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that the circadian temperature rhythm persisted without
damping during the circabidian period.

Parts of the sleep-wake pattern observed in the present sub-
jects are regarded as the circabidian rhythm. In subject A, the
mean circabidian period of sleep-wake cycle was 48 h and
50 min from day 3 to day 8, and 49 h and 50 min from day
9 to day 11, while the body temperature thythm kept a circa-
dian period. In subject B, the circabidian rhythm persisted
for only one cycle with two long sleep episodes with a short
nap in between, and had a period of 49 h and 50 min. The
circabidian rhythm in subject A appeared spontaneously the
first time, and the second time on the day following the light
pulse. The first circabidian rhythm disappeared after the
light pulse, but the second one was replaced by the circadian
rhythm without any recognizable trigger. The circabidian
rhythm in subject B appeared on the day following the light
pulse and disappeared spontaneously.

It is not known whether or not there Is a causal relation
between bright light and the circabidian rhythm. The vicissi-
tude of the circabidian rhythm observed in association with
the light pulse might be an accidental coincidence. However,
it is possible to relate the appearance and disappearance of
the circabidian rhythm to the bright light pulse. The bright
light pulse phase-advanced the free-running human circadi-
an rhythms when it was applied early in the subjective day,
and slightly phase-delayed them when applied late in the
subjective day®. In addition to the phase shift, Czeisler st
al.1 reported that bright light changes the amplitude of the
circadian rhythm in rectal temperature. On the other hand,
Daan et al.'* predicted in their two-process model that the
change in the amplitude of the circadian oscillation (repre-
sented by the circadian temperature rhythm) will produce a
circabidian period in the sleep-wake cycle. Taking these to-
gether, it is tempting to speculate that the bright light pulse
changes the amplitude of the circabidian rhythm. Alterna-
tively, the bright light pulse may change the threshold for
sleep, which is also a possible cause of the circabidian rhythm
in the two-process model 1.

The circabidian rhythm in mood has been reported in psychi-
atric disorders, especially in manic-depressives*? ™14, Re-
cenily, bright light therapies have been introdnced in the
treatment of a certain type of depression °. The pathophys-
iology of why bright light is beneficial is a matter of debate,
but it seems to be generally accepted that an abrupt change
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in the circadian system is related to the improvement of the
illness 1. This is also suggestive of a causal relationship be-
tween the bright light pulse and the circabidian rhythm.
Of course, it is premature to draw any conclusion from the
present two cases on the causal relation between bright light
and the circabidian rhythm. However, the findings obtained
here may provide some insight into the mechanism of the
circabidian rhythm.
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Nonlinear dynamics in sudden cardiac death syndrome: Heartrate oscillations and bifurcations
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Summary. Patients at high risk of sudden cardiac death show evidence of nonlinear heartrate dynamics, including abrupt
spectral changes (bifurcations) and sustained low frequency (.01 .04 Hz) oscillations in heartrate.
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In the United States, sudden cardiac death is the leading
cause of death among men aged 20-60 years!. We pro-
posed?~? that nonlinear dynamics, a new branch of the basic

fractals; heart failure; nonlinear dynamics; ventricular fibril-

sciences devoted to the mathematical analysis of complex
Systems, could_ be used to interpret the fluctuations in
heartrate associated with the electrical instability exhibited
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Figure 1. Heartrate time series (top) and frequency spectrum (bottom
panel) are shown for two patients with severe congestive heart failure.
Example 4 shows prominent heartrate oscillations with a single sharp
spectral peak at 0.02 Hz. Example B shows an oscillatory pattern with a
sharp spectral peak at about 0.03 Hz and a higher harmonic at about

by patients at high risk of sudden death. This brief report
presents preliminary documentation of the types of nonlin-
ear heartrate dynamics seen in such patients *.
We retrospectively performed a time series and Fast Fourier
transform analysis of heartrate data from 16 patients in sinus
rhythm (age range: 3582 years) who had undergone Holter
(ambulatory) electrocardiographic monitoring and who ex-
perienced one or more sustained episodes of a ventricular
tachyarrhythmia during the recording. Each episode either
ended with cardiac arrest or lasted for more than 30 s, and it
consisted of either ventricular fibrillation or ventricular
tachycardia. For comparison, we performed the same type of
analysis on ambulatory ECG records of 14 patients (age
range: 40—73 years) in sinus rthythm with severe congestive
heart failure, a group that is known to be at high risk of
sudden death®. This latter group was undergoing conven-
~ tional medical therapy prior to receiving an investigational
cardiotonic drug®. It included five patients who survived
more than 2 years after the recording, five who died within
3 months due to progressive heart failure and four who died
suddenly (8 days, 36 days, 53 days, and 208 days) following
the recording (presumably from an arrhythmia).
The heartbeat time series and spectra from both groups were
remarkably similar and exhibited the following basic pat-
terns: 1) Low frequency sinus rhythm heartrate oscillations,
which started and stopped abruptly. The Fourier spectrum
of heartrate showed either a single frequency peak or a dom-
inant peak with one or more harmonics (figs 1-3). Further-
more, in one patient, an apparent subharmonic bifurcation
sequence was observed with an abrupt change from an oscil-
latory sinus rhythm pattern having a spectral peak at
0.04 Hz to one with a large peak at 0.02 Hz (fig. 2).
2) A flat spectral pattern (for frequencies up to about 0.1 Hz)
associated with a marked diminution in physiologic beat-to-
beat heartrate variability (fig. 4).
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0.06 Hz. Spectra for this and the following figures were obtained as
follows. The instantaneous heartrate was obtained by interpolating the
reciprocals of the nearest R ~R intervals. The heartrate so obtained was
sampled at 0.5-s-intervals and was then subjected to a Fast Fourier
Transform.
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Figure 2. Heartrate time series from one of the patients with severe heart
failure showed an abrupt spectral change associated with an increase in
heart rate (arrow). Frequency spectrum for the first part of the recording
(4) shows a dominant spectral peak at about 0.04 Hz. The frequency
spectrum for the second part (B) shows a dominant peak at 0.02 Hz. This
appears 1o be a subharmonic bifurcation (period-doubling) sequence,
which is exhibited by a variety of perturbed nonlinear systems®** =14,
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Figure 3. Heartrate time series and corresponding spectra for a patient
who had a cardiac arrest due to ventricular fibrillation (VF) during the
recording. Sections 4, B, and C all show low frequency oscillations at

The Holter records were scored in their entirety in 15-min
blocks by three independent observers, Tape segments were
classified as either oscillatory or flat only if there was agree-
ment among all three observers. One or both of these pat-
terns was noted in 14 of the 16 patients who actually experi-
enced a life-threatening tachyarrhythmia during the
recording and in all but one of the 14 patients with severe
congestive heart failure.

Oscillatory dynamics were noted in a total of 23 of the 30
patients. The oscillations were primarily in the frequency
band between 0.01 and 0.04 Hz, although lower and higher
frequency oscillations (0.005 to 0.06 Hz) were also noted. In
individual subjects, the frequency of the oscillations some-
times varied during the course of the recording. The oscilla-
tions lasted from minutes to hours. Among all the observed
episodes of oscillations, the mean duration (+SD) was
37.1 + 28.1 min, with a range of 6—225 min. Of these 23
patients, oscillations were present during 1-24% of the
recording in 14 subjects, during 25-49 % of the recording in
5 subjects, during S0—-74% of the recording in 4 subjects,
and during 75-100% of the recording in 0 subiects.

The flat spectral pattern was noted in a total of 21 of the 30
patients. Among all the observed episodes of a flat pattern,
the mean duration (£SD) was 81.9 4 114.2 min, with a
range of 15-645 min. Of these 21 patients, the flat pattern
was present during 1-24% of the recording in 9 subjects,
during 25-49% of the recording in 3 subjects, during 50—
74% of the recording in 5 subjects and during 75— 100 % of
the recording in 4 subjects.

These findings are noteworthy because the spectra noted
above are abnormal. Healthy subjects show considerable
beat-to-beat sinus rhythm fluctuations® 7. The frequency

about 0.02 Hz. Note the abrupt change in spectral amplitude during
section B, with bifurcations indicated by vertical arrows.
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Figure 4. The heartrate time series (upper panel) shown-in this patient,
who developed ventricular fibrillation 11 h later, is characterized by the
virtual absence of normal beat-to-beat heartrate variability. The spec-
trum (lower panel) is essentially flat, with a possible very low amplitude
peak at about 0.02 Hz.
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Figure 5. Healthy subjects show considerable beat-to-beat heartrate
variability (4), represented by a broadband frequency spectrum (B), with
a 1/f-like distribution (C). The graph in C was obtained by replotting the
data in B on double log axes on which an inverse power-law (1/f-like)
spectrum will appear as a straight line with negative slope. The slope
obtained by linear regression was —1.005 in this case. This kind of

spectrum of normal variations is broadband with a 1/f-like
(inverse power-law) distribution and with superimposed
peaks corresponding to physiologic oscillations that are due
to respiration, baroreceptor control, thermoregulation and
the renin-angiotensin system *7~*%. A representative exam-
ple is shown in figure 5.

The mechanisms underlying the physiologic 1/f-like pattern
and the periodic pathological patterns reported here are not
known. We have proposed that physiologic heartrate vari-
ability is the result of neuroautonomic feedback by a nonlin-
ear fractal system that gives rise to self-similar fluctuations
over multiple scales of time* > *°. The spectrum of such a
process will be broad with a 1/f-like distribution.

In addition to the 1/f-like nature of the normal spectrum,
two features in the abnormal heartrate data may be taken as
evidence that the underlying dynamics in diseases as well as
health are due to nonlinear mechanisms: 1) abrupt spectral
changes (bifurcations) and 2) sustained oscillations. A par-
ticular type of abrupt change noted in several apparently
unrelated nonlinear systems is illustrated in figure 2. In that
example the oscillatory frequency of the heartrate suddenly
halves, as some parameter of the system — in this case, appar-
ently mean heartrate — is varied over a critical range. This
subharmonic bifurcation phenomenon has been noted in a
number of other situations in which cardiovascular dynam-
ics are perturbed® '~ !4 The sustained (non-damped)
character of the oscillations is also important in identifying
the underlying dynamics as being nonlinear in character.
Low frequency (~.02Hz) heartrate oscillations such as
those reported here have been shown previously to correlate

FREQUENCY (Hz)

broadband spectrum may be the consequence of a fractal control mech-
anism > 4. The pathologic spectral patterns shown in figs 1-4 are qualita-
tively different from this normal pattern and cannot be fit well to a
1/f-like distribution. In other pathological cases, including some patients
with heart failure, the 1/f-like distribution may be preserved but with a
more negative slope than normal ® 23.

with oscillations in breathing amplitude (Cheyne-Stokes res-
piration) 2. Periodic breathing of this type is common in pa-
tients with heart failure and may be initiated by circulatory
delay 1516, However, it is not clear whether the heartrate
oscillations accompanying Cheyne-Stokes physiology are
due to entrainment of cardiac activity by respiration or to
entrainment of both respiratory and cardiac dynamics to
some central oscillatory mechanism 2.

- The present report of cardiac dynamics in adults at high risk

of sudden death complements previous reports that docu-
ment the loss of heartrate variability prior to cardiac arrest
during Holter monitoring?, as well as in high risk patients
following acute myocardial infarction'®. Loss of heartrate
variability and relatively low frequency heartrate oscillations
have also been described in the fetal distress syndrome '°. If
there is a common mechanism among these examples, it may
be a central or peripheral dysfunction of the autonomic ner-
vous system*. What is the relationship between this auto-
nomic dysfunction and sudden cardiac death due to ventric-
ular tachyarrhythmia? Several links may be hypothesized.
Low cardiac output states cause increases in sympathetic
tone and reduction in parasympathetic tone that could
simultaneously reduce heartrate variability and lower the
threshold for ventricular fibrillation *# 2°. Furthermore, 0s-
cillations in heartrate may be associated with oscillatory
fluctuations in metabolic or biochemical parameters (blood
gases, electrolytes, autonomic tone) that could also destabi-
lize His-Purkinje or myocardial cell membranes, predispos-
ing to sustained ventricular arrhythmias. Alternatively, these
heartrate dynamics may not be causally linked to risk of
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sudden death but may only be an indirect consequence of
other primary factors (low cardiac output, myocardial dam-
age) that lead to electrical instability.

It is also conceivable that the observed alterations in
heartrate variability are due to the fact that the subjects were
taking pharmacological agents that could modify heartrate
or autonomic regulation, independent of disease. We have no
way of testing this hypothesis since we do not have Holter
recordings of these patients prior to their treatment with
drugs. The effects of pharmacological agents on the
heartrate of patients at high risk for sudden death needs to
be characterized, but we do not think it is likely that the
drugs themselves are responsible for the observed heartrate
variability. This is because the subjects were taking a variety
of drugs (digitalis, diuretics, vasodilators, antiarrhythmic
drugs), and one would have to postulate that any of them
could produce the same type of heartrate patterns.

The observation of bifurcation behavior and sustained peri-
odic heartrate dynamics has potential diagnostic and prog-
nostic importance. Conventional diagnostic analysis of am-
bulatory heartrate data is usually limited to description of
the mean heartrate and range, and to counts of the number
of and morphology of abniormal (ectopic) beats. Time series
and spectral analysis of these same records, however, clearly
show that different runs of sinus rhythm are not necessarily
equivalent. For example, one subject may show physiolog-
ical heartrate variability with a broad, 1/f-like spectrum. An-
other with nearly identical heart rate mean and variance may
show oscillations and bifurcations reflecting an instability in
cardiovascular control ® ~ 3. Furthermore, apparently erratic
ectopic beats may actually follow a periodic bursting pattern
that is detectable only with time series analysis of long heart-
beat data sets®! 22, rather than appearing at random time
intervals.

Finally, these preliminary observations of complex heartrate
phenomena emphasize -the need to construct nonlinear
mathematical models to provide testable explanations for
physiologic heartrate fluctuations. A mechanistic explana-
tion for the 1/f-like heartrate spectrum in healthy subjects as
well as the bifurcation behavior and the periodic dynamics
associated with perturbations in cardiovascular control
parameters seen in high risk patients should be provided by
a unified model of the cardiovascular system and its auto-
nomic control.
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Chloride transport in the freshwater protozoan Tetrahymena pyriformis
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Summary. Tetrahymena accumulates *°Cl~ in both nutrient and salt media. Up to 80 % of the initial net *°Cl1- influx was
inhibited by the anion exchange inhibitor DIDS (4,4'-diisothiocyano-2,2"-stilbene-disulfonic acid). The ‘loop’ diuretic,
bumetanide, had no effect. A DIDS-sensitive anion exchange system is proposed to regulate the cytoplasmic C1~ concentra-

tion in Tetrahymena.

Key words. Tetrahymena; anion exchange; DIDS; chloride transport; ion concentrations.



