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Y,AN DER TWEEL, 1. HENK, FRlTS L. MEIJLER, AND FRANS J . L . 
VAN CAPELLE . Synchronization of the heart. ] . App!. Physio!. 34(2): 
283-287. 1973.-The behavior of cardiac pacemaker cells be ars 
a resemblance to that of relaxation oscillators. A characteristic 
property of relaxation oscillators is th at they may be synchronized 
by an extern al signal, if the latter has a periodicity not differing too 
much from the spontaneous frequency of the oscillator. In the 
present study, it is shown that the isolated, perfused, and sub
merged rat heart can be synchronized by a sinusoidal electrical 
current through the heart. This synchronization is not to be con
fused with stimulation, which occurs at higher current densities. 
Synchronization was also found when the frequency of the syn
chronizing signal was in the neighborhood of a multiple of the 
spontaneous frequency of the heart. Synchronization was demon
strated for the SA node as weil as for a lower pacemaker, pre
sumably the A V node. The possible role which this type of syn
chronization may play in spontaneous impulse formation in 
pacemaker tissue is discussed. 
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AT PRESENT there is increasing interest in the nature of biological 
rhythms. For a number of them the concept of relaxation oscilla
tion offers itself as a possible basis for the mechanisms involved. 
As early as 1926 Van der Pol stated that the rhythmic beating of 
the heart was a typical example of a relaxation oscillation (8, 9). 
Related phenomena also exist in respiration physiology (12) . 
Studies were also undertaken for cases where a biologica I rhythm 
arises as a consequence of interactions between many units or 
cells, exhibiting properties of relaxation oscillations, each with 
an innate periodical activity (11) . 

In Fig. I the working principle of a typical relaxation oscillator 
is depicted . A condensor is gradually charged until a certain po
tential (threshold) has been reached. Then the neon tube is ig
nited, discharges the condensor, and the cycle repeats. It should be 
kept in mind that this is a very simple example of a relaxation os
cillator, and that actual biological oscillators are much more com
plicated . The frequency of a relaxation oscillator is dependent on 
the energy supplied. Accordingly, it can be se en in Fig. I th at a 
change in V will definitely change the period of the relaxation 
oscillator. If a periodic infiuence of a relatively small amplitude is 
applied on a relaxation oscillator and this signal has a periodicity 
not differing too much from the spontaneous frequency of the 
oscillator, the relaxation oscillator will change its periodicity to 
that of the superimposed signa!. The frequency range in which this 
is possible depends on the relative amplitude of the synchronizing 
signa!. An important feature is that, in p rinciple, synchronization 
will also be possible at infiuencing frequencies which are multiples 
of the spontaneous frequency of the relaxation oscillator. The fre
quency of the synchronized relaxation oscillator will then be ex
actly, e.g. , one-half, one-third, etc., of the infiuencing frequency, 

i .e., always near the frequency of the spontaneous rhythm. These 
properties are most typical for relaxation oscillators and are prac
tically absent in oscillators based on resonance phenomena. 

The present knowledge of the properties of cardiac pacemaker 
cells essentially confirms Van der Pol's original concept. I ntracel
lular recordings show a time course ofthe diastolic transmembrane 
potential that is very suggestive of a relaxation oscillation (2). The 
membrane depolarizes slowly to a threshold at which a rapid de
polarization occurs. Also a mathematical description of the be
havior of excitable oscillatory membranes may be based on a 
generalization of Van der Pol's original equation for relaxation 
oscillations, and has been shown to be closely related to the Hodg
kin-Huxley description (I). 

From the above considerations, it seemed useful to decide 
whether the pacemaker of the heart can be synchronized in a way 
comparable to synchronization of a technical relaxation oscillator. 
This synchronization should be distinguishable from conventional 
stimulation of heart tissue . In the present paper we have attempted 
to demonstrate that the sinus node and the A V node of isolated 
rat hearts may indeed be synchronized by extern al "subthreshold" 
sinusoidal currents. Sinusoidal currents were preferred above other 
periodic variations because linear distortions do not change the 
time course of asinusoid. 

METHODS 

Isolated hearts of white rats weighing approximately 250 g were 
perfused at 37 C and pH 7.35 using a modified Langendorff pro
cedure (3), described previously (5). The animals were anesthetized 
with 20 mg sodium pentobarbital ip before the removal of the 
heart. The technique makes it possible to immerse the he art in a 
bath filled with perfusion fiuid which acts as a volume conductor. 
The synchronizing sinusoidal cunent was applied to the immersion 
fiuid via two circular electrodes (with a diameter of I cm), approxi
mately 1.5 cm apart. This current was derived from an isolated 
transistorized current source, and a Hewlett-Packard waveform 
generator. The current was continuously monitored on one trace 
of the oscilloscope, by means of a small series resistance. The re
sulting signal was used as reference. All currents are presented as 
peak-to-peak values . The peak-to-peak current densities were in 
the order of 10- 20 ma/ cm2 • Since this study was concerned with 
synchronization of the heart and not with stimulation of the beart, 
we avoided the latter by positioning the electrodes and setting the 
cunent value in such a way that synchronization rather tban 
stimulation occurred. The electrogram was recorded by means of 

. bipolar ringshaped (I mm) platinum electrodes stitcbed either to 
the right auricle, the left auride, or the epicardial surface of the 
posterobasal region of the left ventricle . The interelectrode dis
tance was approximately 2 mmo Bipolar leads were used to mini
mize artifacts, due to the synchronizing cunent. I n addition a 12 
db/ oct high-pass filter (3 db at 18 cycles/ sec) was u sed in the re
cording circuit. The complexes obtained in this way were satis
factory. Generally the electrical activity from the auricular tissue 
showed high frequency components and notches, which remained 
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FIG. 1. Conventional neon-discharge relaxation oscillator. For 
details see text. 
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FIG. 2. Bipolar complexes from right auricle of an isolated rat 
heart. Synchronized complexes (B) are identical with the spontaneous 
ones (A) . Complexes obpined during application of a higher current 
strength are profoundly altered and attributed to direct stÎ11mlation 
(C). Only one sweep is shown. Position of the complexes in A is ar
bitrary while the positions of the complexes in Band Care related to 
triggering of the sweep by synchronizing sine wave. Because of fast 
sweep speed the reference sine wave i, not shown. 

constant during the experiment. The ventricular electrical activity 
could be observed in the atrial electrogram and was used for meas
uring PQ times. For a further study of synchronization both auri
cIes were removed without severing the A V node and bundie of 
His. This resulted in low heart rates. Removal of the atria does not 
impair the perfusion of the coronary system, particularly since in 
the setup used the coronary perfusion pressure is kept constant 
with an overflow pipe. 

RESULTS 

Figure 2A shows a bipolar complex derived from the right auri
cIe of an isolated he art during spontaneous activity without syn
chronizing current. The he art ra te is 3.85 / sec which is in the nor
mal range for this preparation at this temperature. A high sweep 
speed was used to allow detailed observation ofthe complex. Figure 
2B was derived from the same leads, but now during application 
of a synchronizing current of 11 ma at 3.9 cycIes / sec, which ef-
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fected synchronization. Increase of the current strength displaced 
the complex with respect to the synchronizing sine wave, but the 
shape did not change. However, if the current strength was in
creased further, a differently shaped complex was seen (Fig . 2C), 
presumably caused by direct stimulation of the atrial tissue. The 
PR interval as weil as the interval between right and left atrial 
complexes were identical with and without synchronizing current. 
This was no longer the case wh en current strength was increased 
sufficiently to produce stimulation. Synchronization occurs over a 
strictly limited frequency range, which depends on CUlTent 
strength, Where1l.5 the frequency range of direct stimulation with 
altered complexes is practically unrestricted. Figure 3 shows that 
synchronization does occur at a specific frequency but does not 
occur when the frequency of the sinusoidal current devi ates 
slightly from that frequency. A number of sequential complexes 
were photographed. In this particular experiment the frequency of 
the synchronizing current was about twice that of the spontaneous 
he art rate (Fig. 3B) and was changed some 10% in the observa
tions presented in Fig. 3, A and C. Figure 3B shows synchroniza
tion. The complexes are locked to the sine wave and therefore 
superimposed, however, their shapes are identical with those in 
Fig. 3, A and C, in which the time of occurrence of the complexes 
is not locked to the sine wave. Figure 4 shows the results obtained 
during application of a sine-wave current with a frequency nearly 
equal to that of the spontaneous heart rate (Fig. 4A) and a fre
quency of about four times that rate (Fig. 4B) . Then the complexes 
occur only once in every four sine waves. In Fig. 4C the current 
has been increased to the extent that differently shaped complexes 
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FIG. 3. Bipolar complexes from the left auricle of an isolated rat 

heart during application of a constant sinusoidal current with fre
quencies of 9.6, 10.4, and 11.4 cycles/sec. Although also at 9.6 and 11.4 
cycles/~ec the rhythm is influenced, synchronization only occurs at 
10.4 cycles /sec, causing a heart rate of 5.2 cycles /3ec (B). In all traces 
many sweeps were photographed. The speed of the sweep is much 
lower than in Fig. 2 and sine-wave current is therefore demonstrated 
in lower trace . Sweep is started by trigger delivered by waveform 
generator. 
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occur, attributable to direct tissue stimulation: now a 2: I ratio 
between sine wave and stimulated atrial complexes exists. 

In general, the phase in which the complexes were synchronized 
to the sine wave was found to be dependent on both frequency and 
amplitude of the synchronizing sine wave. The complexes teudeel 
to lock later in the sine wave as the [requency increased. 

It was considered of interest to stuely whether sinusoidal but 
not yet synchronizing currents influence the variability of the 
spontaneous heart rhythm. Figure 5 shows that this indeed is the 
case. In these figures the time base is triggel'eel by one complex 
and the following one is photographeel . The val'iabi lity is directly 
shown by the range over which the complexes are seen (Fig. 5, 
B anel C). Synchronization (Fig . 5D) is then shown not so m uch 
by ttte coinciding of the complexes but also by the locking to the 
sine wave, which in this figure was not the signal that triggered 
the oscilloscope. It shoulel be notecl th at the complexes in all re
cordings are identical. All of the phenomena describecl can be 
demonstrated with bipolar leads stitched to either the right or the 
left atrial appendage. 

Furthermore we studied whether or not a presumably A Vnodal 
focus can be synchronizeel too. The recordings shown in Fig. 6, 
obtained with a fast sweep, demonstrateel th at a lso for a ventricu
lar preparation this is possible anel the complexes obtaineel during 
synchronization (Fig. 6B) are unchangeel. Of course the frequency 
of the applieel current is much lower than for atrial synchronization 
because of the lower rate of nodal or ventl'icular foei, in th is case 
about I cyele/ sec. The current strength neeeled for synchroniza
tion was founel to be much lowel' than during atria 1 synchroniza
tion. Figure 7, A, C, and D, shows ventricular synchronization, 
recoreled with a slower time base. In each recorel a numbel' of 
sweeps are superimposeel at different synchronizing frequencies. 
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FIG. 4. Bipolar complexes fro m left auriele of an isolated rat heart 
duri.ng application of a sinusoidal CUlTent of 5.3 and 22 cycles / sec. 
Dunng 22 cyeles / sec at each fourth sine wave a complex occur~. Syn
chronization is effected in both instances (A and B). Many complexes 
a re superimposed. C shows the effect of increased current strength at 
~2 cyeles / sec. The form of the comp!exes changes and every second 
Sll1e wave now causes depolarization. Sweep triggered as in Fig. 3. 

A 

no current 
PP=275 msec 

~ 
c i ~\~i\ \/\\ 

3.73 cis 
5.7 mA 
PP=275msec 

B 

3.73 cis 
2.5 mA 
PP=275 msec 

3.73 els 
10 mA 

PP=268msec 

12mv 
10 msec 
~ 

285 

bipolar leads 

CURRENT 

too msec 
~ 

FIG. 5. Effect of increasing sinusoidal currents on P-wave rhythm 
from right aUl'iele of au isolated rat heart. Time base of oscilloscope 
was triggered by an a uricular complex and was further adj usted in such 
a way that the next complex was photographed . If this is done for a 
numbcr of sweeps the spread in PP interval is visualized. Sweep speed 
used for the recordir.g was expanded IO-fold with regard to the upper 
trace. A: spontaneous rhythm without current. The spread is smal!, 
showing the constancy of the preparation. Band C: with increasing 
current strength at a frequency nearly matching the spontaneous onc, 
the spread increases. In upper tracings it can be seen that the period 
of sinusoidal current has no distinct relation to the period of sweep. 
D: wh en the current is further increased synchronization occur~ . Now 
the sine waves and P waves are locked to each other. 
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FIG. 6. Synchronization of a ventricular (or nodal) focus . A shows a 
spontaneous ventricular complex with na applied current at a high 
sweep velocity (RR interval 825 n1Sec). B demonstrates the complex 
during synchroniza tion. Sweep triggered as in Fig. 2. 

Figure 7 B shows that a change in sine-wave frequency from 1.2 to 
1.6 cyeles/ sec elisturbs the synchronization, whereas at 2.4 cycles/ 
sec (about two times the spontaneous rhythm) synchronization 
has been restoreel . Synchronization was also present at 6.0 cycles/ 
sec anel coulel be demonstrated up to a ratio of 8 : I between the 
sine-wave frequency and the rate of the ventricles. 

DISCUSSION 

Consielering the restrictions elictateel by this experimental situa
tion (only macroelectroele techniques were used), ourfindings point 
to the presence of synchronization, such as can be found in techni
cal relaxation oscillators. Whereas Van der PoPs (9) model is 
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FIG. 7. A, C, and D show synchronization of a ventricular (or nodal) 
focus a t a low sweep velocity and different related frequencies of the 
synchronizing current. B shows the lack of correspondence at an inter
mediate frequency. Sweep triggered as in Fig. 3. 

supported by present knowledge of pacemaker cell activity, the 
analogy seems to hold even further, because a number of phe
nomena, weil known from electronic relaxation oscillators, could 
quantitatively be demonstrated for a suspended isolated perfused 
complete heart. Those phenomena are : a) the range of the sine
wave frequencies at which synchronization occurs is limited; b) 
this (a) applies for sine-wave frequencies close to the spontaneous 
h eart rate as weil asfor multiples ofthis frequency; c) the frequency 
span over which synchronization can be effected depends on 
the amplitude of the synchronizing current; d) if the synchroni
zing frequency is changed within synchronization range, the com
plexes occur at a different phase of the synchronizing sine wave; 
and e) a phase shift is gene rally also found if the amplitude of the 
synchronizing sine wave is changed. 

T here are indications that it is the normal pacemaker or the 
tissue very close to it that is synchronized by the externally applied 
sine wave. First of all the right atrial complexes do not change 
their (complicated) shape with application of the synchronizing 
current (Fig. 2). Moreover the PR interval as weil as the interval 
between the right and the left auricular complexes were not af
fected when synchronization occurred but did change when stimu
lation occurred. Phenomena a and bare especially important 
arguments. As long as the synchronizing frequency is about the 
same as the spontaneous rate, the synchrony between sine wave 
and complexes is not necessarily a definite argument for the oc
currence of synchronization as defined in this paper, since this 
would apply also for direct stimulation. However, comparable 
small changes in frequency of the applied current disturb the 
synchrony. This kind of selectivity is not found with conventional 
stimulation of the heart. Moreover, unaltered atrial complexes are 
found for each of two or more sine wave cycles at frequencies which 
are multiples of the spontaneous rhythm. For instance, at 4: I syn
chronization (Fig. 4B) the tissue is certainly excitable for direct 
stimulation before the third cycle of the sinusoidal current. It 
would be hard to explain why the heart should "wait" during 
another sine wave period if direct stimulation was present. 

The amphtude needed to synchronize a relaxation oscillator 
approaches zero for identical frequencies of the synchronizing 
input and the spontaneous rate, if both are constant. However, if 
in the preseI?-t experiments the current strength is diminished be
low a certall1 value (still distinctly differing from zero), syn
chronization ceases. This is possibly analogous to the phenomenon 
follI1d in conventional relaxation oscillators, viz., that the thresh
old of the synchronizing input is related to the constancy of the 
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freq uency of the free running oscillator. The less constant its period 
the higher the strength needed for synchronization. 

If an applied CUlTent is not synchronizing, the complexes will 
fall in different phases of the sine wave. If this current in deed in
fluences the pacemaker, this influence will be different at each 
beat. Thi s may explain why the time spread, originallyon the 
order of 0.5 %, becomes larger for nonsynchronizing currents 
(Fig. 5). 

Atrioventricular nodal rhythms behave essentially in the same 
way as the sinus rhythm. However, less current is needed to effect 
synchronization, and synchronization seems possible at higher 
frequency ratios between synchronizing current and spontaneOlls 
rhythm. 

To come to a conclusion about the mechanism of the phenomena 
described, the results should be considered in relation with known 
electrophysiological properties of pacemaker tissue. Part of the 
externally applied cunent wil! also pass through the cel! mem
branes at the site of the pacemaker, thereby alternately depolariz
ing and (hyper)polarizing these membranes to some degree. 
Therefore especially at multiple frequencies of the synchronizing 
sine wave, the net influence on the rate of diastolic depolarization 
will be negligible. Thus it seems to be the more or less instantaneous 
contribution of the current th at makes the cell reach its threshold, 
just as it is the case with the oscillator of Fig. I . 

Present knowledge about the ionic mechanisms involved in 
pacemaker action in sinus nodal tissue is not sufficiently extensive 
to permit a detailed quantitative description in terms of ionic con
ductances. The pacemaker potentials of Purkinje fibers, however, 
have been described by Noble (6) in terms of the Hodgkin-Huxley 
equations. It is noteworthy that the Hodgkin-Huxley model has 
been shown by FitzHugh to belong to the same class of excitable
oscillatory systems as the Bonhoeffer-Van der Pol model ( I), 
which is a generalization of Van der Pol's original equation for re
laxation oscillations. Therefore it seems quite likely that the stabie 
limit cycles which can occur in the Hodgkin-Huxley equations, 
including Noble's modification, could be synchronized by external 
periodic influences. 

In the case of synchronization, particularly if the synchronizing 
frequency is a multiple ofthe resulting heart rate, the phenomenon 
of synchronization could be thought to bear some resemblance to 
the locking of the pacemaker frequency to that of subthreshold 
oscillations as found in Purkinje fibers (JO). In the latter case, 
however, the pacemaker is eventually triggered by subthreshold 
oscilla tions of increasing amplitude, whereas in the present situa
tion a sm all sinusoidal signal is sliperimposed on the spontaneous 
diastolic depolarization, and merely determines the actual moment 
of the firing of the cell. 

In two recent papers (4, 7) interesting phenomena were reported 
which be ar resemblance to our studies. Especially the work of 
Reid, where harmonic and subharmonic relations are reported 
between vagal nerve stimulation and pacemaker frequency, dis
plays a number of the features a lso indicated above. From our 
results and the ones published we cannot deduce, however, whether 
(partly) similar mechanisms may underlay the phenomena re
ported . 

I t should be noted that a CUlTent depolarizing the cell membrane 
at one place has to leave the intracellular space somewhere else, 
hyperpolarizing the membrane at tha t place. This wil! gene rally 
not influence the effect of the depolarization. Since the variations 
added to the membrane potential by the current cannot be uni
form through all of the tissue, it is possible that the phenomenon of 
synchronization mayalso be accompanied by a sm all pacemaker 
shift. Although the atrial complexes recorded during synchroniza
tion were comple tely superimposable on the spontaneous com
plexes, our method is not sensitive enough to decide on th is point. 

The present results indicate th at small and slowly changing 
electrical currents can influence the pacemaker cells of an isolated 
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heart. There is evidence that the coupling b etween cardiac ceUs 
is of the low-resistance type and therefore it cannot be excJuded 
that the transm em bra ne potentials of pacemaker ceUs wil! exert 
infiuences of th e type just described on each other. It has been 
suggested indeed that cardiac pacemaker ceUs may synchronize 
each other by electrotonic interaction Cl I ), which would present 
an alternative to the concept of an "earliest" cel! which functions 
a s cardiac pacemaker. The frequency of the heart beat would then 
be determined by a population of interacting pacemaker cel!s. 
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Whether phenomena of this kind do play an important role in 
actual pacemaker activity requires further experimenta tion as 
wel! a s more elaborate studies of system s of coupled oscillators. 
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