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Sealing of A V Transmission. "Sealing deals with the structural and funetional eonsequenees of 
changes in size or seale among otherwise similar organisms." It plays a key role in all studies on 
eomparative mammalian physiology and morphology. Heart weight is proportionally related to body 
weight and ean be described by a straightforward, so-ealled allometrie equation. We studied sealing of A V 
transmission times (PR intervals on the ECG) in 375 mammals of different dimensions and species. 
Sealing of A V transmission times versus heart length (third root of weight) is statistieally best described 
by a S-shaped curve. This implies that A V transmission time in mammals is not Iinearly related to heart 
length and does not depend solely on the length of the A V transmission system. The A V node fine-tunes 
A V transmission times at rest and during exercise in individuals; it proteets the ventricles against 
high-rate atrial arrhythmias sueh as atrial fibrillation; and it regulates basal A V transmission times in 
mammalian species of varying sizes. We eall the "how" and "why" of the sealing of A V transmission time 
in mammals an evolutionary riddle that deserves further study. (J Cardiovase Eleetrophysiol, Vol. 13, pp. 
826-830, August 2002) 
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Introduction 

As early as 1927, Clark1 noted that "the PR interval 
varies so litde in different animais." In previous publica
tions, we described the relationship between body or heart 
weight and the duration of the PR interval in a large number 
of mammalian species.2-7 Heart weight is proportionally 
related to body weight,8,9 but in going from mouse to whale 
we found that PR interval duration is not linearly related to 
heart weight.4-7 Small mammals (mice and rats) have rela
tively long PR intervals that hardly differ in duration. Large 
mammals (horses, elephants, and whales) have relatively 
short PR intervals that also are of nearly equal duration. We 
conc1uded that PR interval duration does not solely depend 
on the transmission velocity of the cardiac impulse andlor 
the length of the A V transmission pathway. Other mecha
nisms must be involved. In this article, we present a more 
quantitative approach to this observation and stress the lack 
of known substrates for these findings. 
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What is Sealing? 

The term sealing and its meaning play a key role in all 
studies on comparative physiology and morphology. In 
1638, Galileo Galilei IO was the first to drawattention to the 
relationship between body size and shape and dimension of 
bones in a variety of mammalian species. As an example, he 
used a bone "whose naturallength has been inereased three 
times and whose thiekness has been multiplied" to maintain 
the same relative strength as when it was smaller (Fig. 1). 
This adaptation is called sealing, although in Galilei' s time 
the word "sealing" did not yet exist. 

According to Schmidt-Nielsen,9 "Sealing deals with the 
structural and funetional eonsequenees of changes in size or 
scale among otherwise similar organisms. " In engineering, 
problems of changes in size often can be solved by using 
stronger or different materiais, for example, concrete or 
steel instead of brick or wood. In the living world, the 
material used to build animal bodies is the result of eons of 
evolutionary processes, so sealing of structure and function 
must occur within the constraints of morphology and phys
iology of organs and organ systems. In recent years, new 
and interesting models of scaling laws in biology have been 
presented,11,12 but to the best of our knowledge they have 
not been tested in relation to the electrical functions of the 
mammalian heart. 

Most animals live in the same physical world; therefore, 
they function at relatively uniform temperatures and pres
sures. 13 Mammalian biologic systems function at about 
37°C. The diameter of all mammalian cells depends on the 
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Figure 1. Reproduction of Figure 27 in the book on Galileo Galilei (p. 
126)10 

metabolic demands of the cells and the capability for trans
membrane oxygen diffusion. Therefore, the diameter of all 
mammalian cells refkcts the optimal relationship between 
cell volume and oxygen diffusion rate at their body temper
atures.14 "Cardiac muscle is composed of individual cells 
that in all mammals (mouse through whale) are rather 
uniform in diameter (approximately la to 15 p.,). "15, 16 Scal
ing of heart size takes place, but the diameter of the mam
malian cells does not seem to change. Larger mammals have 
more cells, not larger cells.14 Not only is cardiac tissue 
composed of cells of similar diameter, but erythrocytes and 
glandular tissue also consist of cells that tend to be uniform 
in diameter. 17 

Often it is easy to explain and understand why and how 
scaling is occurring. Protheros and Schmidt-Nielsen9 found 
th at in all mammals studied, heart weight was 0.6% of body 
weight (Fig. 2), a direct proportional relationship. Cardiac 
output is related to the metabolic rate and the oxygen 
consumption of the mammalian body with a slope of 0.8l,9 
In mammais, stroke volume is directly related to heart 
weight. Small mammals have a relatively high metabolic 
rate, yet their stroke volume is directly related to heart 
weight with a scaling factor of 1.9 A consequence in small 
mammals is that their relatively high cardiac output is not 
effected by a (relatively) larger heart but by a relatively 
higher heart rate. Systematic study of scaling of the electri
cai functions of the mammalian heart, such as QRS duration 
or A V transmission time, versus body (heart) size is a 
neglected part of cardiovascular electrophysiology and of 
scaling studies in genera\. !I ,12 The relationship among form, 
size, and function in mammalsis is of interest not only for 
understanding scaling aspects in biology in general , but in 
the case of the A V transmission system it also may add to 
our understanding of the contribution of A Vnodal function 
to optimal efficacy of the circulation. In (human) health and 
disease, for instance, during atrial fibrillation, 19 the funda
mental role of the A V node in controlling ventricular rate is 
weil acknowledged. . . 

Results 

A V Time Versus Heart Size 

1. Small mammals: The PR interval in a newborn mouse 
weighing 5 g with a heart weight of about 30 mg is 30 to 
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40 msec. In rats weighing 300 g with a heart weight of 
approximately 1,800 mg, the PR interval is 40 to 50 
msec. So while body weight and thus heart weight in 
those rodents increase by a factor of 60 and heart length 
by a factor of 4, there is hardly any increase in the 
observed A V transmission times.7 Extrapolating heart 
length to zero still would result in a PR interval close to 
30 msec. 

2. Average-sized mammals: In contrast, there is a distinct 
and linear increase of PR intervals from the adult rat 
onward to the horse, going from 40 to 350-400 msec (a 
factor of 10). Body weight in this group of mammals 
(incIuding humans) increases from 300 g to 900 kg (a 
factor of 3,000) and heart length increases by a factor of 
15,5 while the A V transmission time increases by a factor 
of 7 to 10. 

3. Large mammals: PR interval duration (400 msec) in 
elephants weighting 3,500 kg3 and in the humpback 
whale weighing 30,000 kg4 is approximately the same as 
in a medium-sized horse weighing 900 kg,IS an increase 
by a factor of 33, while heart length increases by a factor 
of 2 . . 

The combination of these findings is shown in Figure 3, 
which summarizes our data and those of others obtained in 
375 mammals of different species with widely varying body 
weights and thus heart weights.3-7.20-22 The nonlinearity of 
the curve is mainly due to the aberrant behavior of the 
whale. The minimal increase, if any, of the PR interval in 
small mammalian species of different sizes may yet fall 
within a generally applicable allometric equation. It is in
teresting to note that a constant PR interval at increasing 
body sizes can be observed within one species (the human). 
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Figure 2. Prothero 's original figure from /979." (Reproduced with per
mission ji-om Prothero J: Heart weight as a function of body weight in 
mammais. Growth 1979;43:139-150.) 
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Mathematical Considerations 

Why Heart Length? 

In a gross simplifkation necessary for a more quantita
tive approach, we present the leng th of the pathway th at the 
electrical impulse must travel from atria to ventricles as 
heart length, which we defined as the third root of heart 
weight (assuming a constant density of 1 g . cm ~3). Using 
the third root of heart weight underestimates the true length 
of the A V transmission system (atria, A V node, His-Pur
kinje system). Af ter passing the A V node, the electrical 
impulse traveling from atria to ventricles takes the twisted 
His-Purkinje road, which is present in the hearts of all 
mammalian species of all sizes.23-28 This is a more compli
cated and definitely long er route than the straight, one
dimensional heart length we used for our data presentation. 
We are aware of the fact th at the shape of the heart is not the 
same in different mammalian species. We thus introduce an 
unknown error that will affect the nonlinearity of the scaling 
data of A V transmission versus heart length. The relation
ship between A V transmission time and heart length may be 
different in different species and, therefore, may yet resem
bie an allometric scaling pattern.2,29 

PR Time Versus Heart Length 

The outcome of data collection of biologic magnitudes 
of ten is presented in the form of the so-called allometric 
equation: 

(I) 

In this equation, X and Yare the involved biologic magni
tudes, and a and bare constants, where b is the substantial 
constant and sometimes referred to as the scaling factor. The 
allometric equation curve is a robust presentation of most 
biologic scaling data. ll•12 A c1ear example is the heart 
weight versus body weight relationship described by Pro
thero.8 

By taking logarithms, the equation allows for an easy 
estimation of the unknown constants a and b of a series of 
data: 

Log Y = Log a + b X Log X (la) 

One of ten refers to this presentation as the regression of Log 
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Figure 3. PR time (in milliseconds) versus heart 
length (in centimeters) observed and computed in 375 
mammals of different species and sizes, ranging from 
newbom mice to the humpback whale. See lexl for 
delails. 

Y on Log X. The constant Log arepresents the intercept with 
the (log) y-axis and b the slope of the straight line. This may 
pose a fundamental problem for the presentation of biologic 
data. because why should one always expect y = 0 for x = 
a? For instance, in our case, at an extrapolated heart weight 
of zero, the PR interval still would be on the order of 30 to 
40 msec. Van der Tweel et aJ.7 demonstrated in newborn 
mice with hearts as small as one can obtain (±30 mg) and 
well-developed His-Purkinje systems25 that the line repre
senting the relationship between PR interval and heart 
length crosses the y-axes weil above zero. 

Therefore, from several possibilities we opted in Figure 
3 for the logistic curve (sigmoid curve) introduced by Ver
hulst30 in 1844 as "courbe logistique": 

Y = p/{ 1 + q X Exp( - À X X)} . (2) 

X and Y again are the involved biologic magnitudes, and p, 
q, and À are the parameters of the curve. Compare a and b 
of Equation I. The actual data justifying this fit have been 
reported previously.4,5,7,20-22 

This formula, which describes the data shown in Figure 
3, implies that at a theoretical heart length of zero, PR 
interval does not equal zero. It also describes the S-shape of 
the curve of the relationship between PR interval and heart 
length, This curve presents a possible difference between 
scaling of A V transmission time and other forms of scaling 
(allometric) of (cardiac) functions in mammais. When we 
discard the whale data, scaling of A V transmission still can 
be des cri bed by an allometric formula, but the whale data 
are too unique and biologically too important not to present 
the more complicated relationship. In either case, it leaves 
us with the perplexity of rather simple mathematics versus 
a highly complex, albeit amazingly predictabie, electric 
behavior of the mammalian A V node. 

Discussion 

Mice Versus Rats, Versus Horses, Versus Whale 

The curve shown in Figure 3 combines the findings of 
PR intervals versus heart length for 375 mammals ranging 
from newborn mice7 to the humpback whale.4 Because 
considerably more small mammals were studied than large 
animais, there is a cluster of data points at the lower end of 



the curve and only a few data points at the higher end. It is 
interesting to note that at an extrapolated (nonexistent) heart 
si ze of zero there still would be a sizable PR interval. The 
whale data "weigh" heavily, but because of the biologic 
significance of those precious data they were included. 

A puzzling observation is that in small mammals (new
bom mice and rats) the PR times, apart from being quite 
long, hardly seem to differ even though the rat heart is 60 
times bigger (heavier) than the newborn mouse heart and 
the di stance (third root of weight) the impulse must travel 
between atria and ventricles increases at least fourfold. 
Large mammals show the opposite; horses, elephants, and 
o,ur whale have relatively short PR intervals. Despite a wide 
difference in body (heart) weight and heart length, PR also 
hardly differs in duration. This observation further demon
strates that in hearts smaller than a certain size (rats) A V 
transmission time seemingly cannot get shorter, and in large 
hearts (horses, elephants, and whales) A V transmission time 
cannot get longer. It is interesting to note th at at an extrap
olated (nonexistent) heart size of zero there still would be a 
sizable PR interval. 

A constant PR interval, at increasing body sizes, can be 
observed within one species. Kähler et aJ.31 recently re
ported the development of cardiac time intervals in normal 
human embryos. Their data show that between weeks 20 
and 42 of gestation, the PR interval remained unchanged 
between 55 and 60 msec. Costa et aJ.32 clearly showed in 
premature infants that although the infants gained weight 
from birth until age 5 to 7 weeks, PR intervals did not 
increase. They remained constant at the 90-msec level, i.e., 
the same PR duration we found in premature babi es weigh
ing :::; I kg.6 When hearts get bigger and the His-Purkinje 
systems longer, A V transmission does not necessarily take 
more time. The conclusion is undeniable that there is no 
simple relationship between traveling distance and traveling 
time of the impulse in the mammalian A V transmission 
system, not only between species but also within a single 
species (human). 

General Considerations 

Macro- and micro (electron)-morphology of the myocar
dium, A V node, and His-Purkinje system, studied in detail 
for more than a century, is similar in all mammalian species 
of all sizes.23.28 Electrophysiologic differences between 
myocardial and Purkinje cells in a variety of mammalian 
hearts are relatively sma1P3.34 and do not explain the limited 
increase of A V transmission time versus heart size and the 
overall complexity of A V no dal e\ectrical function. 35.36 De
spite its promises for the future, there is no known molec
ular substrate that yet explains the beha vi or of A V trans
mission scaling in mammais. Some differences in 
conduction velocities in atria of genetically manipulated 
mice were found to be related to connexin40 protein con
centration in the gap junctions,37.38 but at this time it does 
not seem possible to extrapolate those findings to conduc
tion velocities in the specific conductiori system in' mam
mals of different sizes. Moreover, there is conflicting evi
dence in this field. 39 For now, we cannot present a substrate 
or explanation for the scaling of delay in the A V transmis
sion system in relation to body weight (heart size) in mam
malian species. It is possible that a species-dependent den
sity of adenosine receptors is responsible for this 
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phenomenon, but apart from guinea pig data there is insuf
ficient information to support this.40 

The Brain of the Heart 

The A V node has at least three functions: 

I. It warrants optimal efficacy of cardiac output by fine
tuning the delay between atrial and ventricular contrac
tion.41 It is fair to assume that the differences in A V 
transmission times between mammalian species (of dif
ferent sizes) as presented here serve the same purpose. 

2. Another important aspect of A V node physiology is the 
protection of the ventricles and thus of life itself against 
the effects of high-rate atrial arrhythmias such as atrial 
fibrillation.42 

3. It serves (at least in humans) as a backup pacemaker in 
case of atrial arrest, whatever the cause. 

The A V node controls the function of the heart and thus of 
the circulation; therefore, it plays a fundamental role in the 
survival strategy of all mammalian species. As such, it is 
fair to call this complicated evolutionary marbie "the brain 
of the heart." 

The Possible Role of Evolution 

The notion of evolution to explain the PR-heart length 
relationship may be found in the physical effects of the 
mitral valve radius on the pressure gradient over the valve. 
We have reason to believe that (part of) the explanation can 
be found in Poiseuille's law. In small mammais, there must 
be a strongly increasing (fourth power) effect of the dimin
ishing radius of the mitral valve opening on resistance of the 
mitral valve during ventricular diastole. The narrow mitral 
opening probably requires an increase in PR interval to 
allow more time for ventricular filling and to prevent ex
cessive pressure in the left atrium. In large mammaIs, fur
th er lengthening of the PR interval is not necessary. Scaling 
of PR interval versus heart length in mammals may guar
antee optimal efficacy of the circulation in very small and 
very large mammals. This can be viewed as the expression 
of a survival strategy of very small and very large mamma
lian species. 

Conclusion 

1. Morphology, electrophysiology, and biochemistry of the 
transmission system of the mammalian heart do not offer 
a straightforward answer to the problem of nonlinear 
scaling of A V transmission time in different mammalian 
species. Until now, clinical and experimental electrocar
diology did not even signal the peculiar relationship 
between A V transmission time and heart size, let alone 
offer a solution for this phenomenon. A V and myocar
dial conduction studies have entered their molecular 
phase but still are far from firmly linking transmission 
velocities in the AV node and His-Purkinje system to gap 
junction proteins.43 It is unknown exactly where the 
answer may be found: in the A V node proper, in the 
His-Purkinje system, or in both? 

2. We learned from evolution that form prevails over func
tion.44 This fact is fundamental to our understanding of 
function adaptation to differences in size in mammalian 
species. It is exemplified by the almost identical blue
print of the heart and the A V node in all mammalian 
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species of all dimensions as weIl as in the similar size 
and fonn of mammalian myoeardial eells. 

3. The reasoning presented in this article leaves us with two 
m~or questions. (1) How is sealing of A V transmission 
time (adaptation of function) versus heart size effected? 
In other words, what is the substrate of nonlinear com
parative AV transmission in mammalian species of dif
ferent sizes? Billette45 called this problem achallenge for 
the 21st century. It is. (2) Why is this unusual fonn of 
scaling observed in the mammalian A V transmission 
system? In other words, what is the survival strategy 
(hemodynamic or other) for this behavior? We will re-

I turn to this evolutionary riddle in a subsequent article. 
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