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SUMMARY 

December 17, 1990 

The mismatch between size and function of the heart can be exemplified by the relation between 
atrioventricular transmission time and heart size. While heart size may increase with a factor of 108

, 

PR interval - on the surface ECG - will only increase with a factor 30. 
The curve of the PR interval versus the third root of heart weight has an S-shape. This form of 

relation cannot be explained on the basis of current electrophysiological theories . The contribution 
of the A Vnodal delay to A V transmission time must diminish with increasing heart size. The 
mechanism of A Vnodal delay is therefore not dear. 

The A V node as an unprotected pacemaker electrotonically modulated by atrial excitation may 
offer an explanation for the non-linear behaviour of the A V conduction system. 

INTRODUCTlON 

In studies of the functions of the heart, size and scaling aspeets are seldom, 
if ever, taken into consideration. For instance, we take for granted that in all 
mammals blood pressure is approximately the same, while cardiac output varies 
with body si ze and oxygen consumption. A prominent aspect of sealing is the 
funetion of the atrioventricular (A V) eonduction system in hearts of differently 
sized mammals. Sehmidt-Nielsen defines scaling in physiology as the structural 
and funetional consequence of a change in size or in scale among similarly 
organized animais. 

The A V conduetion system consists of the A V node, the His bundies and the 
Purkinje system. The PR interval on the surface electrocardiogram refleets the 
time it takes for the e1ectrical impulse to travel from the atria to the ventricles . 
This time is the sum of the duration of the P-wave itself and the propagation 
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time of the impulse through the A V node and the His-Purkinje (HP) system. 
From the PR interval on the surface ECG it is difficult to teIl which part of the 
time is taken up by the A V node and which part by the HP system. His bundIe 
electrocardiography gives us a fair estimate of A Vnodal transmission time ver
sus HP conduction time. However, specially in larger mammals this technique 
is very difficult, if not impossible, to use. When we compare PR interval with 
cardiac size it becomes clear that with increasing heart size and thus with in
creasing A V di stance, the PR interval does not linearly relate to the di stance the 

impulse has to travel. 

Comparative size and function 

According to Prothero there is a direct and linear relationship between heart 
size and body weight. In general it may be said that heart weight is a fixed pro
portion of body weight, ab out 0.6070 (Schmidt-Nielsen). 

In figure 1 we plotted PR interval against the third root of heart weight as 
derived from body weight. It can be seen that beyond the horse, PR interval 
does not seem to increase with the increasing di stance the impulse has to tra vel. 
Solid data from animals larger than elephants like wh ales are lacking (Fig. 2) . 
AIso, in the very small mammals there seems to be a horizontal part in the curve, 
which implies that the relationship between PR interval and A V distance is S
shaped. Because of the high conduction velocity in the HP system (in dogs and 
humans about 2.5 mi s), the major source of A V delay, at least in smaller mam
mals, must reside inside the A V node. Conduct i on velocity is proportional to 
the square root of fibre diameter. Although the diameter between Purkinje 
fibres in small and large mammals show some differences (Truex), those dif
ferences do not suffice to explain a major difference in HP conduction velocity 
(Meijler and Janse). 

Despite the fact that the PR interval in mammals beyond the size of elephants 
is unknown, one probably may assume that, extrapolating from the data in 
horses and elephants, the PR interval in the largest wh ales will not be much over 
500-600 ms. The HP system in a large whale heart may easily reach a length ot 
100 cm. At a conduction velocity of 2.5 mi s, as much as 400 ms would be need
ed to cover th at distance, leaving only 100 ms for what is called A Vnodal delay. 
This is in the same order as A Vnodal delay in dogs and humans. 

The current theories concerning A Vnodal function and propagation in the 
HP system (Meijler and Janse) are all based on studies performed in animals 
within a narrow weight range, from rats to humans. If we apply those theories 
to the he arts of mammals on the outer limits of the weighing scale, we notice 
th at those theories may not be applicable. The S-shaped curve as represented in 
figure 1 reminds one of curves representing the saturation growth of yeast 
(Thompson) or ot her saturation phenomena. When we assume that impulse 
conduction velocity through the HP system proper in all mammals will be fairly 
constant, we must at the same time realize that the length of the HP system 
varies from a couple of millimetres in a mouse, to almost one meter in the larger 
whales. In addition to this, in small hearts there is hardly any penetration of 
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Fig. 1. Relationship bet ween PR interval in ms and third root of heart weight in grams. For further 

details, see tex!. 

Purkinje fibres into the myocardium, while (as far as it has been studied) the 
hearts of ungulates have a wide myocardial distribution of the Purkinje network 
(Meyling and Terborg). It follows that with increasing heart size (and thus 
length of the HP system) the contribution of A Vnodal delay to the PR interval 
must diminish, while in very small mammals A V transmission time must be 
almost entirely due to delay in the A V node. 

Comparative form and function 

From a teleological point of view the S-shaped relationship between PR inter
val and heart size makes good sense. Atrial excitation in relation to ventricular 
excitation must occur at a point in time allowing for the most efficient contribu
tion of atrial contraction to ventricular haemodynamic function (Dagget c.s.). 
Therefore it can easily be perceived why throughout the mammalian realm PR 
interval should not vary too much (Clark). On the ot her hand PR interval has 
to vary in relation to heart rate and autonomic system influences in the same in
dividual to synchronize atrial and ventricular contractions under varying cir
cumstances. Next to this synchronizing function, the A V node protects the ven
tricIes against excessive atrial rates in the presence of atrial arrhythmias and it 
can take on the role of a latent escape-pacemaker in the event of A V block, 
atrial bradycardy or arrest (Meijler and Fisch). 

Despite amazingly skilled efforts to record the elect ri cal behaviour of the A V 
node (Mazgalev a.o.) (Janse a.o .), this part of the specialized conduction system 
cannot be studied with the preciseness required to obtain an accurate insight in
to its function. The functional differences between the A V conduction system 
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Fig. 2. Signal averaged ECG of a gray whale. The signallnoise rat io does not all ow la recognize 
P-waves with certainty. This is lhe fir st ECG lracing ever taken of a mammal of this size. 

within the mammalian realm are small, taking into account the dimension of the 
hearts. As such this represents a true mismatch between si ze and function, 
which should be taken into consideration when studying A Vnodal function in 
one individual or one species. The S-shaped relationship between PR interval 
and heart size presents an additional burden on any attempt to get to a generaliz
ed concept to explain or understand how the A V node real!y functions in health 
and disease. 

One of the striking features of mammalian evolution is the similarity of cel! 
si ze and architecture of the conduction system of the mammalian heart (J ames), 
which on the other hand, in the light of the fairly constant physical constraints 
in which the mammalian heart has to function, is not too surprising. 

A major challenge to present-day cardiac electrophysiology is to understand 
the apparently limited functional differences of the A V conduction system -
PR interval differing no more than a factor 10 to 30 - against the background 
of the gigantic tiifferences in size of the hearts, ranging from 5 mg to at least 500 
kg, an order of magnitude of 108

. For this reason the A V node cannot function 
as a passive delaying station in which delay is proportional to cell size, number 
of cells and electrical properties per cell. 

We propose that the behaviour of the A V node, like that of the sino-auricular 
node, resembles that of a re!axation oscillator. In that case the A V node would 
function as an unprotected pacemaker electrotonical!y modulated by the atria! 
excitation wave. This could explain the mis match between heart size and PR in-
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terval, and would not be contradictory to the S-shaped relationship (Meijler and 
Fisch) as presented in fig. 1. 

Final remarks 

The question of form or size versus function, or archetype versus adaptation, 
has recently been discussed by Gould (12). Today, we would seek the answer in 
the universal structure of genetic material, in the blueprint of DNA. However, 
considering the similarity in the micro- and macrostructure of the mammalian 
heart and its tremendous dimensional differences in smal! and large species, the 
seemingly smal! functional differences in A Vnodal behaviour poses a question 
to present-day scientists, which has to be answered before A V function in health 
and disease can be properly understood. 
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