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Comparative aspects of the dual role of the human
atrioventricular node
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SUMMARY As well as transmitting the impulse from the atria to the ventricles the atrioventricular
node has two other important functions namely: (a) synchronisation of atrial and ventricular
contractions by a varying delay; and (b) protection of the ventricles from rapid atrial arrhythmias.
The relative importance of these two functions appears to differ in large and small mammalian
hearts. In small mammals synchronisation of atrial and ventricular contractions is the major
function of the atrioventricular node, whereas protection from rapid atrial arrhythmias may be its
most important function in large mammals. Atrioventricular conduction time in sinus rhythm is
ten times longer in the whale (500 ms) than in the rat (50 ms). A whale heart, however, is about
100 000 times heavier than a rat heart. During atrial fibrillation the ventricular rate in a dog heart
is only three times faster than in a horse, whereas a horse heart may be 40 times as heavy as that
of a dog. Hence there is a considerable discrepancy between the size of the mammalian heart and
the functions of its atrioventricular node. Analysis of several anatomical and functional aspects of
atrioventricular conduction systems in mammals of all sizes showed that the importance of the
delaying role of the atrioventricular conduction system diminishes as the size of the mammal
increases, whereas the protective role of the atrioventricular node probably increases. The func-
tion of the human atrioventricular node seems to be intermediate between that of the small and
large mammals.

In normal hearts electrical impulses travelling from
the atria to the ventricles have to traverse the atrio-
ventricular node. "The relation between heart size
and the time intervals of the heartbeat with particu-
lar reference to the elephant and the whale" was
reported by White and his associates almost 70 years
ago.' -' They stressed the essential role of the atrio-
ventricular conduction system in determining the
PR interval and QRS duration.4 Traditionally the
atrioventricular node is regarded as the delay and
synchronisation centre between atrial and ventricu-
lar contractions.5 6 Precise tuning of atrioventricular
delay optimises the contribution of atrial contraction
to ventricular filling and subsequent contraction.
Such adjustments allow some human beings to run
the 100 m within 10 seconds or to cover the mar-
athon in less than 2 I/2 hours.
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Patients with the Wolff-Parkinson-White syn-
drome have an accessory pathway directly con-
necting the atria and the ventricles. This connection
lacks the protective delay of the normal atrio-
ventricular node.7 8 The electrophysiological prop-
erties of the accessory atrioventricular pathway, for
example a short refractory period or a limited capac-
ity for concealed conduction or both,9 13 result in a
bypass or short circuit of the normal atrioventricular
connection.

Because they lack normal atrioventricular nodal
delay such patients are more susceptible to ventricu-
lar tachycardia or even ventricular fibrillation in the
presence of rapid atrial arrhythmias such as atrial
fibrillation.
Thus, in addition to its potential to act as an

emergency pacemaker, the human atrioventricular
node has two equally important functions: (a) a syn-
chrolaisation of atrial and ventricular contractions by
a varying delay; and (b) protection of the ventricles
from atrial tachycardias. A comparative analysis of
this dual atrioventricular nodal role in various mam-
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malian hearts may help us to a better understanding
of atrioventricular conduction in human beings
under normal and abnormal conditions.

COMPARATIVE MORPHOLOGY
All mammalian hearts have essentially the same
architecture. A knowledge of the anatomy of the
heart of one species usually makes recognition of
corresponding anatomical details in other mam-
malian hearts easy. Nature has used the same blue-
print for all mammalian hearts from the mouse to
the whale."4

In addition there are considerably more simi-
larities than differences between the ultrastructure
of cardiac muscle in different mammals, for example
the presence of transverse tubules in mammalian
myocardial fibres.'5 16 Moreover, cardiac muscle
cells tend to be of uniform diameter (approximately
10 to 15 pm).16-18 The diameter of mammalian
myocardial fibres reflects an optimal relation
between cell volume and the oxygen diffusion rate.19
Furthermore, there is little difference in metabolic
rate per gram tissue between the rabbit and
elephant.20 Hence, not only do the blueprints of all
mammalian hearts show great similarities, but the
bricks with which the mammalian hearts are built
are of similar size and form.

Despite the great anatomical similarities in the
mammalian atrioventricular conduction sys-
tems,2' 22 there are geometrical and morphological
differences as well.23 24 For instance, the so called
classic, large Purkinje cells of the heart are found
mainly in the larger mammals like ungulates,
elephants, and whales. In small mammals the special
conduction fibres can be identified only by the
absence of transverse tubules. 16 24 In human hearts
the distribution of Purkinje cells seems to be related
to maturity and heart size. In infants and children it
is rare to find Purkinje cells in the bundle
branches.25

HEART WEIGHT IN MAMMALS OF DIFFERENT
SIZES
Heart weight varies nearly as the first power (0 98)
of body weight over essentially the whole mam-
malian range.26 The weight of the mammalian heart
is about 06Vo of the body weight.27 From compara-
tive anatomical studies2' 22 24 it appears that the
size (volume would be a better word) of the atrio-
ventricular mammalian node also increases with the
size of the heart, although not in a fully proportional
manner. The heart of a 30 ton whale weighs approx-
imately 100 000 times as much as the heart of a 300 g
rat and one would expect that the whale's atrio-
ventricular node would also be about 100 000 times
larger than that of a rat. In terms of length rather
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than volume or weight the atrioventricular node of
the whale will be 40-50 times greater than that of the
rat. These considerable differences in size of the
atrioventricular node are not reflected in
the functions of the atrioventricular conduction
system.28

COMPARATIVE FUNCTION
Atrioventricular conduction time in the rat is about
40-50 ms while even in the largest whales it is proba-
bly not more than 500 ms.28 29 Heart rate in a large
whale is 6-10 beats per minute except when the ani-
mal is diving,30 and in the rat it is 300-360 beats per
minute.
The postulated scaling factor between the whale

and the rat for the estimated volume of the atrio-
ventricular node is 100 000, but the ratio of atrio-
ventricular conduction times is only 10. Thus there
is a 10 000 fold mismatch between size and function.
There is a similar discrepancy between dimensions
of the heart and function in QRS duration, which is
150-200 ms in the elephant or whale and 10-20 ms
in the rat.29 In 1927 Clark observed that "The most
striking thing is, that the P-R interval varies so little
in different animals. The delay at the a.-v. junction
therefore varies relatively little in different species of
mammals."28

ATRIAL FIBRILLATION
Since all mammalian myocardial cells are approxi-
mately the same size, the hearts of large mammals
must contain very many more cells than small
hearts.'7 As early as 1914 Garrey,3' and more
recently Moe and his group,32 33 showed that large
hearts are more vulnerable to fibrillation than small
hearts. In fact the rat heart rarely if ever fibrillates.34
Atrial fibrillation would be expected to occur quite
often in large mammals, and this is certainly borne
out by findings in horses.35

Possibly because the organisation of atrial and
ventricular electrical excitation differs36 37 atrial
fibrillation is much more common than ventricular
fibrillation.
The magnitude of differences between ventricular

rate and rhythm during atrial fibrillation in dog,
man, and horse is remarkably small considering
their great differences in heart size.38 For instance,
the median ventricular rate during atrial fibrillation
in the horse is 50-60 beats per minute compared
with 150-180 beats per minute in the dog. Thus
during atrial fibrillation the horse heart beats only
three times more slowly although it is at least 40
times larger. Neither the anatomical nor the phys-
iological basis for this relatively small difference in
ventricular rate is known. It is unlikely to be due to
differences in the nature of atrial fibrillation itself,
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288 Meijler
since few morphological and electrophysiological
differences have been seen between different types
of mammalian atrial cells.'5 39 Possibly the atrio-
ventricular nodes of larger mammals contain fewer
cells per given volume of node.22

ATRIOVENTRICULAR CONDUCTION VELOCITY
Despite the considerable difference in the size of
their hearts there is little difference between the
atrioventricular conduction times of, for example,
the horse and the whale.29 The same is true for the
PR interval in relation to age (and thus heart size) in
man-this ranges from 100-110 ms in the neonate to
only 150-200 ms in the adult.40 It is also striking
that the timing of the atrial contraction relative to
the ventricular contraction appears to be fairly con-
stant in larger hearts-for example those of the
horse, elephant, and whale. Moreover, I have
observed that in the elephant, for instance, there is
little change in PR duration with heart rate; this
accords with data presented by White et al.2
Given that diastole lasts longer in large mammals,

the duration of the PR interval may have less
influence on efficient ventricular ejection in larger
animals. The importance of the role of the atrio-
ventricular node for tuning atrioventricular delay
seems to diminish as the size of the heart increases.

Since the size and arrangement of Purkinje fibres
within the His bundle are very similar in sheep and
whales'6 such features cannot explain why the PR
interval in the whale is only twice as long as that in
the sheep. Similar fibre diameter in the His
bundles should result in similar conduction
velocities4 42; however, Pressler43 and others4445
reported a disparity between conduction velocity
and fibre diameter. Sommer and Johnson believe
that an increase in the diameter of the conduction
fibres from approximately 10 pm in the small mam-
mal to around 50 gm in the hearts of large mammals
can explain the faster conduction in large mam-
mals.'5

Conduction velocity may also increase within the
Purkinje fibres as the size of the animal increases.
Unfortunately the data that are most relevant to
these assertions-that is those from the mouse,
elephant, and whale-are not available. The
arrangement of the fibres within the bundles and
intercellular resistance may also affect conduction
velocity.
The conduction velocity in the large branches of

the human heart is about 2 5 m/s.46 In a large whale
the His bundles are probably about one metre long.
To obtain PR intervals of 500 ms (or less), at the
same atrioventricular nodal delay, conduction veloc-
ity within the His bundles of a large whale would
have to be 20-40 times faster than in the human

heart. This seems highly unlikely. Assuming a more
or less similar conduction velocity in the whale's His
bundles as in those of the human heart, it would take
several hundred ms to cover the distance from atrio-
ventricular node to the intramyocardial Purkinje
network. If this assumption is true, the atrio-
ventricular node in a whale's heart is unlikely to con-
tribute much to the total PR interval.28

Discussion

The preceding arguments suggest that impulse
delay and synchronisation in the atrioventricular
node may not be important in very large mammals
such as the elephant and whale. In such animals the
atrioventricular node can make little or no con-
tribution to atrioventricular conduction delay
because propagation through the His bundle(s) itself
must account for most of the atrioventricular con-
duction time. Nevertheless, the atrioventricular
node remains important in larger mammals. Large
mammals, such as human beings and horses, partic-
ularly older ones, often develop atrial
fibrillation.37 47-4 The major importance of the
atrioventricular node in large mammals may well be
the protection of the ventricles against fibrillation or
tachycardias during atrial fibrillation or other rapid
atrial arrhythmias.
The human body is near the median of the loga-

rithmic mammalian weight scale; in terms of atrio-
ventricular node function it also occupies an inter-
mediate position. In the young the atrioventricular
node beautifully synchronises atrial and ventricular
contractions, so that strenuous exercise may be per-
formed. In old age the function of the atrio-
ventricular node in protecting the individual against
arrhythmias becomes crucial to survival. The dual
role of the atrioventricular node in the human heart
represents a watershed between atrioventricular
nodal function in the small and the large mammalian
species.

This paper is the result of lengthy discussions with
and the constructive criticism of many friends and
colleagues.
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