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Electrical Restitution, Critical Mass, and the
Riddle of Fibrillation
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The elusive riddle of ventricular fibrillation
(VF) has been approached from many creative
angles. The latest, presented by Wu et al.' in this
issue of JCE, examines the effects of restitution
properties on the “critical mass,” i.e., the mini-
mum size of cardiac tissue capable of sustaining
fibrillation. What is noteworthy about this novel
effort is that the very basis for the working hy-
pothesis is rooted in deep mathematical concepts,
a brief and highly selective chronological ac-
count of which we attempt here, because it has
interesting aspects.

The trail begins with Nolasco and Dahlen,?
who in 1968 used a straightforward graphical
technique to demonstrate that, under certain con-
ditions, electrical alternans was a dynamic con-
sequence of the slope of the restitution relation
for action potential duration (APD). If the slope
of the APD restitution relation (the relation be-
tween APD and the preceding diastolic interval)
was = 1, APD alternans was possible, whereas if
the slope was << 1, it was not.

More than a decade later, Michael Guevara
and colleagues® took the important step of
formalizing Nolasco and Dahlen’s graphical
method as a one-dimensional difference equa-
tion, thereby revealing the correspondence be-
tween APD alternans in the experimental system
and period-doubling bifurcations in the equa-
tions. The strategy of reducing the problem to
(the iteration of) a one-dimensional difference
equation pioneered by the McGill groups has had
wide application, as detailed by Glass and
Mackey.*

The difference equation method subsequently
was adapted further to explain periodic and cha-
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otic thythms in Purkinje fibers and ventricular
muscle.>® The approach was fruitful to the point
that it was possible to predict any of a wide
variety of rhythms exhibited by periodic stimu-
lation of cardiac tissue,””'! where the APD res-
titution was relevant to the dynamics. In addi-
tion, the analytical insight gained by using this
approach prompted the contemporaneous obser-
vations that the potential antiarrhythmic/proar-
rhythmic effects of some agents might be ex-
plained “on the basis of a decrease/increase in the
slope of the APD restitution at very short cou-
pling intervals”'® and that “it might be possible
in the future to reduce the incidence of arrhyth-
mias by pharmacologically modifying the steep
left-hand portion of the restitution curve.”®

Once the dynamics under repetitive stimula-
tion was understood, tackling the larger problem
of fibrillation could be attempted. One such at-
tempt occurred in 1990, when a simple question,
posed at least once previously (on page 157 of
Glass and Mackey®), became firmly entrenched
in Alain Vinet’s mind during one of his many
biweekly car trips through the snowbelt connect-
ing Syracuse with Montreal. The following week
he was asking colleagues on both sides of the St.
Lawrence river: “Imagine this hypothetical ex-
periment: A circulating wave of excitation is set
up in a thin ring of tissue. As time passes you
reduce very slowly the length of the ring. Which
kind of dynamic will you observe: a) if the ex-
citable tissue is nerve-like (no electrical resti-
tution, i.e., APD is constant); and b) if the excit-
able tissue is cardiac-like (electrical restitution
present)?”

Attempts to answer this simple question, with
all of its ramifications, would engage researchers
for the remainder of the decade. Interest in such
a question was motivated by the fact that the
problem of wave propagation in two dimensions
could be visualized as waves circulating on a
track of laterally interconnected rings (much like
a slice of onion). Thus, a good grasp of the “ring
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case study” was expected to help illuminate the
big picture in two dimensions. Very soon, at least
three groups concluded more or less simuita-
neously that the rich complex dynamics seen in
(simulated) cardiac-like rings was connected
with the nonlinearity in the early portion of the
APD restitution relation.'*'©

The numerical simulations made it readily ap-
parent that wave circulation on a ring was not
stable under these “cardiac-like” conditions.'®
Consequently, in the two-dimensional scenario,
APD alternans at short cycle lengths caused de-
generation of a single spiral wave into compli-
cated multiple wavelets. The lack of spiral wave
stability in the simulations was something of a
puzzling paradox to those excited by the report
of the first (remarkably stable) spiral waves pro-
duced experimentally in sheep ventricular mus-
cle.!” Perhaps the sheep did not read the book
wherein the hard theoretical calculations were
written, or perhaps more careful measurements
of the properties of the restitution relation were
called for before initiating the spirals. Even to-
day, the quantitative values of such a relation are
not known with sufficient precision to “close the
book™ on questions such as whether it is possible
to establish something more than stable spirals
(VF?) in a two-dimensional piece of normal car-
diac tissue. Neither are we able to anticipate
theoretically the results of Wu et al.’

This situation may be changing, however, as a
result of recent experimental studies.'®'? First, it
is now clear that the method used to measure
APD restitution importantly influences the re-
sults. Consequently, the very definition of the
APD restitution relation may need to be revised.
When measured dynamically, the slope of the
APD restitution relation is > 1 during constant
pacing and during actual and simulated VF.
Moreover, drugs that reduce the slope of the
APD restitution relation (at least those tested so
far) prevent the induction of VF and convert
preexisting VF into a periodic rhythm, presum-
ably by stabilizing a single spiral wave and
thereby preventing its degeneration into many

self-perpetuating waves. These results, which are -

in stark contrast to the prevailing notion that
prolongation of refractoriness or slowing of con-
duction are the keys for prevention of VF, may
indicate a new direction for the development of
antifibrillatory drugs.

But much remains to be done. We still know
very little about the quantitative details of APD
restitution in different regions of the heart under

conditions relevant to the initiation of VF. Our
ignorance in this area is reflected by the lack of
a good understanding of the mechanism by
which certain drugs or disease states promote
VF, and by our inability to identify more than a
handful of drugs that prevent VF. And so, despite
many fanciful advances, the understanding of
fibrillation (as Winfree?® has pointed out) is not
yet in the bag.
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