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Chronobiology in cardiology
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Summary. - In these years, circadian periodicity in the onset of myocardial ischemia, myocardial
infarction, sudden cardiac death and ischemic stroke has been confirmed by several investigators, There
has also been reported that there exists a significant circadian thythm in ventricular arrhythmias in
patients with myocardial infarction. These recent advances in chronocardiology depend on a development
of a high quality built-in A/D converter in ambulatory ECG monitoring system and g remarkably
developed sophisticated software. One of the most current topics in recent years is heart rate (HR)
variability. As an index of HR variability, RR50 is frequently estimated by the cosine fitting technique.
Next, we analyzed the so-calied Lorenz plot for another index of HR variability, that is preceding R-R
intervals and coupling intervals were plotted sequentially every 3 hours on the abscissa and ordinate,
respectively. Finally, we investigated HR variability by power speciral analysis of R-R intervals both by
the maximum entropy method and the fast Fourier transform. Mainly, in this paper, we introduced
cutrent topics in HR variability, but recent advances in ambulatory blood pressure (BP) monitoring
system are also strikely remarkable. Our newly developed monitoring system of physical activity donated
quite a few informations evaluating episodic changes of HR and BP. This device was also useful for
finding out the difference between the individual life styles, such as the eveningness versus morningness.

In conclusion, these very recent advances in ambu

for the clinical practice from this time onward.

latory monitoring system should be really available

Key words: blood pressure, chronobiology, chronocardiology, circadian rhythms, coronary ischemic

disease, heart rate variability.

Riassunto (La cronobiologia in cardiologiaj. - In questi anni diversi ricercatori hanno fornito la
dimostrazione che esiste un comportamento periodico nell’arco delle 24 ore a riguardo degli episodi di
ischemia ed infarto miocardico, morte cardiaca improvvisa e ictus ischemico. E stato anche riportato
che esiste una personaliti circadiana per le crisi di aritmia ventricolare nej pazienti con infarto miocar-
dico. Queste recenti conoscenze di cronocardiologia dipendono dallo sviluppo di convertitori analogi-

co/digitali di alta qualita, inseriti nei sistemi

di monitoraggio ambulatorio elettrocardiografico e di

software notevolmente sofisticato. Uno degli argomenti oggetio di studio di questi anni & la variabilita
della frequenza cardiaca (FC). Come indice della variabilita FC & frequentemente usato il parametro
R-R50 approssimato tramite la funzione coseno. Come ulteriore indice di variabilita FC, di recente,
abbiamo applicato i cosiddetti diagrammi di Lorenz in cui venivano graficati ogni tre ore sequenzialmente
gli intervalli R-R precedenti agli intervalli R-R copula, rispettivamente nella ascissa e nella ordinata.
Infine abbiamo effettuato Ianalisi spettrale degli intervalli R-R con il metodo della massima antropia e
con la trasformata rapida di Fourier. In generale, in questo lavoro, noi introduciamo gli aspetti correlati

della variabilitd FC insieme ai pi recenti progressi

ncl monitoraggio ambulatorio della pressione arteriosa

(PA). 11 sistema di monitoraggio dellattivita motoria consente nformazioni sui bruschi cambiamenti di
FC ¢ di PA, nonché sullo stile di vita di tipo mattutino o serotino. La conclusione ¢ che i progressi nei
sistemi ambulatoriali di monitoraggio dovrebbero esserc realmente disponibili da ora in avanti nella

pratica clinica cardiologica.

Parole chiave: cardiopatia ischemica, cronobiologia, cronocardiologia, pressione arteriosa, ritmi

circadiani, variabilitd della frequenza cardiaca.

Introduction

Circadian periodicity has been investigated in
recent years in many cardiovascular indices such as
heart rate (HR), blood pressure (BP) and some
kinds of pathologic phenomena including episodic
myocardial ischemia, myocardial infarction and
sudden cardiac death. In the last few years, HR
vartability has also attracted increasing interest as a
noninvasive index of vagal activity. Several studies

[1, 2] have shown that signs of reduced vagal activity
are associated with an enhanced risk of sudden
cardiac death. Markedly decreased left ventricular
gjection fraction and nonsustained ventricular
tachycardia episodes have been known as an inde-
pendent predictor of sudden cardiac death. In recent
years, some investigators have expected such de-
creased HR variability as the third possible predictor
of sudden cardiac death in patients with a variety
of diseased state.
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Fig. 1. - Example of RR50 analyses of healthy young {upper) and healthy elderly (lower). In each pane! heart rate
{HR) trendgram, RR50 trendgram {upper), a nonsequential HR distribution (jowere left) and the slope between HR
and RR50 relationship along with RR50 index, which is shown as “n" {lower right}, are depicted.



It is also noteworthy to be mentioned that a
sufficiently reliable, small and lightweight, and near-
ly silent, hence less sleep-distirbing, device for
ambulatory BP monitoring system has been devel-
oped a few years ago [3, 4]. As a result, it became
not difficult to observe a circadian profile of BP.

As a background of these remarkable develop-
ments, there observed quite a few investigations in
cardiology from an aspect of chronobiology.

Methods for clinical chronocardiology

It has been established in experimental studies
that there exists an endogenous circadian rhythm in
HR. Our previous investigation [5] has also demon-
strated that not only HR but also bradyarrhythmia
episodes show an endogenous circadian periodicity
in rats using records over 7 days of ambulatory
electrocardiogram (ECG) and electroencephalogram.
However, in clinical practice only 24 h recording is
usual. Is it sufficient to analyze the circadian peri-
odicity? It has been known that maximum entropy
method (MEM) has the remarkable resoiution pro-
perty and the superiority over the other spectral
methods such as the fast Fourier transform (FFT),
in particular for short data length. However, even
the MEM power spectrum resolves a sharp peak,
suggesting a circadian periodicity only when the
recording span is longer than 48 h, as shown our
previous report [6]. Therefore, the longer the re-
cording span, the sharper becomes the peak. Then
we concluded that at least a 48 h record was
needed to analyze the circadian periodicity in clinical
practice, even if the MEM analysis was applied.

It has been well known that FFT has an advan-
tage in analyzing the power of the periodicity.
However, we have already observed that when the
MEM spectral peak is sharp, the power of the
MEM spectrum is well correlated with the one of
the FFT. In clinical practice, cosine fitting technique
by least squares is frequently used. Cosine fitting
technigue has some advantages in contrast to the
spectral analysis. A time series only 24 h
long is required for the fit of a 24 h cosine. In
addition, characteristics of the circadian rhythm,

such as acrophase, amplitude and MESOR (midline .

estimating statistic of rhythm), are able to be quan-
tified. After the fitting of the 24 h cosine function is
performed individually (the so-called single cosinor),
a population circadian rhythm may be obtained
(the so-called population-mean cosinor) as previ-
ously reported by Halberg et al. [7].

Circadian rhythm of heart rate variability and aging

One of the recent advances in ambulatory ECG
monitoring system is a development of a high
quality built-in A/D converter. Therefore, there is
no need now to insert an A/D converting system to
an ambulatory ECG analysing system. In addition,
in recent years, sophisticated software permits an
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analysis of all R-R intervals from a 24 h ambulatory
ECG and it can compensate for such confounding
factors as ectopic beats and abrupt changes in QRS
complexes amplitude along with postural changes.
As an index of HR variability, RR50 [8] is fre-
quently used in clinical practice. Subtracting the
times between successive normal beats allowed the
calculation of normal-normal R-R intervals, and
subtraction of each interval from its predecessor
allowed the change in interval to be determined.
Each change in interval was then compared with 50
ms. If an increase or decrease > 50 ms occurred, a
positive or negative count was added to the total
being accumulated for the minute. This count per
minute was defined as RR50. Circadian periodicity
was analyzed by the cosine fitting technique, and
RR50-mesor was calculated. Next, correlation be-
tween RR50 and HR was analyzed. When there
were more than 2 readings of RR50 for the respect-
ive HR, average of the readings of RR350 was
calculated and it was used as the representative
RR350, which was defined as % RRS50.

Count of the % RRS50 more than 5 during a 24 h
day was defined as RR50 index [9]. The slope of
the correlation equation between HR and % RRS50
was also calculated. Not only RR50 but also stan-
dard deviation (SD) and coefficient of wvariance
(CV) of normal QRS R-R intervals were calculated
every minute. SD-mesor and CV-mesor were ana-
lyzed by the cosine fitting technique.
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Fig. 2. - Comparison of RR50 index and the slope of
RR50-HR relationship between the healthy young and
elderly. (Mean and standard deviation (SD),
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Fig. 1 shows examples of the RR50 analysis of
healthy young (upper) and elderly (lower), which
shows age related alterations of RR50, RR50 index
and the slope between RR50 and HR relationship.
Both RR50 index and the slope were significantly
smaller in healthy elderly, as shown in Fig. 2
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Fig. 3. - Comparison of SD-MESOR, CV-MESQOR and
RR50-MESOR between the healthy young and elderly.

(p < 0.01). SD-mesor, CV-mesor and RR50-mesor
were also significantly smaller in healthy elderly
(p < 0.01, Fig. 3). Please note a remarkable decrease
in RR50 in a case of recent myocardial infarction
(Fig. 4), which shows that RR50 index is zero.
Population cosinor analysis shows the 95% range
of acrophase of SD, CV and RR50 (Fig. 5). Any
indices of HR variability show that the acrophase
locates at night or in the early morning.

We tried an application of Lorenz plot for the
evaluation of HR variability [10]. Time-series data
of R-R intervals was plotted as follows: preceding
R-R intervals (RRxs) and coupling R-R intervals
(RRn+1) were plotted sequentially on the abscissa
and ordinate, respectively. An example of the
Lorenz plot is shown in Fig. 6. The plotted points
are scattered as an oval form on and around the
function y=x, depending on the degree of their
variance. We analyzed the Lorenz plot every 3 h,
and the minor axis (width;W) of the oval was
measured. As a result, the width of the oval (W)
of the Lorenz plot showed a definite circadian
periodicity in the young subjects group (10 men
aged from 22-29 years). The fitted cosine function
of “W” in the young group was as follows:
y=190(ms) +-45(ms)cos{® t-0.99 (radian)) (p < 0.001),
whereas the cosine function of “W™ in the elderly
group was as follows: y=118(ms)+ 24(ms)cos(®
t-0.21 ((radian)) (p=0.13). Thus, not only the cir-
cadian average but also the ¢ircadian amplitude of
“W?” was significantly higher in the young than
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Fig. 4. - Example of an RR50 analysis in a patient with old myocardial infarction. Please note remarkable
decrease in RR50.
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Fig. 5. - Comparison of the population-mean cosiner analysis of RRE0 between the heaithy young and elderly.
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Fig. 6. - Example of the Lorenz plot of R-R intervals. Comparison of the healthy young (upper) and elderly (lower}
is shown. Left panels show the plots between 03:00-06:00 and right panels show the ones between 09:00-12:00.

the elderly (Fig. 7). The Lorenz plot has been
known as one of the mathematical methods for
the analysis of “chaos”, that is complex periodicity
in random signals. Recently, use of the Lorenz
plot was advocated to analyze ECG rhythm [11].
Our previous investigation showed that the “W”
closely correlated with RR50. The “W” during
sleeping span also correlated CVRR and a phase 2

baroreflex sensitivity index, investigated by Val-
salva maneuver. The “W” during an awakening
span correlated with plasma renin activity at rest.
These results may suggest that “W™ reflects the
regional autonomic functions. Therefore, we
speculated that the Lorenz plot of R-R intervais
offered a new insight into the autonomic car-
diovascular functions.
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Fig. 9. - Comparison of the circadian rhythm of the lower frequency spectra {left) and the higher frequency spectra
{right} between the healthy young (upper) and elderly {lower),

Recently, autonomic cardiovascular functions
were frequently evaluated by power spectral analy-
sis of HR variability. It has been known that HR
power spectral density in humans contains two
major components, reflecting respiratory sinus ar-
rhythmia (around 0.25 Hz)} and Mayer-wave-like
sinus arrhythmia (around 0.10 Hz).The amplitude
of these two components reflects quantitative and
specific informations of vagal cardiac function and
B-adrenergic function together with vagal modu-
lation, respectively. There are two ways to analyze
the power spectral analysis of HR variability. One
of them is the MEM analysis. The principle of
this method and its advantages over spectral
analysis by FFT have been reported in previous
studies [12]. An example is shown in Fig. § and
the circadian variation of the two components is
demonstrated in Fig. 9. The lower frequency
spectra show a circadian variation with an acrop-
hase in the afternoon (at 14:28 and at 12:44,
young and elderly), and the higher frequency
spectra show a circadian variation with an acrop-
hase at night (at 02:55 and at 22:46, young and
elderly). Another way of power spectral analysis
of HR variability is FFT, R-R intervals were
arranged equidistantly in series by Newton’s
first-degree interpolation method. Instantaneous
HR was checked every 300 ms. Mean HR was
substructured, and a Hanning window was applied
to the time-series data of HR. The sequential
serics of HR had about a 5 min span, which
meant a 1024-point spectrum and was processed

by the FFT algorithm. This FFT analysis can
show the frequency between the lowest 0.00326

Hz, and the criticals, approximately 0.8 Hz. An

example is shown in Fig. 10.

In addition, we computed the slope of the re-
gression line, called a 1/f* fluctuation, between the
logarithm of frequency and the logarithm of power
density of the HR FFT spectrum. This slope was
computed as an absolute value of the exponent
reading of abscissa on the 1/f* plot. An example
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Fig. 10. - Example of the fast Fourier transform (FFT})
analysis of HR variability.
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Fig. 11. - Example of the circadian variation of the 1/f*

fluctuations of MR variability. The slope of the regres-

sion line called a 1/ fluctuation, between the logarithm

of frequency and the logarithm of power density of HR
FFT spectra, is shown every 6 h.
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Fig. 12. - Comparison of a 1/f* fluctuation of HR varia-
bility between the healthy young and elderly.
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Fig. 13. - Comparison of the circadian rhythm of the 1/*
fluctuations of HR variability between the healthy young
and elderly.
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Fig. 14. - Comparison of the circadian rhythm of the 1/
fluctuations of HR variability between the healthy elderly
and patients with Parkinson's disease.

of the circadian variation of the 1/f* plot every 6
hs is shown in Fig. 11, and an effect of aging of
the slope analyzed every hour is shown in Fig. 12.
Both healthy young volunteers (12 men aged from
20 to 28 years) and elderly volunteers (11 men
aged from 61 to 66 years) showed evident circadian
rhythmicity as shown in Fig. 13. The fitted cosine



s OH- 6H

{

T

1.0G(Power} : APNSRPN/H2
LOG{Power): BPHsBPK/Hz

Foy= -0.156 X +2.672
E FRQ > 052 r=-0.785 3

Y= -0.1680 X +2.703
FRQ > .052 1'=-0.B44i

B S ETIT WEIT TR AT o L S W IV N SR Y 1T M W N

-3 -2 -1 0 3 -2 -1 0
LOG(Prequency) tHerz LOG(Frequency) tHerz
4¢ 4E
© 120 - 188 g IBH-2H
3 e il PN )
£ ! 2 ¢
F Ik T 2L
£ d E E
= F = F
T 1L %l
g I 2
= 0t =l
E Y= -0.163 X +2.678 E Y= -0.169 X +2.672
3 FRQ > .0562 r=-0.797 [ FRQ » .052 r=’{).802j
-1 IR EIE N AT T TR BN OT 1| -] Lain u
3 -2 -1 0 3 -2 -1 0

LOG(Frequency) :Berz LOG(Frequency):ferz

Fig. 15. - Disappearance in the circadian rhythmicity of

the 1/f fluctuations of HR variability in a patient with
atrial fibrillation.

function of the slope in the young group shows,
MESOR, 0.774; amplitude, 0.081 and acrophase,
03:06. The one in the elderly group shows, ME-
SOR; 0.664, amplitude; 0.107 and acrophase;
01:15. The slope of the 1/f* plot in patients with
Parkinson’s discase also showed a significant cir-
cadian periodicity, but it was significantly smaller
than the one in the elderly group, as shown in Fig.
14. Additionally, please not, as regards patients
with atrial fibrillation the slope is close to “white”,
as shown in Fig. 15.

Circadian rhythm of cardiac arrhythmias
and antiarrhythmic agents

Quite a few investigations as regards a circadian
variation of cardiac arrhythmias have been done
these few years. However, it still remains contro-
versial whether the occurrence of ventricular ar-
rhythmias exhibits a circadian periodicity under
actual life. Many investigators have emphasized a
decrease in both the frequency and the complexity
of ventricular arrhythmias during the night, al-
though other authors have demonstrated a noctur-
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nal increase in the frequency of ventricular ar-
rhythmias in patients with specific heart disease. It
has also been observed that the frequency and the
complexity shows a great deal of day-to-day vari-
ation. Recently several studies in patients with
coronary heart disease have shown a definite cir-
cadian pertodicity in ventricular arrhythmias. Lu-
cente et al. [13] showed significant circadian rhythm
of ventricular arrhythmias in 94 patients with
recent myocardial infarction. A significant cir-
cadian rhythm of ventricular tachycardia was also
found in the total population with acrophase at
14:29. These findings are not incompatible with a
preliminarly report by Lown et al. [14], showing
that incidence and grade of ventricular arrhythmias
were reduced during the sleep span.

Irwin et al. [15] demonstrated a clear circadian
rhythm in the occurrence of symptomatic paroxys-
mal supraventricular tachycardia in untreated pa-
tients. The peak incidence of tachycardia was found
at 16:00. As an explanation for the circadian
rhythm, they speculated the participation of the
fluctuations in autonomic tone. Initiating a supra-
ventricular tachycardia is critically dependent on
atrioventricular nodal conduction time, which is
modulated by the autonomic nervous system. As
to circadian rhythm in bradyarrhythmia episodes,
there is no big controversy; it appears usually
during sleep [16].

In recent years, several studies have shown that
signs of reduced parasympathetic activity were
associated with an enhanced risk of sudden car-
diac death. Some other studies, as a representative
Cast [17], showed that antiarrhythmic agents did
not necessarily result in a good goal in patients
with acute myocardial infarction. Therefore, we -
investigated the effect of some kinds- of antiar-
rhythmic agents on the HR variability. Fig. 16
shows an example of RR50 analysis before and
after the treatment of aprindine. Before treatment
RR50 was very small and RR50 index was zero
(Fig. 16, upper panel), but after the treatment not
only circadian variation of RR50 but also RR350
index increased (Fig. 16, lower panel). Effect of
some kinds of antiarrhythmic agents on HR varia-
bility analyzed by RR50 is summarized in Fig.
17. Aprindine alone increased HR variability,
propafenone decreased it and mexiletine and
SUN-1165 showed no changes. Such notable ad-
vantage of aprindine was confirmed again by
Lorenz plot. The “W” of the plot depicted in the
Ist quadrant, increased after aprindine adminis-
tration (Fig, 18). Circadian variation of the “W?”
before and after the treatment also confirmed the
increase in HR variability throughout a 24 h day,
as shown in Fig. 19. Coupling intervals, which
were analyzed by the Lorenz plot and were shown
in the 4th quadrant, were prolonged after the
aprindine administration (Fig. 20). These results
seem to show an implication how we should use
some kinds of antiarrhythmic agents in clinical
practice.
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Fig. 20. - Comparison of the eircadian rhythm of the coupling intervals of ventricular arrhythmias between before
and after the treatment with aprindine.

Circadian rhythm of episodic myecardial ischemia

Prinzmetal’s variant form of angina is character-
ized by transient episodes of ST-segment elevation
caused by coronary artery spasm; episodes occur at
rest, both with and without angina, in the early
morning. Yasue et al. [18] demonstrated by coronary
angiography that the tone of the large coronary
artery was high in the early morning and low in the
afternoon in the patients, and a-adrenergic receptors
played an important role in the genesis of the
circadian variation in the tone of the coronary

artery. Many other investigators also observed a
definite circadian periodicity of anginal episodes
and most episodes occurred in the early morning
hours, particularly in the late half of sleep span.
Recent studies show that not only such episodes
of ST-elevation but also ischemic ST depression show
circadian variation with the peak occurrence in the
early morning. The increase in myocardial ischemia
both with symptomatic and asymptomatic is particu-
larly enhanced in the first 1 to 3 h after awakening.
These circadian rhythms in the frequency of ischemic
episodes are of particular interest, because they are



similar to the nonfatal myocardial infarction and
sudden cardiac death. The recent study by Muller
et al. [19] demonstrated a marked circadian rhythm
in the frequency of myocardial infarction onset,
with a peak from 06:00 to 12:00. In addition, these
authors described a prominent circadian variation
of sudden cardiac death, with an increase incidence
from 07:00 to 11:00. Mazzetti et af. [20] analyzed
the onset of myocardial infarction in 172 patients,
and observed a circadian rhythm with an acrophase
at 08:51. He disclosed that circadian rhythm was
not observed in 70 patients with anterior myocardial
infarction, while in 102 patients with inferior my-
ocardial infarction a circadian rhythm was shown,
with an acrophase at 08:55.

Such circadian pattern in the occurrence of car-
diac disease may well be influenced by many of the
endogenous and exogenous periodic rhythms ob-
served in humans. Morning increases in HR, BP,
serumn catecholamine levels and cortisol may con-
tribute to incrcase myocardial oxygen demand.
Another possible explanation for the circadian pat-
tern in the onset of cardiac disease could be repre-
sented by platelet hyperaggregability and by a
decrease in the function of the fibrinolytic system,
which contribute to a hypercoagulative state. Sensi
et al. [21] showed significant circadian rhythms with
acrophases at 07:41 (collagen-induced platelet ag-
gregation) and at 10:29 (epinephrine-induced platelet
aggregation). A decrease in coronary blood flow in
the early morning has also been reported. In addi-
tion, in patients with cardiac diseases an increased
deterioration in the morning of left ventricular
function has been reported.

In these years, circadian variation in the onset of
ischemic stroke has also been confirmed by several
investigators. Tsementzis ez al. [22] reported that
ischemic stroke exhibited a peak incidence between
10:00 and 12:00 in 245 consecutive stroke patients.
Marler et al. [23] also confirmed a morning increase
(10:00, 12:00) in onset of ischemic stroke in 1167
patients.

Ultradian as well as infradian periodicities of
some cardiovascular emergencies have been also
demonstrated [24].

These observations suggest the importance of ther-
apy from the viewpoint of “chronomedicine” for
patients not only with coronary artery disease but
also with cerebrovascular disorders. The marked
increase in ischemic activity soon after awakening
should be concerned in particular, because medical
regimens frequently adopted may not provide patients
with adequate protection at the time span when they
are at greatest risk of developing ischemia.

Conclusions

Mainly, in this paper, we introduced our recent
investigations in HR variability from a viewpoint
of chronobiology. However, as mentioned at the
beginning, recent advances in the ambulatory BP
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monitoring system are strikely remarkable. Not only
HR but also BP exhibit a prominent circadian
periodicity. To realize an individual circadian profile
of BP constitutes an important source of informa-
tion to be exploited for obtaining objective quanti-
tative measures for prediction, prevention, diaghosis
(of the existence and the severity) and treatment of
hypertensive states. For example, we experienced
that 26 hypertensives out of 100 patients, diagnosed
as hypertension in the office, were false positive,
when we reconfirmed their BP profiles compared
with the 90% prediction limits of normal circadian
profiles of systolic and diastolic BPs. We also knew
that BP profiles varied along with gender and age
[25] and they showed a definite seasional variation.

We have just observed that our newly developed
monitoring system of physical activity [26] (active-
tracer, that is a kind of gravitation sensor) donated
quite a few informations evaluating episodic changes
of HR and BP. This device is also useful for finding
out the difference between individual life styles,
such as the eveningness versus morningness. [t is
also easily abie to make a difference of circadian
profiles BP and HR between the working day and
the holiday. The knowledge of these very recent
advances in ambulatory BP monitoring system
should be truely available for general practitioners,
but it is too regretful for us that we have not any
spaces here to mention about them.

Submitted on invitation.
Accepted on 18 February 1993.
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