding of our results, shown in Fig. 3,
ing belt was stopped, usually somewhere inside of the P3 dhe data points of lod@R/S) as a function of logn), for each
P4 programs, for medical reasons. subject are plotted in Fig. 4, for P1 and P2 regimes, respec-
Our patients were divided into two groups: the group withtively. A power law fit to the entire data, including the region
evidence of ishemic ST-segment depression of more thawhere one observes a saturation of R/S, is n&itgs. 3 and
1 mV (SAP subjectsand the control group of healthy sub- 4). Since there will be many points in that region, the fit is
jects. The selection of subjects was performed by a cardiologoing to be strongly constrained by that saturation regime,
gist according to the generally accepted medical knowledgdeading to an underestimation of the exponent. Apparently,
As pointed out earlier, our R/S calculation was based odinear trends observed in SAP patients tend to be globally
the deviation of the original RR intervals from the trendline. closer to random data behavi@i=0.5. We observed that
The main steps are shown in Fig. 2 for P1 regime. The proindividual R/S points for largen became more spread for
cedure adopted here is to calculate R/S for a bor efe-  SAP subjects, in comparison to healthy subjects. Also, the
ments, starting with the first two elements. In each next stejscillations around linear trendlines are larger for SAP pa-
one more element is added, and R/S is calculated for th#ents than for healthy subjects. In general, the slope of R/S
wider box. The process is continued until the box of lefgth analysis isn dependent and oscillates around the linear trend
(the whole data sgis reached. H is evaluated as a slope offor largen. Similar behavior has been observed in the R/S
the least-squares fit line in the IdRY S) versus logn) plot,  analysis of DNA sequencil6]. An oscillating behavior re-
using the whole span of the data. In this way, we preserve thtects local nonhomogenities, remaining drifts, and presence
ordering of RR intervals during the calculation. of ES in RR data, which were not canceled in our method of
Figure 3 shows the values of H from the R/S analysis forR/S calculation. Such oscillations arouit=0.5 are also
each individual during ergometric measurements. It involve®bserved when RR data points are randomly shuffled. There-
14 independent measurements on seven healthy plus sevie, a very good linearity in power law is generally not
SAP subjects. observed, and scaling exponéhf) represents the global be-
Depending on the regime typkl generally exceeds 0.5. havior of linear trends with oscillations around it included.
In the Pt regime, both healthy and SAP subjects hbeve This type of behavior suggests the presence of multiple time-
about 0.7 and we cannot distinguish these two groups. Thscale processes related to multifractality of the RR data un-
situation changes in regimes under physical activity. The difder study[3].
ference between healthy and SAP subjects is clearly seen in We have also compared our results to the usual method of
the P1 and P2 programs. Thiefor healthy subjects increases detrended fluctuation analygiBFA) [2,17]. Our results with
with increasing running intensity, whilel for SAP subjects the R/S method are supported by the DFA, which shows
decreases in the saniBl and P2regimes. Significance of similar behavior of distinguishing healthy from SAP subjects
the separation is estimated by the t-test. We find the valui the P2 regime. We have used the first-order DFA, on the
6.18 (4.65 for P1 (P2 regime, which corresponds to the data set with a third-order polynomial trend removed. For
confidence level R 0.001. consistency, in the detrending procedure we have included
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BT (P2 regime, which corresponds to the level of probability

i 0.01<P<0.02(P1) and P<0.001(P2. That is, separation

1.4 in P1 is less pronounced with the DFA method than it is in

[ comparison to the corresponding R/S result. In the P2 re-
i gime, the confidence level of DFA is the same as it was in the
R/S analysis.

Our results with the R/S analysis show a clear separation
between SAP and healthy subjects in the P2 regime of physi-
cal activity. Further studies in larger populations are needed
to confirm this result. If the observed trend would continue in
larger statistics, the R/S analysis could become a useful
method in separating SAP subjects from healthy ones, espe-
cially in borderline cases where a clinical diagnosis cannot
B be set from electrocardiogra@CG) measurements only.

In conclusion, we are reporting on an analysis of heart-
i rate data during exercise that appears to provide a window
02 | into the diagnosis of angina pectoris. We have shown that
i Bt P1 P2 Re fluctuations in heartbeat time series in controlled ergometric
[ regimes exhibit fractal properties when analyzed using the
0 1 2 3 4 L3 improved rescaled rangdR/S) method(Fig. 4), as well as

Regime when using the DFAFig. 5). The R/S analysis for ergomet-
ric measurements is described by the Hurst empirical law
R/S~n", for 2<n<400. Figure 2d) shows data for the
the maximal box sizes of width=N (whole data sgtand  range 3—-260 and, in this case, a good power-law behavior is
n=[N/2],[N/3]. These box sizes have also been included irobserved for only 3-20. Oscillatory behavior of the data
the R/S analysis, whera means that there are exactly points around the linear trendline is seen in each case, as is
points in each box. The importance of long boxes for theshown in Fig. 4. These oscillations arise from the multiscale
determination ofa is less than in the corresponding R/S nature of RR data that were not canceled out by our way of
method. We have found that the DFA is less efficient than thdr/S analysis. They are a signature of multifractality in RR
R/S method in separating healthy subjects from SAP padata. The Hurst exponeri during progressive physical ac-
tients in P1 and P2 prograniBig. 5). As estimated by-test, tivity is generallyH>0.5 and increases for healthy subjects,
the significance of the separation is 2.8867) for the P1  in contrast to SAP subjects where it is found to decrease.
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FIG. 5. The scatter plot of the DFA scaling exponeats
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