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Summary. Atrial fibrillation is one ofthe most com
mon cardiac arrhythmias in humans. It a1so occurs 
quite frequent1y in dogs and horses. Comparative 
study of this arrhythmia may contribute to better 
understanding of the pathophysiologica1 mecha
nisms involved. 

In this study, we present a quantitative analysis 
of atrial fibrillation in humans, dogs, horses, and in 
a kangaroo, making use of histograms and serial 
autocorrelograms of the ventricular rhythm with 
and without digitalis medication. 

Increase in the si ze of the animal and thus in the 
size of the heart is accompanied by a decrease in 
ventricular rate. The ventricular rhythm was ran
dom in the dog, kangaroo, and man, but periodicity 
was present in the horse. Digitalis decreased the 
ventricular rate in all species studied and enforced 
the periodicity in the horse. 

The differences in the atrial excitation process, 
atrioventricular (A V) conduction, and ventricular 
behavior between the four species studied are sm all 
when compared with the differences in their heart 
Slze. 

We concJude that in ev01ution, as far as the heart 
is concerned, ceU size and morphology probably 
prevail over ceIl-function. 

Introduction 

Comparative medici ne may contribute to a better 
understanding ofhuman and anima! physiology and 
pathology. In this regard, one field that seems quite 
promising is the comparative study of rhythm and 
conduction abnormalities; atrial fibrillation certainly 
presents itself as an arrhythmia that is suitable for 
comparative study. Atrial fibrillation is one of the 
most common cardiac arrhythmias in hu mans [1 ,2]. 
lts incidence increases with increasi ng age and tends 
to be re1ated to myocardial disease, such as coronary 
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artery disease, hypertension, mitral stenosis, and 
hyperthyroidism. In the Western hemisphere and 
probably also in Japan, atrial fibrillation in humans 
is mainly caused by coronary he art disease [2 - 5]. 

It is of interest that atrial fibrillation is also not in
frequently observed in domestic animals that reach 
an advanced age like dogs and horses [6- 13]. One 
would also expect to encounter atrial fibrillation in 
mammals larger than dogs in 2oos, because these 
animals can also reach a considerable age. As an 
example of this, we observed atrial fibrillation in a 
kangaroo in a zoo in Bristol, England. A systematic 
electrocardiographic study of large and old mam
mals in our 200s would probably reveal quite a 
number of cases with atrial fibriilation andjor other 
arrhythmias. 

Veterinarians are well aware ofthe frequent exis
tence of atrial fibriilation in dogs and harses, but in 
eattle it is quite ta re [14, 15]. Another feature of 
atrial fibrillation is that it is hardly ever observed in 
smaller animals like eats, rabbits, and rats [12]; also, 
in dogs less thal1 20 kg body weight it. does not seem 
to oceur [11] . Atrial fibrillation is seldom seen in 
infants, ehildren, and young adults. This can easily 
be explained by Moe's multiple wavelet theory [16-
18]. Atrial fibrillation is a well-known arrhythmia in 
large dogs, humans, and horses with advaneed age 
and /or large hearts . 

In this paper, we report on our studies on spon
taneous atrial fibrillation in dogs, a kangaroo, hu
mans, anà horses. The goal of our study was to gain 
further insight into the meehanism of the arrhythmia 
itself, the role of the atrioventrieular (AV) junction 
during atrial fibrillatio n, and to analyze the effect of 
digitalis and the influenee of the autonomie nervous 
system. 

Methods 

We studicd spontaneous atria I fib rillation in dogs, a kangaroo , 
humans. a nc! horses. making use o f quanlit a tivc a nalysis of 
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Fig. 1. Interval plot, histogram, and serial autocorrelogram (SAC) of a dog with atrial fibrillation (AF). FRP functional refractory 
period. The arrow indicates the median RR interval 

the ventricular fate and rhythm. The ECGs were reeorded on 
magnetic tape using the extremity leads. The tallest R waves 
were used for QRS detection and computation ofthe RR inter
vals. Interval plots, histograms, and serial autocorrelograms 
(SAC) were derived from a series of about 500 eonsecutive RR 
intervals. The computational methods we used have been de
scribed in detail in previous publications [19- 21]. Essentially the 
same technique was employed in aU species. 

ECG fecordings from dogs were obtained either during 
superficial ancsthcsia o r, wheneler p05siblc. whilc thc animal s 
were fully conscious and lying on their sidcs . In humans, the 
EeGs were always recorded in the supine position under steady
,late conditions in a temperature-eontrollcd room. Tbc EeGs 
::. ;,r)rscs werc obtained while they were standing quietly in thcir 
slables. The EeG of thc kangaroo was recorded whilc the 
animal was sitting in its cnclosurc in Bristol Zoo (England). Thc 
kangaroo was about 15 years or age. 

In dogs with atrial fibrillation, thc EeGs wcre reco rded 
befo re and during digi talis lrca tment; in humans, the effect of 
exercise, digitalis , quinidine, and verapamil was tcs ted; in horses 
l\ie reeorded the ECGs before and d uring di gitalis, quinidine, 
and atropine treatmenl. In recent ycars, wc have performcd our 
study in ten dogs, onc kangaroo, l1umcrous humans, and cigh t 
horses. 

Results 

We present here data from untreated hUmélnS and 
?:jmaJs as well as the resltlts ofthe effect of digitalis 
on \ entricular rate and rhythm. In Fig. I, the inter-

val plot, histogram, and SAC of a representative 
untreated dog with atrial fibrillation are shown. It 
can be seen that the shortest RR intervals are in the 
order of 200 ms. The functionaI refractory period 
(FRP) of the A V conducting system is represented 
by the shaded bar in the interval plot. The longest 
RR intervals have a duration of 600-700 ms. The 
medi an RR interval is 383 ms. The histogram is 
positively skewed and the SAC indicates that the 
ventricltlar rhythm is random. 

Figure 2 demonstrates the same computed data 
from the kangaroo . The FRP, represented by the 
sho rtest RR intervals [22] , is slightly longer than in 
the dog. The long RR intervals are in the order of 
1200- 1500 ms . The longest interval is 2270 ms. The 
median RR interval is 532 ms. As in the dog, the 
histogram is posi tively skewed. The SAC demon~ 
strates that the ventricular rhythm in the kangaroo 
is also random. 

The interval plot, histogram, and SAC of a repre
sentative untreated human patient with atrial fibriJ
lat ion are shown in Fig. 3. The FRP of the AV 
conducting system is 400 ms and the longest RR 
in tervals reach values of J 200- 1500 ms. The median 
RR interval is 712 ms. The histogram is skewed. The 
SAC shows that the ventricular rhythm during atrial 
fibrillation in man is random. 



26 F. L. Mcijlcr ct a 1. : Com parativc study of atrial fibrillalion 

R-R ms • 

1600 

1200 -

-. 
.... -. 

800 

o 100 200 300 400 500 
Sequence Number 

% 

30 median 

20 

10 

KANGAROO 

t reatm ent : none 

1250 

n=500 
100565 

1750 

median RR interval : 532 ms 

2250 2750 
R-R (ms) 

SAC 
1.0 

.5 

-.5 

-1.0 
o 5 10 15 20 

LAG 

Fig. 2. Interval plot, hislogram. and scrial a utocorrelllgram (SAC) of a kanga roo with atria l fibriliation (A F) . FRP functional 
rcfraclory periad. The il!'/'Ol!' indicales the mcdian RR interval 

R -R ms 
2000 

1600 

1200 
. : 

:.. ..... 
-"'- ..... =-: .. 

: 

..,. --

200LLLLLLLLLLLLLLLLLLLLLLLLLL~~ 

o 100 200 300 400 500 
Sequence Number 

0/0 
30 medlun 

SA[ 

n = 500 1.0 

20 
(191083 1 

0.5 

10 

- 0.5 
750 1250 1750 0 5 10 15 20 

R-R (ms) LAG 

HUMAN 8 
treatment : none 

median RR interva l : 712 ms 

Fig. 3. Interval plot. hi stogram. and scrial a utocorrclogram (SA C) ora 11Llman with atria1 fibrillation (AF) . FRP functional 
rel'ractory pe riad. Thc m'l'Ol\' indicatcs thc mcdi an RR intcrval 



F. L. Meijler et al.: Comparative study of atrial fibrillation 

R-R ms 
2000 

SAC 
10 

0.5 

1600 -os 

. '. J 

27 

- -. - o 5 10 15 20 ... .. ... -
... ---

I 

- - - LAG 
0/0 

1200 - - _ ... - -: ~:--... ~~;: -:.{~ -- -::;.-:- ::-; 20 medion 

""," "'L:. ': ......... ':;. _ • ...r .. --Jt!' , .... _ -" ... ".".:-.. """ .. .. --"'" -: -~...... .. ~ .. .:;. ....... - ;- -_~.-t6 
.... - ... ",. .... - .. -. d .. r-, .. _ .. -

........ -.......... - .. " ,-.. 
'7:'" " .. : 

-~_ .. 

BOO 

200~WWWWLW~~~~~~~~~~~ 

10 

o 
250 

HORSE 

750 

n = 500 
11 603821 

1250 1750 2250 2750 3250 3750 4250 
R-R (ms) 

o 100 200 300 400 500 
Sequence Number 

treatment : none 

median RR interval : 1083 ms 

Fig.4. Interval plot, histogra m, and sc rial autocorrclogram (SAC) of a horse with atrial fibrillation (AF). FRP functional 
refractory period. The (fJ'/'ou ' indicates thc l11cdia n RR interval 

R -R ms 
2000 

DOG - TREATMENT DIGOXIN- PATIENT -TREATMENT DIGOXIN
R-R ms 

HORSE - TREATMENT DI GOXIN-
R - R ms 

2000 , 2000 

: ~ --.- ..... :-
'. , , 

1600 1600 1600 

- -- .. 

1200 

. ' .. " .. - -.. -

~.;;~.:. ~.:~} ~,;:.-=: ~~:::,:~~, .,.:'.::~ i~:~X 1200 

. '. 
" --.-, 

100 200 300 
Sequence Number Sequem e Number Sequent e Numb er 

Fig. 5. Intcrval plots of lh c vcntriCldar rhythm dUl'ing atria l fibrill alion and d igitalis lrcalmcnl or a dog. a 11LIman palicnt, a nd a 
horse. Thc (//'/"011' indicates thc Illcclian RR interval. For further explanation. sec tcxl 

The horse shows a slightly different pattern (Fig. 
4). In the interval plot of a representative horse, it 
can be seen tha t short and lo ng RR intervals tend 
to cluster. Intervals longer than 2000 ms are not 
shown. The FRP is in the order of 600 ms. The 
histogram is quite skewed anel shows c1early th at RR 
intervals may reach values of over 4000 ms . The 
medi an RR interval is 1083 ms. The SAC sho\\'s a 
di stinct tendency to \\ard periodicity: in ot her wo rels. 

in horses with atrial fibrillation the ventricular 
rhythm is no t random . 

In fig. 5, the interval plots of the ventricular 
rhythm c1U1'ing atria l fibrill a tion and treatment with 
digitalis are shown from left to right in the clog (cf. 
Fig. 1), the human patient (compare Fig. 3), and the 
horse (compare Fig . 4). It shoulcl be noted that in 
ad dition to the Iengthening of the FRP and the 
rneclian RR inter\'als due to digitalis. [he number of 
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FRP and median RR intervals 
before and during digitalis 
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long intervals has increased . Considerably higher 
values of RR intervals are obtained . The periodicity 
in horses becOlues more pronounced (not shown) . 

In Fig. 6, the median RR intervals and the F RPs 
are shown in the dog, man, and horse befo re and 
during digitalis treatment. There is a shift toward 
higher values . 

Discussion 

The differences between the ventricular rate and 
rhythm in dogs, humans, and horses with spontane
ous atrial fi brillation are small compared with their 
body weight (Tabie I). The heart weight in all mam
mals is close to 0.6% of the body weight [23] and , as 
shown by Prothero [24], the relation between heart 
weight and body weight is amazingly constant with 
a correlation coefficient of 0.98. There are no q uan
titative studies on A Vnodal size versus heart weight , 
but the impression obta ined from comparative stud
ies is tha t the size of the A V node increases more or 
less linearly with the size of the heart. A t the same 
time, specific nodal ceU density seems to dimi ni sh 

Table 1. A trial fibrillalion 

Dog Man Ho rse 

weight (kg) 20 70 750 
median RR 

interval (ms) 300 600 1000 
ventriclilar 

rhythm random rand om pcriod ici ty 
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median RR interval 
o : before digitalis 
11 : during digitalis 

FRP 
0: before digita lis 
0: during digitalis 

Fig. 6. Median RR intervals and 
FRP of a dog, hllman, and ho rse with 
a triaJ fibrilJation before and d urin g 
digialis treatment. It can be seen t hat 
digitalis causes thc dog vaJues to bé 
similar to those of a human pat ient 
wi thout digitalis and the human 
va lues to be si milar to those of a 
horse without the drug 

with an increase in nodal size. There is a relative 
increase in the connective tissue between typica! DO

dal eells (TN James, personal communication). 
A lthough the differences between ventricular rate 

and rhythm in dogs, humans, and horses with atria! 
fibrillation are small (given their differences in sile) 
they a re definitely present [25]. The fiTst question is 
why should this be so? Can it bc explained on the 
basis of differcnces in the atrial fib rillation process 
as such, is it caused by differences in A V junctiönal 
behavior, or by a combination of these two factors? 
In this respect , it is of interest that digitalis changes 
the ventricular rate and rhythm of a dog with atria! 
fibrillation into a pattern quite similar to that of a 
human without digitalis treatment [26]. At the same 
time, human patients with atrial fibr illa tion receiv
ing di gitalis treatment have an FRP that comes close 
to tha t o f horses withou t digitalis [10]. The effect of 
digitalis seems to make the A V node biggel'. Digitalis 
slows A V cond uction [27] and has a twofold action 
on the a tri a : It affects the atria! myocardium both 
directly and by its vaga l acti on [28, 29]. 

Can thc atria ! e!ectrica l activity during atrial fi
brillation in dogs, hu mans, and horses be expected 
to d iffer substantially? T he monophasic action po
ten tial (MAP) ofthe mammalian a trial myocardium 
in the species studied so far is qui te similar in vol
tage, fo rm, a nd duration [30] . If the MAP of the 
atria 1 myocardiull1 of a rat and dog, for instance, 
hardly di ffer. why should the MAP of human atrial 
myoca rdium be diffe rent from that of equine atrial 
myoca rdi um? As a first approximation , it seemS fair 
to assume that there are no major differences be
tween thc exci ta tion process during a trial fi brillation 
in the dog, m an, and horse . 
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A V conduction times as expressed by the PR 
interval in the ECG of dogs, humans, and horses do 
not differ too much; in the dog the conduction time 
is between 100 and 150 ms, in the adult human be
tween 150 and 200 ms, and in the horse bet ween 250 
and 350ms [31]. The PR interval includes the time 
required to traverse the A V junction as weIl as the 
conduction time through the H is-Purkinje system. 
It may be assumed from the similarity in His bundie 
fiber diameter that the conduction velocity in the 
His-Purkinje system in the dog, human, and horse 
will be approximately the same-·-2.5 mi s [32, 33]. 
So, the relative contribution to the A V conduction 
time of the His-Purkinje system increases with the 
size of the mammal with the consequence that AV 
nodal delay in the horse must be relatively shorter 
than in man or the dog. 

Assuming a similar atrial excitation process dur
ing atrial fibrillation in dogs, humans; and horses 
and only a small inerease in A Vnodal delay , the 
differenees in ventrieular rate between these three 
species must be aceounted for by: (1) the inerease in 
FRP [22], but above all by (2) the increase in con
eealed conduction [34, 35]. 

The eapacity for eoncealed conduction during 
atrial fibrillation expresses itself in the number and 
duration ofthe longest RR intervals, which increase 
eonsiderably from the dog through man to the horse, 
This increase also oeeurs during digitalis treatment. 
Similar phenomena need not be due to similar causes. 
In the case of equal number and quality of atrial 
impulses, the degree of concealment is probably re
lated to the number of conduction elements in the 
A V junction. At a constant A Vnodal size and, thus, 
a constant number of nodal cells, the degree of con
eealment ean be enhanced by an inereased number 
of atrial excitatory impulses like during digitalis 
treatment. Smaller A Vnodes impose a relatively 
long delay but have less capacity for coneealed eon
duction. Larger A Vnodes cause a relati vely short 
delay but have a greater eapaeity [or coneeaJment. 
The ventricLtlar ra te and its long/short RR intervals 
ratio during atrial fibrillation is a trade-off between 
the quality and number o[ at rial excitations and the 
eapacity for concealment in the A V hode. In this 
reasoning, we make use of the classic concept of 
FRP and coneealed conduction as the basic mecha
nism s to explain ventricular rate and rhythmicity 
during atrial fibrillation [34, 35]. However, there is 
evidence [36] that this classic concept cannot explain 
a num ber of features such as the effect ofventrieular 
pacing or ventricular extrasystoles on A V conduc
tion and the ventricular rhythm in atria! fibrillation . 

A group of cells in the A V junction acting as a 
nonprotected pacemaker with random e!ectrotonic 
modulation of the phase 4 slope and duration offers 
an unrestric ted exp!anation [or nearly all aspeets 
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of ventricular rhythmicity during atrial fibrillation 
[36]. 

This also raises the aspect of randomness of 
the ventricular rhythm during atrial fibrillation. It 
is generally accepted that the random ventricular 
rhythm during atrial fibrillation is caused by the 
erratic atrial rhythm itself [37, 38]. The number of 
atrial impulses arriving per unit of time at the A V 
junction follows a Poisson distribution [36, 40]. 
Whether the A V junction acts as a filter in the classic 
concept or as an unprotected pacemaker, the cause 
[or the random pattern ofthe ventricular rhythm has 
to be looked for in the atria 1 rhythm [20]. We have 
collected evidence to explain why in dogs and hu
mans the ventricular rhythm is random and why in 
horses it is not [39]. In horses, the long RR intervals 
eause a considerable drop in blood pressure, which 
in turn may eause autonomic nervous interference 
with the AV conduction properties [10]. In dogs and 
humans, RR intervals during atrial fibrillation sel· 
dom exceed 2000 ms, whieh is probably too short for 
the autonomic nervous system to interfere with the 
conduction of atrial impulses, and therefore the veh
tricular rhythm is random. 

Ifindeed the atrial excitatory process during atrial 
fibrillauon in dogs, humans, and horses is more or 
less identieal, the differences in ventricular rate and 
rhythm must reside within the A V junction. The 
function al differences, ho wever, are small when 
compared with the heart si ze and, thus, the size of 
the AV node. This implies that given the identiCal 
size and in spite of the similar morphology of mam
malian A Vnodal celIs, the funetional difference for 
each cell must be cOhsiderable. 

Conclusion 

The funetional diffej'ences between the A V junctions 
of dogs, humans, and ho rses during sin us rhythm 
and atrialfibrillation are small taking into account 
the dimensions of their respeetive hearts, Cell size 
and architecture of the heart are fairl y constant in 
all mammals [40, 4\]. Smal! functional differences in 
different hearts despite their large dimensional dif
ferences ean therefore only be explained on the basis 
of considerab!e ditTerences in the funetion of the 
individual heart cel!s. 

The question of archetype versus adaptation has 
recently been discussed by Gould [42]. It was a mat
ter of great intellectual challenge to Goethe. Darwin, 
Russell, and other scientific giants; sa it would be 
difficult for a humbIe cardiologist to provide a de
finiti ve answer. We wou!d seek it today in the uni
versal structure of genetic material, in the blueprint 
of DNA. However, considering the similari ty in 
the micro- and macroarchitecture of the heart and 
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the minute functional differences in A V junctional 
behavior as a whole among different mammalian 
species with great differences in the size of the ani
mals, one would be inc1ined to regard archetype as 
primary and adaptation as secondary in mammalian 
evolution. With the same cell-size and -morphology 
function per ceH may differ considerably. 
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Discussion af ter tbe presentation by Dr. Meijler 

Walanabe: I wonder if you looked at thc frequency 
offwaves in these animaIs? Does the size ofthe right 
atrium or the entire atria affect the frequency of the 
f waves rather than the RR intervals? 

Meijler: I bave not studied that, but from the data 
I received this morning, except for those presented 
of tbe cat, it was my impression that the frequency 
of f waves in dogs, horses, and humans is approxi
mately the same. In form and duration ofthe mono
pbasic action potential, dogs, bumans, and borses 
are also not too different. So , I would expect that 
tbe atrial fibrillation process in these species may not 
be identical but quite similar and not enough to 
explain the differences in ventricular rate. When 
digitalis is given, a decrease in ventricular rhythm is 
obtained and it is mainly caused by the increase in 
the number of f waves that reach the A V junction; 
this will give increased concealed conduction. Since 
it can be blocked by atropine, it is said that digitalis 
has a vagal effect. I am not sure that tbis is true. 

Also, you have seen this morning in some of the 
presentations in which the effect of quinidine has 
been shown th at before quinidine turns atrial fibril
Iation into sinus rhythm there is an increase in ven
tricular rate, which is because the atrial ra te is slowed 
and less concealed conduction is obtained. So, my 
answer is that I think it is about the same. 

Wa/anahe: Of course, in the case of quinidine ad
ministration, in addition to wha t yo u mentioncd 
about the slowing of atrial fibrillation, therc is thc 
anticholinergic action, which could enha nce A V no
dal conduction. Regarding the ditTerenee between 
tbe number of concealments in these animals and the 
great variations in size, do yo u think that such an 
increased number of concealments in lárger a nimals 
like horses is dependen t on the anatomical st ructure, 
as you have shown that in larger anitnals the A V 
nodal tibers a re much more sparse than in humans 
or smal k r 3n iIl13J s·) Could rhis affect the degree of 
(" L) n("e~l kJ ("L)nd u("[ iL"'n ·~ Th.:r.: mJy J 50 b.: strucrur::il 
diftèrences in the juncri on of atrial ti ss ue and A V 
nodal fibers between different animaIs. 

. j 
l 

JI 
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Scientific American Lib rary. New York , pp 5-9 
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Meij/('r : I think this is so. I would hypothesize th a r 
the number of specific nodal cells per volume urtit 
of A V node decreases from the dog to man to the 
horse. Although the to ta l number of AV nodal cells 
is larger in man than in the dog, it is not in propor
tion . Hit were in proportion, the RR interval in dog 
would be much longer. So, I believe the situation is 
exactly as you said, but I think that real quantitative 
morphometric studies should be done. Drs. J ames 
and Kawamura are looking into this in the whale, 
horse, a nd dog. 

Sugishita: You showed us a slic\e of a kangaroo. 
Have you studied many kangaroos? I am interes ted 
in the hea rts of kan ga roos and I ha ve recen tly stud
ied the electrocardiograms of a bout ten kangaroos 
in Austra lia. I found that the QT interval was very 
short in most animals. T he QT interval in your slide 
was a1so short. Have you any ideas about that? 

Meij/er: No, I am interested in co mparative atrial 
fibrillation and I received a letter from a veterinarian 
in Bristol in England saying that he had a kangaroo 
with a trial fibrillation . He asked me whether I was 
interes ted , so I sent a whole electrocardiology team 
over to Bri stol to make a recording. This was my 
single experience with the kangaroo. The probJem 
of QRS, QT interval, and T wave is fai rly compli
cated and is dependent to a large extent on the 
distribution ofthe Purkinje sys tem . r o n ly kn ow that 
in horses and cuttJe there is an endocardial to epi 
ca rdia l di s tribution ofPurkinje obers: r do not know 
about the Purkinje system in kangaroos. The Pllr
kinje fibers ha ve to be studied in order to obtain a 
better insight into tbe QT interva l and T wave. 

Afurao: Wha t do you think abo ut the infiuence of 
body temperature on the cond uction time? 

M e(iler: The temperature of al l mammals is between 
36° and 38°C. There is al1 excellent book by Or. 
Schmidt Nielsen o f'Du ke. and he looked at a ll ditfer
ent aspecrs of biologicaJ signa ls in di fferent an imals . 
On~ \..."' :- th~ l~jngs U··~at is ám ä. zing~ :, cünstan[ in á.l1 
mamma ls is body rem perature . So. bod y tempera
[ure cannot ex plain the difterences in heart rate. 


