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Comparative AV Transmission. Introduction: The objective of this study was to record
the ECG of the smallest living mammal to extend the domain of data for comparative AVnodal
electrophysiologic purposes. These data are needed to establish the relationship between the PR
interval and heart size in mammalian species of all sizes.
Methods and Results: In recently born mice (age 1.5 to 8 weeks) weighing between 2.5 and 10 g
and with estimated heart weights between 15 and 60 mg, ECGs, using bipolar limb leads, were
recorded during general anesthesia. The PR interval, representing AV transmission time was
about 40 msec, which isquite long for hearts of this size. On the basis of detailed analysis of the
data, we postulate the presence of a fixed delay or discontinuous propagation in the AV node not
only in newborn mice, but in mammals of all sizes.
Conclusion: AV transmission times obtained in mammals (including humans) cannot be
explained on the basis of generally accepted, classic AV conduction theories. The acceptance of
the presence of a fixed delay in the AV node may ultimately be of value to better understand AV
node function during sinus rhythm and supraventricular arrhythmias. (J Cardiovasc Electrophysiol, Vol. JO, pp. 168-173, February 1999)
PR interval, mouse, comparative AV transmission

Introduction
Mammalian comparative electrocardiology
may help to better understand certain electrocardiography findings in humans in health and disease. This was the main incentive for King et al. 1
to study the ECG of whales. In 1992, our group2
was successful in recording, for the first time, a
credible ECG of a humpback whale. As early as
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1913, Waller3 drew attention to the correlation
between the si ze of an animal and its A V transmission time (PR interval) as recorded on the
ECG. In 1927, Clark4 published a monograph in
which he asserted that "the PR interval varies so
little in different animais." Further studies 5 - 8 of
A V transmission times in mammals extended
Waller' S3 and Clark' S4 findings.
There is, however, still no unifying concept or
theory to explain the relation between A V transmission time and hearts of different sizes in
mammais. Linear regres sion of the PR interval
on heart length (ca1culated as the cube root of
heart weight) of different mammalian species
(inc1uding humans), or within one species of
different age or race, gives a satisfactory description of the relation between these two measures.
However, a striking property of these regres sion
lines is that after extrapolation to heart length 0,
they always seem to intersect the time axis be-
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PR interval versus heart size in mammals as
could be found in literature, as weIl as the numerous data recorded previously by our own
group,z,5-8,11 In this paper, we extend the range
of data with those of the smallest possible and
readily available mammal, the newbom mouse
(mus domesticus), and consider the consequences
of the outcome for the understanding of transmission in the A V node.

tween 30 and 100 msec. Since heart weight is
closely related to body weight (0.6%)9,10 heart
weight can be accurately derived from body
weight. It is of interest to note that over a considerable range of heart weights, the PR interval
varies with heart length. However, in animals
larger than a hOrse and smaller than a rabbit, the
PR interval relllains constant. In elephants and
whales, it levels off at a value of about 400
msec,11,12 even though a whale may weigh 100
times as much as a horse (Fig. 1), and, in small
mammals, it relllains constant at a value of about
40 to 50 msec.
This is all difficult to explain on the basis of
classic A V cOllduction theories, assuming a more
or less steady, Slow, and continuous propagation
of the impulse through the mammalian A V sys13-15 G'
tem.
1ven the rather uniform form, size,
and electrophYSiologic properties of A Vnodal
cells in mamma.ls,16 one would indeed expect a
proportional illcrease in the PR interval, from 0
to far over 1 second, over the full range of heart
dimensions frolQ the smallest to the largest mammal. We took into consideration as many data on

Methods

EeG Recording

. , Fïfty-five mice with an ag.e range from 1.5 to
8 weeks wèighing 2.5 to 10 g (average weight:
9.00 g; SD: 1.85 g) were anesthetized with a
mixture of nitrous oxide, isofturane, and oxygen
by mask. ECGs using bipolar extremity leads
were recorded during 10 seconds with the aid of
26G hypodermie needles in the front and hind
limbs of the animals in dors al recumbency. To
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Figure 1. Relation of the PR interval versus heart length in mammals ranging from mice ta whales. Harses, elephants, and
whales have approJcimately the same PR interval. At heart length 0, the PR interval has a value of approximately 50 msec.
"Others "comprise humans of all ages and numerous mammalian species.
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prevent hypothermia, the mice were positioned
on a heated pad, kept at 40°C .

ation a significant effect of the general anesthesia
on the PR interval as this is never observed in
other animals under the same circumstances.
Moreover, our mice ECG data agree quite well
with those found by others. 17 Figure 3 shows the
relationship between heart size and the PR interval of all mammals on a logarithmic scale. From
these data we can further assume that the length
of the A V conduction system in mice hardly
affects the PR interval. For all practical purposes,
we estimate the length of the atria as one third of
the total heart length, thus approximately 1 mmo

Results

ECGData
The ECG of our smallest mouse weighing
2.5 g (Fig. 2) is representiüive of all ECGs of all
mice. Taking into account the 0.6% rule of heart
weight versus body weight,1O the heart of this
particular mouse had an estimated weight of 15
mg, so that the overall length of the heart would
have been slightly over 2.5 mm and the leng th of
the A V conduction system even less. The PR
interval in this case, however, is just over 40
msec; the average PR interval of all mice was
37.3 msec with a standard deviation of 3.7 msec.
The average heart rate was 468 beats/min (SD:
28).
A relevant finding was that the PR interval in
mice is not affected by age, weight (he art size),
or heart rate. We also do not take into consider-

Data Analysis
The PR interval consists of three components:
(1) SA: the time needed for the impulse to travel
from the sinoatrial node to the A V node (internodal transmission); (2) A V: the time it takes for
the impulse to move across the A V node (intranodal transmission); and (3) HP: the time the
impulse takes to travel along the His-Purkinje
system. So, PR = SA + A V + HP.
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Figure 2. EeG of a newbom mouse weighing 2.5 g. The PR interval is close to 40 msec, which is extremely long for a heart
of this size.
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Figure 3. Relation of the PR interval versus heart leng th presented on a logarithmic scale. It can be seen that all newborn
riûce, irrespective of their sizes, have approximately the same PR interval, and thaf in the rat (wei~hing 300 g), it is hardly
any longer. The S shape of the curve should be noted.
'

With respect to SA, it may not be justified to
equate intemodal conduction as being the same
as atrial myocardial conduction, 18 which in dogs
and humans is in the order of 50 cm/sec. 19
Schaper and Stammler20 did a morphometric
study of mammalian myocardium, including
mice. They did not find significant differences
between the diameter of myocardial cells in the
species they studied. Intemodal conduction
would be rather faster, as opposed to slower, than
50 cm/sec, so over a di stance of 1 mm SA can
hardly have been longer than 2 msec; but to be on
the safe side, we take for SA 5 msec. At an
average PR interval in the mouse of 40 msec,
there is at least 35 msec left for A V + HP. The
length of the A V node may be neglected, which
allows for a length of 2 mrn for HP. Truex and
Smythe21 did not specifically mention the mouse
in their study on comparative morphology of
His-Purkinje fibers . In the bat, rat, guinea pig,
and rabbit the "presumptive conduction fibers"
of the ventricles demonstrate little or no differentiation and are difficult to distinguish from
ventricular muscular fibers. A myocardial con-

duction velocity of approximately 50 cm/sec
would take 10msec at most for the impulse to
travel the di stance of 2 mm from the A V node to
and thr6ügh the ventricular myocardium . This
leaves us with a minimqm time of 25 to 30 msec
for intranodal transmissIon (A V). Atransmission
time of 25 msec over a distance approaching 0
implies an unrealistically slow conduction or a
fixed delay inside the A V node.
Discussion
Knowledge of tIre A V node function is essential for diagnosis and treatment of supraventricular arrhythmias in man. 1,22,23 Despite a vast
body of knowIedge, many facets of A Vnodal
transmission and its protection against atrial
tachycardias remain an enigma. 15 ,24 For instance, simple or rather simplistic decremental
conduction in the A V node cannot satisfactorily
explain rate and characteristics of ventricular
rhythm in atrial fibrillation?4,25 AIso, taking into
consideration the widely accepted decremental
conduction theory,15 the complicated relation-
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ship between the PR interval and heart size cannot be truly understood. This is exemplified by
recent measurements of premature bom infants,
weighing between 500 and 1,000 g and a heart
weight between 3 and 6 g, which showed an
average PR interval of 90 msec?6
The overall architecture of all mammalian
hearts is essentially similar. This similarity also
applies to the morphology of the A V node
among smaller and larger mammals 16 ,27 and to
the myocardium, which is composed of individual fibers that tend to be uniform in diameter,
approximately 10 to 15 J.L.!6 Conduction velo city
in living fibers depends largelyon cell (fiber)
diameter. 28 ,29 Given the more or less uniform
diameter of myocardial cells throughout the
whole mammalian kingdom, we may infer fairly
constant conduction velocities in the myocardial
fibers of all mammais. lndeed, the ventricles of a
mouse are so small that functioning Purkinje
fibers are hardly needed.!6 But even if some
Purkinje fibers existed30 and, therefore, conduction velocity differences between small and large
mammals were present, this could hardly affect
conduction times in hearts of the size of a few
millimeters.
The relatively long and constant duration of
A V transmission time in small mammals and the
relatively short and constant PR interval in large
mammals result in the classic and unexplained
S-shape curve3! shown in Figure 3. It must have
an evolutionary basis and be responsible for an
optimal efficacy of the hemodynamic function of
the heart. 32 The S-shaped relationship between
the PR interval and heart si ze may be due to
discontinuous propagation in the A V node. Discontinuous propagation, if operative during sinus
rhythm in intact mammalian hearts,24,33 could be
responsible for the apparent fixed delay in the
A V node, and would affect A V transmission in
small hearts more than in large ones. The concept
of a fixed delay is the result of extrapolation of
the PR interval to heart weight (size) O. This
concept is confirmed by the observation of long
PR intervals in newbom mice weighing 2.5 to
10 g. The fixed delay could be rather constant in
mammals of all sizes, and should be subtracted
from the total PR interval to ca1culate transmission velocities in the different parts of the heart.
The clinical consequences of these findings are
as yet unclear.
The true riddle is why a rat of 300 g would
have the same PR interval as a newbom mouse of

5 g, and why a whale of 30,000 kg would have
the same PR interval as a horse of 500 kg.

Conclusion
A V transmission time is the result of at least
two mechanisms: (1) a fixed delay of an incoming atrial impulse or an episode of marked slowing of conduction (discontinuous transmission)
in the A V node, a mechanism especially important in small mammais; and (2) propagation of
the impulse along the cells of the A V node and
HP system. The contribution of this mechanism
gains importance when hearts get bigger.
There is a striking S-shaped relationship between the PR interval and he art size, which deserves further attention.
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