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Abatract

Periodicities in the hea " rate hava been known for some time. We discuss these period-
icities in normal and transplanted hearts. Wae then consider the possibility of dimensional
ana'ysis of these periodicities in transplanted hearts and problems associated with the
record.
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1. Introduction to Heart Rate Periodicities.

The spontaneous beat-to-beat variability of the heart record has been known for some
time to have approximate periodicities. Researchers have identified three bands of spectral
activity in adults: low frequency (approximately 0.05 Hz) related to thermoregulation; a
slightly higher frequency (approximately 0.1 Hz) associated with baroreceptor feed-back
control; and a region between 0.12 — 0.5 H:z corresponding to the respiratory frequency
[1,2] (Fig. 1). These periodicities are not constant, and often fluctuate, disappear, and
may be entrained to each other as may be the case with the respiratory periodicity us it
approaches the baroreceptor frequency(3]. Research has shown that all of these periodicities
are modulated to various degrees by the autonomic nervous system and humoral agents
such as renin-angiotensin[4].

The beat-to-beat interval is typically derived from the depolarization voltage of the
ventricles identified on the normal electiocardiogram as the QRS complex. Although
technically the originatioa of the heart beat occurs at the sinus node with the beginning of
the P wave, the QRS complex with its R wave potential is greater, and typically the signal-
to-noise ratio is considerably better. Using the R wave with a suitable level detector car
allow for timing accuracy in the range of 0.1 msec. It is necessary, however, to remember
that by using the R wave to estimate intervals, bias and variance do exist(5]. The bias
is due to intermediary conduction times between the sinus node and His bundle which is
approximately 60 msec, and may fluctuate up to 10 msec on a beat-to-beat basis. This is
usually of no problem unless specific physiologic prozesses are being correlated. Variance
can be a problem with decreasing interval fluctuations.

2. Interval Variability and the Transplanted Heart.

The usual method of heart transplantation results in extrinsic denervation(6]. Although
the old sinus node remains in the atrial remnant of the recipient, to date there has been
no evidence tha, the signal of the old sinus node crosses the suture line to the ne's heart.
Insteac, the beat-to-heat depolarization of the transplanted heart is governed by the new
heurt's sinus node(7]. Thus, the usual neural feedback mechanisms responsible for gover-
nance of the heart rate are no longer present, except perhaps for some afferent receptors in
the atrial remnant(8]. Instead, intracardiac and humoral mecha;:ismas modulate heart rate
variability. As a consequence, the resting heart rate is higher (e.g. 90-100 beats/min.).
Regulation of heart-beat in response to physical demanda such as exercise is still present,
although at a slower response time through circulating agents such as adrenaline(9]. Heart
rate periodicities are also present in the denervated heart, but of a greatly attenuated
amplitude(10].

A constant concern regarding the transplanted heart is that of tissue rejection, which
is monitored periodically by intra- cardiac biopsy. Inspection of the power spectrum of the
intervals has revealed a statistically significant decrease in the peak spectral peak of the
respiratory band, approaching broad band noise[11](Figs. 2-8).



3. Rational for Dimensional Analysis of Heart Beat Intervals in

Transplanted Hearts

The termm dimension has been used tc refer to the number of independent vectors
necessary to specify the state of a dynamical system. Dimensional aualysis of the heart
beat intervals, therefore, suggests an analysis of the variables regulating its beating.

Previously, simple phase plane analyses of intervals produced by Soviet researchers
were noted to be striking in that orbits were severely compressed or expanded in subjects
during various phases of sleep, and with cardiac pathology[12]. However, it has also been
noted that physiologic parameters may be difficult to analyze dimensionally due to lack of
stationarity of the system(13]. As a result, transplanted hearts were selected for analysis
with the hypothesis that denervation would reduce the number of dimensions necessary to
model them.

A major problem with interval analysis is the acquisition of sufficient data points
while maintaining relative stationarity. For example to obtain 1000 data points from an
individual whoee heart is beating 100 beats/min requires a subject to remain relatively
stimulus free for 10 minutes. And although environmental stimuli can be controlled,
psychological processes cannot, and may affect the heart rate. As a result, we proceded
with relatively short data sets as an initial exploration. Scme support for such an approsch
has been produced, but needs to be further substantiated[14]. We plan to improve the
statistical accuracy of the results by implementing a reconstruction method which uses
non-contiguous data-segments (see e.g. [22,24)).

4, Dimensional Analysis of Heart Transplant Intervals.

We chose several subjects with a view toward sampling in the immediate post-transpla.nt
period, during normal functioning, and during periods of rejection.

To calculate the "diinension” of intsrvals, it is necessary first to reconstruct the attrac-
tor from the time-series [24]. This is done by creating vectors Z,, in an n-dimensional state-
space by taking beat-delayed samples (with a delay k determined from the first minimum
of the mutual information content [16,23)) of the interval data z,. This is to say that phase
portraits of dimension n are constructed such that: Fm = (Zm,Zm-k) Tm=3k1: -y Tm=(n=1)k)
where m runs from 1 to the number ngy,, of data points[15,16).

Phase portraits (n = 2) reveal chaoctic orbits in both rejecting and non-rejecting hearts.
There seem to be two regions of heart rates present which could be interpreted as two
different attractors and the patient undergoes a transition from to the other. In Figs.
6-9 we have the tirueseries of heart rates as well as their phase portraita for two different
delays.

We have implemented several different and largely independent algorithms for the
dimension calculation. The Grassberger and Procaccia method of dimensior calulation
(17,18] yields a very coarse averaged quantity with a very large and difficult to estimate
error(18).

In standard use currently, the method determines the correlation integral C(r), which
is obtained by averaging over the number Ng_(r) of data vectors #; contained in a neigh-
borhood of size r of a reference vector Z,:
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where © is the Heavyside function. The averaging is done over a characteristic set of
n,,s reference points Z,, i.e.
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In a log-log-representation this function typically exhibits a scaling region

over which a slope can be defined which ic then interpreted as the Grassberger Pro-
caccia dimension of the system (see e.g. [17,18,22,23]).The errors of this method represent
the statistical spread of Ny_(r) which depends to a large extent ca the degree of non-
uniformity of the dynamics producing the time series. In table 1 we therefore only give
our estimates of the Grassberger Procaccia dimension without errors. In the estimate we
uscd a delay of 4 beats and fitted over a range log,(s::) =~ 0.8

Because of this very unsatisfactory effect we modified our approach in a way that
we compute for the "gauge-function® Ny_(r) the pointwise dimension d,_ at each of the
reference points separately (with the same delay and fit range) and then average over the
obtained n,,; dimension values (for more details see [23]).

In this way we are able to take better care of the variation of the local properties of
the attractor. In order to demonstrate this method we have chosen one case (1611) as an
example for the different ways we have to analyze the datafile: In Fig. 10 we have for a
given reference point Z, and embedding dimensions n = 1, ...,20 the local gauge function
Ni..(r). For a comparison wa have applied a method recently introduced by Broomhead
and King [26], which is based on singular value decomposition. Here the datavectors Z,
are transformed into a basis in which the representation appears to be mcre uniform and
therefore the results look more stable (there are several caveats In place for the application
of this method which will be discussed elsewhere [29)).

In hoth methode we rande sure that the reconstructed vectors covered approximately,
the same number of beats (l.e. with maximal embedding dimension 20 and delay k = 4
we cover 80 beats In the case of the Crassberger-Procaccia case and in the case of singular
value decomposition we have chosen s window of 100 beats). In Fig. 11 we have the same
local gauge function as in Fig. 10 but after the transformnation into the new basis. In Fig.
12 wn have the computed pointwise dimension as a function of the number of the reference
poins. The points without arrorbers indicate a goodness of fit (GF) which is better than
0.2. In Fig. 13 we see the effact of the singular value decomposition (SV), now all reference
points have a GF < 0.2. Ir Fig. 14 we plot a histogram of pointwise dimension values
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without (solid line) and with (broken line) SV for an embedding dimension of n = 20. In
Fig. 15 we see how the estimated dimension value depends on the embedding dimension
both for the case of SV (broken line) and without (solid line). Note the fast saturation
for SV which is due to the fact that only a few singular values are significantly different
from zero. In Fig. 16 we plot the fraction of the number of reference points which reach a
certain GF as a function of GF and the embedding dimension. We sce that only at about
GF = 0.4 all of the reference points allow the estimation of a pointwise dimension with
the above criteria. This changes radically with the SV where already for a goodness of
fit of GF = 0.1 basically all the reference points are accepted. In Fig. 17 we see the
dependence of the estimated dimension (D4 p.) on the GF and the embedding dimension
and in Fig. 18 we have the same plot for Dgsy. In Figs. 19-20 we show the corresponding
standard deviations, and again it is clear that the results appear much more noisefree after
SV. In Fig. 21 we show how the histogram of D 4 p. (see Fig. 14) depends on the embedding
dimension and in Fig. 22 we have the same plot for Dsy,. Note how in Fig. 21 a double
peuked distribution evolves. It appears that this double peak distributicn of D4 p, is most
evident for small values of GF (Fig. 23).

5. Summary of Calculations for the Heart Beat Intervals. }

Table 1 summarizes the Grassberger-Procaccia dimensions and the averaged pointwise
dimension with and without singular value decomposition for the heart rate data. It will
be noted that there is relatively poor fit for the untransformed data without singular value
decomposition (SV). This suggests poor resolution in scaling regions and may be possibly
a result of two related mechanisms: 1) the decreased amplitude of periodicities in the
denen ated heart; and 2) the use of the R wave instead of the P wave to detect the beat in
such diminished fluctuations. Nonetheless, comparing these two data sets insofar as they
are similar in data points and fits, it would appear that rejection (1611) is heralded by a
decrease in dimensionality (except for Dg.p) (Figs. 15, 24-26). In the two hearts without
rejection the dimensionality seems to be increased with the exception of Dg v, of case 1726.
In view of the small differences and the large error bars for only very few cases it is clear
that much more work needs to be done before statistically significant statements can be
made.

It is tempting to conjecture that the hypoth:sis put forth by Goldberger et al.; namely,
that disease states are characterized by paradoxic order, is operative here in terms of
reduction of dimensions{20]. Indeed the suggestion of J. Doyne Farmer that death may
be the uitimate fixed point may have profound implications for the study of physiologic
processes(21].

Certainly, a greater number of data points, or more data with multiple subjects could
help clarify the situation. For example, if the true dim-nsionaiity of a non-rejecting heart
is approximately 5, then at least 10° data points would be required(22]. This would entail
perhaps 24 hrs of stationary recording. The implication here, is that subjects and condi-
tions must be carefully chosen, since it appears that Lhe heart beat interval may not easily
described by a low dimensional attractor.



Table 1:

TYPE OF HEART Da_p_ DA.P. Ds_v_

2 WEEKS POST

TRANSPLANT (1271) 5.3 59+ 1.8 32+ 14
REJECTING (1611) 7.3 3.1+19 29+£09
NON-REJECTING(8212) 6.1 5.9 £ 2.7 36+18
NON-REJECTING(1726) 6.5 35+ 1.6 26+1.0

6. Conclusions.

1. The beat-to-beat intervals of transplant recipients appeer to be modeled by high di-
mensionality, and are relatively non-stationary. This occurs despite well-controlled physical
circumstances. Psychological processes may be responsible.

2. There appears to be a re uction of dimensionality with rejection, suggesting a
possible iaability to react to multiple feed-back control systems. This may be a part of a
larger process characteristic of pathology whereby dimensionality decreases as a result of
transitions away from deterministic chaos, or collapse upon a lower dimensional orbit.

3. Confirmation of the above requires longer data sets with possibly better resolution
of intervals derived from P wave detection.

4. Until such confirmation is obtained, it is probably better to speak of apparent
dimension or dimensionality, instead of dimension in the strict sense.
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Figure Captions

Fig. 1: Log power spectrum of normal adult heart beat intervals. Three regions of activity
are seen: 1) rear 0.05; 2) near 0.1; and 3) near 0.3. (For this and subsequent plots, the
Welch methr.d of spectral analysis, incorporating a Hanning window, was used for a data
set of 1024 intervals and averaged over segments of 256 to reduce variance. Frequencies
are in Hertz equivalents; spectral units are logl0/msec?®/cycle/beat.)

Fig. 2: Log power spectrum of a denervaled heart 2 weeks post- transplant, and subject
to Cheyne-Stokes respirations (1271).

Fig. C: Log power spectrum of a heart experiencing rejeccion (1611).

Fig. 4: Log power spectrum of a non-rejecting heart (8212).

Fig. 5: Log power spectrum of a non-rejecting heart from a different subject (1726).

Fig. 6: Timeseries of heart rates of denervated heart (1271) and phase portrait for delays
7T = land7 = 4.

Fig. 7: Same as Fig. 6 for rejecting heart (1611).

Fig. 8: Same as Fig. 6 for non-rejecting heart (8212).

Fig. 9: Same as Fig. 6 for non-rejecting heart (1726).

Fig. 10: Local gauge function for embedding dimensions n = 1, ..., 20 for rejecting heart
(1611). The solid lines indicate fits with a goodness of fit (GF) of 0.2. The broken lines
indicate a fit for which GF > 0.2. The size of the errorbar is a measure for GF relative to
GF =0.2.

Fig. 11: Same as in Fig. 10 after singular value decomposition (SV).

Fig. 12: Pointwise dimension as a function of the number cf the reference point for case
1611. Points without errorbars indicate GF < 0.2 (case 1611).

Fig. 13: Same as in Fig. 12 after singular value decomposition.

Fig. 14: Histogram of pointwise dimension values without (D4 p) (solid linc; and with
(broken line) SV (Dyy.) for an embedding dimension of n = 20 (case 1611).

Fig. 15: Estimated dimension without SV (D4 p.) (solid errorbars) and with SV (Dgv)
(broken errorbars) as a function of the embedding dimension n. The errorbars correspond
to the standard deviation taken over all reference points (case 1611).

Fig. 16: Fraction of the number of reference points which reach a certain GF as a function
of GF and the embedding dimension (case 1611). '
Fig. 17: Dependence of the estimated dimension (D, p) on the GF and the embedding
dimension (case 1611).

Fig. 18: Same as in Fig. 17 for Dy v.

Fig. 19: 3tandard deviation of the dimension values of Fig. 17

Fig. 20: Stardard deviation of the dimension values of Fig. 18



Fig. 21: Histogram of pointwise dimension values D4 p as a function of the embedding
dimension (GF = 0.2). The dotted line at P = 0 Jenotes the average of the distribution.
Fig. 22: Same as in Fig. 21 for Dgv.

Fig. 23: Histogram of pointwise dii:ension values D, p as a function of the goodness of
fit (GF).

Fig. 24: Same as Fig. 15 for case 1271

Fig. 25: Same aa Fig. 15 for case 8212

Fig. 26: Same as Fig. 15 for case 1726
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)

NDAT : 916

FITGUE: 05800.2
NWIND : 4




N T

b

TFILE: SPTeTIO NOIM:20
NSEG :1 NDTOT : 1024 NDAT : 939
NREF : 200 KREF :100 FITGUE: 0.20
IRNU1 : 4 NDELAY: 4 NWIND : 4

NO SING. VALUE DECOMPOSITION




Lo

2.FILE: SR 812710
NSEG : 1 NDTOT : 1024 NDAT : 939
NREF : 200 KREF :100 FITGUE: 0.20
IRNU1: 4 NDELAY: 4 NWIND : 4
NREFOK :172 DIM20: 5.87 STA20: 1.80
NO SING. VALUE DECOMPOSITION
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2.FILE: SME212B82120

NSEG :1 NDTOT : 1024 NDAT :939
NREF : 200 KREF :100 FTGUE: 0.2C
IRNU1 : 4 NDELAY: 4 NWIND : 4
NREFOK :168 DIM20: 5.86 STA20: 2.69
NO SING. VALUE DECOMPOSITION
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2 FILE: SRIZ26B17260

NSEG : 1 NDTOT : 1024 NDAT : 939
NREF : 200 KREF :100 FITGUE: 0.20
IRNU1: 4 NOELAY: 4 NWIND : 4
NREFOK :101 DIM20: 3.54 STA20: 163
NO SING. VALUE DECOMPOSITION
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