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Comparing Spectra of a Series of Point Events Particularly for Heart Rate Variability Data ROEL W. DeBOER, JOHN M. KAREMAKER, AND JAN STRACKEE



--L--m~~~~~~~~~~F-e! b 1/li



Abstract-Different methods for spectral analysis of the heart rate signal-considered as series of point events-are used in studies on heart rate variability. This paper compares these methods, focusing on the two principal ones: the interval spectrum, i.e., the spectrum of the interval series, and the spectrum of counts, which is related to the representation of the event series as a series of spikes (delta functions). Both autospectra are estimated for experimental heart rate data and are shown to produce similar results. This similarity is proven analytically, and it is shown that for small variations in interval length, the ratio of these spectra is PI()/PC(f) = [sin(irfI)/(7rfI)] 2, with PI and PC the interval spectrum and the spectrum of counts, respectively, f the frequency, and I the mean interval length. It is concluded that both autospectra are equivalent for the considered heart rate data, but that, when relating the heart rate signal to other signals (e.g., respiration, blood pressure) by means of cross spectra, the technique to be used depends on the characteristics of the second signal.



I. INTRODUCTION In the study of beat-to-beat fluctuations in heart rate, several authors have used spectral analysis methods [1], [4], [11][14], [ 16]-[ 18], [ 201 . For data from man [ 17], as well as from dog [ 1] and cat [4], three peaks in the spectrum are usually distinguished. One peak is due to respiration-for man, around 0.3 Hz. Often a peak at approximately 0.1 Hz is found, which seems related to the 10 s waves as seen in the blood pressure (Mayer waves [19]). A peak at still lower frequencies is attributed t-o properties of the thermoregulatory system. The technique for spectral analysis of heart rate data is not straightforward, however, the successive heartbeats must be considered as a series of events, and different methods can be used for the estimation of spectra from such signals. In this paper, we present a survey and a comparison of the different spectra that can be defined. The emphasis is on data from heart rate variability studies. Characteristics of these data are: 1) the variation of interval lengths is much smaller than the mean length, and 2) the variation of lengths is more or less regular (e.g., due to respiratory influences). In Section II, we discuss the three types of spectra that are used in heart rate variability studies. In Section III, we compare the interval spectrum and the spectrum of counts [6], which seem to us the most interesting ones. In Section III-A, both spectra are estimated and compared for the same sets of heart rate data, and in Section III-B, we prove analytically the similarity of the two kinds of spectra for this type of data. In the Conclusion, we discuss under what conditions each of the two spectra is most useful. Manuscript received June 20, 1983; revised November 8,1983. This work was supported by a Grant from the Netherlands Organization for the Advancement of Pure Research (ZWO). R. W. DeBoer and J. M. Karemaker are with the Department of Physiology, University of Amsterdam, P.O. Box 60 000, 1005 GA Amsterdam, The Netherlands. J. Strackee is with the Laboratory of Medical Physics, University of Amsterdam, Amsterdam, The Netherlands.
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Fig. 1. (a) Event series representing R-waves of the ECG. (b) Heart rate signal derived from the event series in Fig. 1(a). (c) Interval series derived from Fig. 1 (a). The discrete Fourier transform of this signal leads to an estimator for the interval spectrum. (d) In this figure, the events of Fig. 1 (a) have been replaced by spikes (delta functions); the spectrum of this signal gives the spectrum of counts.



II. THE POWER SPECTRUM OF A SERIES OF



POINT EVENTS Standard Fourier analysis, i.e., the decomposition of a signal in sinusoids, is not possible for a series of point events. Hence, a power spectrum for such a series must be defined in a different way. In heart rate variability studies, the following three approaches are used to arrive at a useful concept for a spectrum of a point process. 1) A signal that is defined at all times is derived from the point event series [Fig. 1(a)]. Several possibilities exist [71, e.g., the transformation of the event series into a heart rate signal, Fig. 1(b). The spectrum of the signal is estimated by equidistant sampling followed by a discrete Fourier transform. A number of authors have used this approach [ 121, [ 131, [20] . A disadvantage of this method is that the signals deduced from the point event series are often not differentiable and sometimes not even continuous [ cf. Fig. 1 (b)]. This causes spurious contributions in the spectrum, in particular, in the higher frequencies. It is also a moot point that different procedures are used to derive a signal from the series without a clear preference. This calls for a more canonical definition of a spectrum. In the literature on stochastic point processes, two different spectra are defined: the interval spectrum and the spectrum of counts [6], [9] . Both spectra are used in heart rate variability studies and will be discussed in the following. 2) The interval spectrum is the spectrum of the series of intervals spaced equidistantly [Fig. 1(c)]. Standard procedures for spectral estimation (e.g., computation of the periodogram) can be used. Several authors presented heart rate variability spectra in this way [ 1], [4], [14], [ 17], [ 18] . As the interval series is a function of interval number and not of time, the spectrum cannot be directly interpreted in terms of frequency. The relationship of this spectrum with frequency is taken up in Section III-B. Note that the interval spectrum of a fully regular process (all intervals equal) consists solely of a dc component. 3) The spectrum of counts is also used in the statistical analysis of series of events. This spectrum can be estimated by a straightforward calculation of the spectrum of the signal in Fig.
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1(d) where the events [Fig. 1(a)] have been replaced by delta functions [ 6 1. Thus, the signal is described as s(t) = Z6(t - tk) where tk is the time of the kth occurrence of an event. For equal intervals I = tk - tk - 1, the spectrum of counts consists of an infinite series of delta functions, spaced at distance 1/I along the frequency axis. Usually, one is only interested in frequencies much lower than the mean repetition frequency of the events, so only the low-frequency part of the spectrum needs to be considered. Two different approaches for the estimation of this part of the spectrum have been proposed. * The signal is passed through an ideal low-pass filter with cutoff frequency fmax, this is equivalent to convolution of the signal s(t) with the function sin(2rTfmaxt)/(7Tt) and amounts to replacing each delta function at time tk by the function sin (27Tfmax (t - tk))I(7T(t - tk)). The result is a continuous signal which was' named the low-pass filtered event series (LPFES [ 11]). This signal is sampled, and the spectrum is calculated by a digital Fourier transform. An efficient algorithm was published by French and Holden [ 10 1; see also [ 1 5 ]. Coenen et al. [5 ] described a hardware device to perform the convolution. * The interesting (i.e.,-low-frequency) part of the spectrum Pc(f) of the signal s(t) can also be computed directly, using the estimator C
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with N the number of intervals in the period of observation and I the mean interval length [ 16 1. As the spectrum of counts and the interval spectrum are the most common spectra in the study of point event series, we concentrate on these spectra in the following.



(b) Spectrum of Counts Data from ECG (resting)



III. COMPARISON OF THE INTERVAL SPECTRUM AND THE SPECTRUM OF COUNTS OF A POINT PROCESS



A. Experimental Comparison of the Spectra For Fig. 2, we used 940 successive heart intervals, derived from the R-waves in the electrocardiogram of a healthy young person, breathing freely. The first 400 intervals are shown in Fig.' 2(a). The mean interval length was 0.93 s. Similar data, when breathing at a fixed rate of 0.16 Hz, are shown in Fig. 3(a) (340 intervals with a mean of 0.94 s). From these data, we -frequency (Hz) calculated the interval spectra [Figs. 2(b), 3(b)] and the spec-, (c) tra of counts [Figs. 2(c), 3(c), 3(d)] in the following way. Fig. 2. (a) 400 heart intervals from a healthy young person, breathing * The interval spectrum P1(f) was estimated by the periodofreely. (b) Interval spectrum calculated from 940 intervals (Fig. 2(a) gram using a fast Fourier transform. The intervals Ik were first showing the first 400). The spectral values are smoothed (see text). All spectra presented are amplitude spectra, i.e., the square root of normalized as I' = Ik - I)/I, I being the mean interval length. the power spectra. (e) Spectrum of counts in the range 0-0.5 Hz. We added zeros to achieve 1024 data points (zero padding) and divided the spectral values by 0.875 to compensate for the 10 percent cosinus taper that was used [3]. The frequency axis In Figs. 2(c) and 3(c), [PC(f)] 1/2 is presented up to 0.5 Hz was scaled by considering the intervals to be spaced at distances for frequencies at a distance 0.001 Hz apart. In Fig. 2(c), a 27equal to the mean interval length I [ 17 ]. So frequency values point rectangular window was used to, smooth the spectrum. in hertz were obtained and, as the effective sampling frequency The width of this window is thus equal to the one used in Fig. is 1/I, the maximum frequency in the spectrum is 1/2I (0.54 2(b). Whereas the interval spectrum-being a 'digital Fourier and 0.53 Hz for Figs. 2(b) and 3(b), respectively). This proce- transform-is periodical and limited in frequency range, the dure will be justified in Section III-B.spectrum of counts is not. This is shown in Fig. 3(d) where No frequency smoothing was performed in Fig. 3(b), while a the spectrum of counts up to 2.5 Hz is presented at distances 27-point rectangular window was used in Fig. 2(b) (equivalent 0.005 Hz (no smoothing). The mean repetition frequency of to a 25-point window for the unpadded data). P1(f) is the the heart rate signal is apparent from the large contributions to power spectrum; in all figures, we show the'amplitude spectrum the spectrum around 1.06 and 2.13 Hz (the mean interval length [P(f)] 12 to stress the higher harmonics. being 0.94 s). * The spectrum of counts Pc(f) was calculated using (1) It is striking that Fig. 2(b) and (c) are rather similar (cf. [14, which was modified to subtract the large dc component as well Fig. 4] ). In both cases, the spectrum consists of a low-frequency as the sidelobes, caused by the limited data length. In addition, component, a peak around 0.1 Hz, and a peak in the region of we gave each spike an impulse content equal to I, so the signal the mean breathing frequency (0.25 Hz). For frequencies above to be transformed becomes dimensionless: s'(t) = II -6 (t - 0.2 Hz, the spectrum of counts is somewhat larger than the other tk) - N. one. The spectra in Fig. 3(b) and (c) contain only contributions -,
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at multiples of the fixed respiratory frequency (0.16 Hz). The



higher harmonics are more pronounced in Fig. 3(c) than in Fig. 3(b). The peaks in the interval spectrum appear to be slightly wider than the ones in the spectrum of counts. In the next section, we explain why the spectra are so similar for these data.
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We compare, in the following, the raw estimators for the interval spectrum and the spectrum of counts. All summations aretobetakenfromk=tok=N- 1. The interval spectrum-or rather the spectrum of normalized intervals Ik/I-is estimated by the periodogramPI(f') = (2/NI)' * with C1(f') = C1(f ) 97(f') exp (-2rrif k) for f =0, 1/2. We put f=f'/I (f=O, l/NI,= * , 1/21), so 1/N,* CI(f) = z Ik exp (-27rifkl). The spectrum of counts is estimated as Pc(f)= (2/NI) * Cc(f) * Cc(f) with Cc(f) = exp (-27riftk). From these expressions, the similarity of the spectra is not evident at first sight. The next analysis shows under which conditions the spectra are alike. We put tk.= k I + 6k, so 6k is the deviation from a regular train and Ik = tk - tk - 1 = F + 6k - b- 1-We assume that the deviations 6k are sinusoidally modulated: 6k = 6 sin (27TkfmI + 0), with fm the modulation frequency (fm < 1/21). This implies a sinusoidal modulation of the intervals as well: Ik = I + 26 sin (rrfmJ)' cos (21ir (k - 1/2)fmi + 4). Using the complex representation for 6k, we find for the interval spectrum -
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C1(f) = , I * exp (- 27rifkI) + 6 * exp (iO).
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The first part of this expression (dc component) has amplitude N for f= n/I(n0=, 1, 2, )andisoforderoneforallother frequencies. Its contribution will be neglected in the following, as it can easily be removed by subtracting the mean from the interval values. So CI(f) = N* 6 exp (io) [ 1 - exp (-2rrifmI)I at f =fm, while for f fm and N c°, CI(f) remains of order one. Thus, the spectrum contains a spike at frequency fm as is to be expected. Let us now make the additional assumption that 6 k 
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