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Evolution and Sealing of Atrioventrieular 
Conduetion Time in Mammals 
Frits L. Meijler, MD, PhD;1 Jan Strackee, PhD2 

This review in The Arnerican Heart Hospital journaJ iç published in two parts. Part 1 deals with the role ofscaling in (Patho )physiology 
and anatomy, OT the function and structure of organs and organ systems in relation 10 body size of mamrnalian species. An intriguing 
aspect of scaling is the relation between heart size and the dumtion of atrioventricular (AV) conduction (Winter 2006 issue-Am Heart 
Hosp J. 2006;4:53-57.). Part 2 offers a simple mathematic explanation of AV conduction time sealing based on AV hemodynamics in 
rnarnmalian species of different sizes. 

Changes of the PR interval (atrioventricular delay) in relation to changes of heart size in mammalian species (sealing) confront us 
with a perplexing lack of understanding of an essential funetion of the heart. The PR interval controls the duration of late diastolic 
blood flow from the atria to the ventricles. There is good evidence that blood flow velocity is fairly conStant in all mammalian spe
cies, meaning it does not seale.Also, in all mammalian species, the mitral orjfiee does not offer any resistanee to atrioventrieular 
blood flow.lt follows that blood flow duration is directly dependent on the diStance between the atria and the ventricles.Although 
the heart is not a cube, this di Stance is defined as the third root of heart mass.The third root of any value changes little in relation 
to the value itself. This simple mathematic fact is an easy explanation for PR interval behavior in relation to heart and/or body size. 
However, the atrioventrieular intranodal eleetrophysiology of this behavior is not known. ~OO6 LeJacq Ltd. 

D uring evolution, hemodynamics had to be 
adjusted according to the habitat in which 
a particular species was to survive. This 

adjustment was controlled by the electrical processes 
preceding the mechanical behavior of the he art 
and thus of the entire circu1ation. It follows that the 
electrical activation of the atrial myocardium and 
atrioventricular (AV) conduction time serves as weIl 
as controls the transport of blood from the atria to 
the ventricles during late diastole. The mean veloc
ity of blood decreases only slightly with increasing 
body size.\ Thus, differences in blood transport time 
from the atria to the ventricles mainly represent dif
ferences in distances, which dep end on the size of 
the heart. Understanding the varying PR intervals 
in health during rest, excitement and exercise, and 
disease (e.g., mitral stenosis, AVblock, preexcita
tion) is only possible with knowledge of the physiol
ogy of AV blood transport and ventricular fIlling. A 
number of factors have to be taken into account. 

Mitral Orifice Diameter 
A possible anatomic feature that could affect the AV 
blood transport by creating some form of resistance 
is the mitral opening between the left atrium (LA) 
and the left ventricle (LV). In a large postmortem 
study of fresh hearts obtained from mammais, we 
found a nearly proportional relationship between 
mitral orifice diameter and heart length (the third 
root of heart mass)2; the diameter of the mitral ori
fice being half the length of the heart. As the heart 
gets larger, the mitral orifice gets wider, implying 
that changes of heart size result in proportional 
changes of mitral diameter and do not affect the 
duration of AV transport of blood in mammalian 
species (Figure 1). 

Magnetic Resonance Imaging of the 
Human Heart 
Furtber insight in tbe visual and quantitative aspects 
of the transport of blood from the LA to the LV was 
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obtained with the use of magnetic resonanee imaging 
(MRI) in 10 healthy adult subjects (mean mass, 83 
kg; SD, 12 kg).2.3 Tbe human heart is representa
live of all mammalian hearts. Hearts differ in size 
but not in shape or architecture. Figure 2 shows four 
still frames from MRI movies available at: http://www. 
euronet.nI!-denham/MRI-movies. During diastole, 
beginning with rapid LV filling caused by (active) 
dilation of the LV, the mitral valve is wide open with 
the result that the LA and LV appeal' as one space. 
It can be seen that the mitral orifice and mitraI valve 
do not pose any resistance to ventricular filling. Tbe 
cine mode of the movie shows real-time contractions 
of the human heart during one full cardiac cycle. The 
two-chamber and short-axis views of the LV show that 
the rapid filling phase starts at early diastole with 
the opening of the mitral valve. LV volume is further 
increased by LA contraction-a direct visualization of 
the Frank-Starling mechanism in vivO.4•5 Interesting 
findings arise aftel' several viewings of the movements 
of the heart; for instanee, the dosing during LV systo
le and the opening of the mitral valve during LV dias
tole is a fascinating sight, reminding us of the dosing 
and opening of one of the major spring tide defense 
barriers in the Nortb Sea delta in the Netherlands, 
west of Rotterdam harbor (Figure 3). Tbis is beyond 
tbe subject of this study, but tbe engineers were never 
aware of tbe mitralleaflets in operation. 

LVVolume and Mitral Flow Measurements 
MRI of the heart allows for LV volume measurements 
and quantification of the mitral flow. 2•3 In this inves
tigation, we are mainly interested in the diastolic 
flow measurements. We found an average LV stroke 
volume of 90 mL and a cardiac output of 5.6 L. The 
contribution to diastolic LV volume (average of the 
10 observations) was 66%±6% for early (rapid) filling 
and 31 %±5% for the atrial contraction (late diastolic 
filling) . As a ruie of thumb, one shouid remember 
tbat totaI LV diastolic volume consists of two tbirds 
early and one third late filling. Figure 4 shows a 
typical example of mitral flow quantification in an 
individual with a heart rate of 60 bpm, i.e., a cardiac 
cycle of 1000 ms (x-axis). Point 0 on the x-axis coin
cides with the beginning of tbe QRS complex on the 
electrocardiogram and represents the start of the car
diac cycle. The y-axis shows blood flow velocity over 
tbe mitral valve in mUs. During LV systole there is 
no flow over the mitraI valve; the mitral leaflets are 
closed because LV pressure exceeds LA pressure. LV 
systole ends witb the beginning of rapid LV filling 
due to relaxation of the LV, which brings LV pressure 
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Figure I. Relationship between mitral orjfiee diameter (MODiam) and 
heart length (eubie root of heart mass). Reproduced with permission 
from Heart Rhythm. 2005;2: 188-196.1 

Figure 2. Four still frames from a representative magnetic resonanee 
imaging movie (available at: http://www.euronet.nl/-denham/MRI-movies). 
LA=left atrium; MV=mitral valve; AO=aortic valve; LV=left ventricJe. 
Reprodueed with permis sion from Heart Rhythm. 2005;2: 188-196.2 

below LA pressure. Curve Erepresents the flow over 
the mitral valve during the rapid filling phase, and 
curve Arepresents the flow caused by the atrial con
traction. The sum of the areas under curves E and 
A equals stroke volume. When we normalize cardiac 
cycle duration of our human subjects, the A wave 
always starts at 80% of tbe RR interval, while start 
and duration of the E waves are scattered between 
35% and close to 80% of tbe cardiac cyde. We now 
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Figure 3. One of the major Dutch defense barriers against the sea (top 
of picture). When the tide is too high, the water level on the seaside can 
be compared with high left ventricular pressure during systole.The steel 
arms resembie the chordae tendineae. Reproduced with permission 
from the Netherlands Ministry of Transport, Public Works and Water 
Management. The Netherlands. 
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Figure 4. Atrioventricular (AV) mitral flow velocity during one cardiac 
cycle of 1000 ms. The time between 0 and the beginning of Erepresents 
left ventricular systole. The E curve represents the rapid filling phase 
during early diastole, and the A curve represents the AV flow over the 
mitral valve during atrial contraction-Iate diastolic filling. The sum of 
the areas under the curves equals stroke volume. Reproduced with 
permission from Heart Rhythm. 2005;2: 188-196.2 

must realize that the PR interval only controls about 
one third of diastolic blood flow, while approximately 
two thirds enters the LV befare the beginning of the A 
wave and af ter LV systole. The A wave and the dura
tion of AV conduction play a secondary (although 
vital) role in controIling the stroke volume that leaves 
the ventricle during systole. 

In 1988, van Dam-Koopman6 published a study 
on diastolie LV dimensions in atrial fibrillation 
using two-dimensional eehoeardiography. With her 
consent, we reproduced the most salient figure 
from her study (Figure 5). Tbe x-axis represents the 

Evolution and Sealing of AV Delay 

The American Haart Hospital Journal 

duration ofthe RR interval (ms) and the y-axis rep
resents the LV end-diastolie dimension (mm) in a 
patient with anormal mitral valve. The ventrieular 
rhythm is random during atrial fibrillation, thus all 
RR intervals differ in duration.7 It can be seen that 
af ter 600 ms, maximum end-diastolic dimension (in 
this case eonsidered to represent LV end-diastolic 
volume) is reached independently of further length
ening of the RR interval. In individuals with a sinus 
rhythm, the duration of LV systole determines the 
timing of early diastolie LV flow and, thus, the major 
part of stroke volume. However, as shown in Figure 
4, late diastolic flow (beginning of atrial contraetion) 
appears to oeeur at 80% of the cardiae cycle. The 
eonclusions are: 1) the PR interval eontrols about 
one third of total diastolic blood flow; and 2) in 
patients who require sequential pacing, espeeially 
those with heart failure, the atrial stimulus should 
be delivered at 80% of the ehosen eardiae cycle to 
obtain the optimal effect of the a tri al contraction . 

Mathematic and Other Considerations 
The impetus of an almost lifelong study was to 
understand sealing of AV conduction (PR interval 
on eleetrocardiography) in mammalian species. Our 
thesis is that in evolution, eleetricity of the heart has 
been designed to control hemodynamies. For that 
reason, two different physieaI\inodels were applied 
(personal communieation, Dl~ Frans Nieuwstadt, 
2004) to estimate the time it takes to transport 
blood from the atria to the ventricIes.8,9 In these 
modeIs, we focused on the duration of late diastolic 
filling by atrial contraction because that duration 
is relevant to sealing of the PR interval. 2 The inde
pendently obtained outeomes of both models were 
similar and yielded a theoretic sealing factor of one 
third power on heart mass for the duration of blood 
transport by atrial eontraction into the ventricles. 

In a recent study using allometrie equations, 
a sealing factor of one fourth for PR interval (AV 
delay) vs. heart mass was found. 1O The difference 
with a one third sealing factor may reflect the use 
of standard Euclidean vs. fractal analysis. Howèver, 
this differenee may be immaterial, particularly in 
the context of biologie variability.l For the sake 
of clarity, we plotted the third root as weIl as the 
fourth of a series of values (Figure 6). It can be seen 
that the "mismatch"ll eaused by the third (and 
fourth) root slowly increases with the magnitude of 
the values on the x-axis. This simple mathematic 
consideration offers an additional plausible expla
nation for the one third vs. the one fourth sealing 
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factor controversy. The one third root of heart mass 
is a rough approximation of the distance (the heart 
is not a cube) between the atria and the ventricles 
and, thus, at a given (constant) flow velocity, the 
mass-dependent transportation time. AV conduc
tion delay is much more complicated because it 
takes place within the AV node. The true nature of 
the process that causes this delay is still unknown. 
A further complication is the fact that when we plot 
the PR interval against heart mass and extrapolate 
the curve to heart mass at zero, it crosses the y-axis 
at a value clearly different from zero. The PR inter
val still has a value of about 40-50 ms. 12 In other 
words, with a theoretic heart size of 0 mm, the PR 
interval is > 0 ms. 

A metaphor for AV delay is that of a traffic 
roundabout that is covered from above. One can see 
a car (impulse) entering the roundabout (AV node) 
and also exiting it. The time that the car stays on 
the roundabout can be measured, but what happens 
in between is unknown. The roundabout may have 
a more or less complicated design, and the speed 
ofthe vehicle may vary. The same is true for the AV 
node; its morphology is complicated, and the speed 
and route of an atrial impulse going througli'it is 
unknown. Thus, our knowledge of AV node electro
physiologyI3,14 or, rather, our lack thereof, does not 
allow for an explanation of the mechanism of AV 
conduction delay, let alone for the mechanism that 
links AV delay to the duration of late diastolic AV 
blood transport. 

With respect to early diastolic filling, it is worth
while to take into consideration that, according 
to Schmidt-Nielsen, I heart rate scales with body 
mass with a fourth root but, according to Lambert 
and Teissiel~ 15 with a third root. We find here a 
similar difference of appreciation associated with 
the PR interval. The duration of a cardiac cycle is 
inversely proportional with heart rate. The relation
ship between cycle length and contractility, called 
postextrasystolic potentiation, is fairly weIl estab
lished. 16 SmaU hearts as compared with large hearts 
have fast heart rates; thus, small hearts have short 
cardiac cycles accompanied by high contractility 
and a high speed of relaxation. 17 LV filling occurs 
at a high speed, made possible by fast relaxation 
and short AV distances. Simple mathematic prin
ciples (Figure 6) explain the so-called mismatch 
between PR interval and heart mass; simp Ie rules of 
hemo(hydro )dynamic transport explain the dura
tion of AV blood flow; howevel~ the mechanisms of 
the linkage of AV blood flow with AV delay and of 
AV delay itself are still terra incognita.18,19 
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Figure 5. Left ventricular end-diastolie dimension (EDD) vs. RR inter
vals in a patient with atrial fibrillation and a normal mitral valve. There is 
no further inerease in EDD after an RR interval of 600 ms. Courtesy of 
Dr. Ina van Dam-Koopman.6 
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Figure 6. Plot of the square root (1/2), eubie root (1/3), and fourth root 
(1/4) of a series of values. The larger the value, the relatively smaller 
beeome the root results as weil as their relative quantitative differenees. 
See text for further details. 

Evolution 
In the previous section,20 we distinguished between 
the role of electricity of the heart and hemodynamics 
in evolution as weIl as in the survival of species and 
individual members of a species. We postulated that 
for each species to survive there has to be astrong 
coupling between electricity and hemodynamics, 
because it is the circulation that enables life and 
promotes survival. Evolution is the driving force of 
the shape, size, and function of all mammals. It is of 
great interest that, in evolution, form prevails over 
function,2l Similar organs and structures are found 
in mammalian species of widely different sizes and 
shapes.! Thus, the hearts of all mammals are built 
according to the same blueprint. In addition, all 
mammals have cells that are approxinIately the same 
size. Changes in body shape and size call for sealing 
of a number of functions, as explained above. Sealing 
of the PR interval has long been an enigma, but the 
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realization that scaling factors of one third and one 
fourth power offer a rather simple explanation for 
what we formerly perceived as amismatch has soIved 
this riddle--but not its physiology. Of course, consid
ering the electricity and mechanics of the heart, we 
cannot separate one from the other. The time course 
of evolution does not allow for an experimental 
approach to AV nodal scaling.22,23 

Conclusions 
From an evolutionary point of view, we have to accept 
that for the survival of mammalian species, e1ectricity 
of the heart is the servant of the mechanical behavior 
of the heart and, thus, of circulation. In each indi
vidual, elecu'icity rules the heart and, in agreement 
with that, the PR interval controls the duration of AV 
blood flow. TIle duration of AV blood transport is 
related to the size (mass) of the heart, with a scaling 
factor of one third. This duration is controlled by 
the AV delay (PR interval). Scaling of the PR interval 
takes place in the AV node. However, the mechanism 
of this is unknown, as is the linkage between elec
tric and hemodynamic sealing. The so-called mis
match between PR interval and body/heart mass is 
explained by simple mathematic considerations: the 
larger the value, the relatively smaller the third and 
fourth root. The same mathematic results demon
stI'ate that the larger the heart, the relatively smaller 
the perceived difference betweerr the orre third- and 
one fourth-power scaling factor. The early diastolic 
filling is scattered over early diastole, while atrial 
contI'action (late diastolic mling) occurs at 80% of the 
cardiac cyde. Stroke volume consists of the sum of 
two thirds early and one third late diastolic fIlling. 

Summary 
In the past, we and others have tried to understand 
the relationship between the PR interval on elec
tI'ocardiography (AV conduction delay) and the size 
of the body and, thus, that of the heart in mam
mals. From the mouse to the whale, the PR interval 
increases 10-fold, whereas body mass increases 
some million-fold. This apparent mismatch is the 
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