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cardiac tissue. Clayton and Holden were able to count the number of
sources of excitation during VF and found that independent from ini-
tial conditions this number was quite large, namely more than 30. This
result is rather unexpected. In fact, the characteristic size of a reentrant
source is determined by its wavelength: the product of velocity and av-
erage cycle length during VF. In Clayton and Holden’s computations
this wavelength was 64 mm compared with 94 mm for the apex to base
size of the Auckland heart model. It is amazing that this large number
of sources almost exactly corresponds to the results of an earlier com-
putation of the number of filaments during restitution induced VF as
performed using the same set of anatomical data but with more simple
equations for cardiac tissue [7]. In that other study, the average number
of filaments was reported to be 38, while in the paper discussed here it
is 36. Thus, the obvious conclusion form these studies is that, given the
large number of filaments organizing VF, a region specific treatment
(ablation of local stimulation) will not be effective in that case.

What then should the therapeutic strategy be under such circum-
stances? The answer to this question may be in another part of the
investigations presented in the article by Clayton and Holden [5]. In
their study, VF has a strong dynamical nature, i.e., there is a constant
process of birth and death of new sources.

Thus, if one can modify the properties of cardiac tissue in such a way
that the death rate of new sources will exceed their birth rate, then it can
potentially eliminate VF. This goal can be achieved by flattening of the
restitution curve as suggested elsewhere [8], [9] and can be considered
as one of the most attractive methods. The same idea was also recently
confirmed in computations involving an anatomically accurate model
of the human heart [10].

III. FUTURE DEVELOPMENTS

Electrophysiological simulation in anatomical models of the heart is
a fast growing area of research. The rapid growth in databases, models
of cells, tissues, and anatomical models of the heart together with the
development of powerful computing hardware and algorithms have
made it possible to solve more complicated problems in electrophysi-
ology in a quantitative matter using the method of mathematical mod-
eling [11]. There are no doubts that we will see an increasing number
of new studies about in silico experiments related to this clinically im-
portant field of biomedical research. Also, a better understanding of
the relationship between electrical phenomena and mechanical perfor-
mance of the heart during conditions less dramatic than VF deserves
further exploration [12].
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On Tubes, Strings, and Resonance in the Arterial
System—What Makes the Beat Go on?

Alberto P. Avolio and Peter. L. M. Kerkhof

The study by Wang et al. published in this issue [1] addresses a
fundamental question on optimal design of the arterial system; specif-
ically, their contribution concerns a new approach on an old theme,
namely relating heart rate to body length. Their study is based on en-
ergy concepts, which require clarification in terms of the conventional
hemodynamics of pressure/flow relations and wave transmission in the
arterial system. This communications places their findings into per-
spective and highlights some currently relevant issues such as energy
transfer, design optimality, ventricular-vascular (VV) coupling, and the
clinical importance of pulse pressure (PP).

The reported association of heart rate (at basal conditions) and body
size, as well as the consequences for optimal matching with respect
to VV coupling are not new and have been addressed previously by
other investigators [2]–[6]. What is conceptually different in the ap-
proach by Wang et al. is that they have considered the transfer of energy
to the flowing blood being due predominantly to the radial expansion
of the arterial conduits. They have constructed a theoretical approach
where the main component is the longitudinal tension present in the
arteries. Furthermore, it is maintained that any applied external force
will produce steady state oscillations. Thus, by using the analogy of the
vibrating string and considering the wall and fluid as one contiguous
single unit, the force balance equations are used to obtain expressions
for radial and axial movement. [1], [7]–[9].

In terms of energy transfer, it has been previously described that the
major energy component responsible for flow is potential energy and
to a much lesser extent kinetic energy (approximately 5% of total en-
ergy) [10]. However, the approach taken by Wang et al. [1] seems to
be based on the fact that it is the bend in the aortic arch that converts
the kinetic energy of ventricular ejection to potential energy and which
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is then imparted to the tethered arterial system to produce the condi-
tion of steady state oscillation. While this would seem an attractive
conceptual proposition, it would then imply that if there were no arch,
the component of the potential energy would be reduced. However, in
terms of basic hemodynamics, it would seem that the relation of po-
tential and kinetic energy and pressure/flow relations [10]–[12] are not
too dissimilar between lower body arteries (i.e., beyond the bend in the
aortic) and upper body arteries (essentially along the same axial direc-
tion as the ascending aorta).

The concept of steady state oscillations was proposed in early studies
byHamiltonandDow[13], but thenchallengedbyothers, includingMc-
Donald [14] on the basis of the amount of viscous damping present in ar-
teries such that oscillations could not be sustained.However, in their the-
oretical approach, Wang et al. [1] propose that by considering the effect
of longitudinal tension, the concept of radial expansion seems to allow
for the production of standing waves and so the transfer of vibrations
with minimal power, as in the sustained oscillations of a freely vibrating
string. Thus, by allowing the existence of standing waves, resonance can
take place. This is one of the central propositions of their work. That is,
the arterial system appears to be excited at its natural frequency by the
heart so that the radial expansion of the arteries is maximized, and so the
efficiency is increased. On this premise, it follows that for a given wall
elasticity, a high PP (which would increase radial expansion) would be
more efficient than a low PP. This premise is contrary to what has been
described previously where arterial efficiency is measured in terms of
the ratio of pulsatile/total power [14]. The higher this ratio the lower the
efficiency, since pulsatile, or reactive power, is essentially wasted in the
elastic arteries and does not contribute to the steady perfusion of the mi-
crocirculatory beds. The concept of radial expansion then implies that
pulsatile power is a significant contributor to blood flow. The implica-
tions of this would be that perfusion of peripheral vascular beds might
be compromised with increased stiffness of large arteries. There appears
to be no direct evidence for this, apart from the fact that increased ar-
terial stiffness could be a cause of heart failure and, therefore, com-
promise perfusion due to reduced contractility and cardiac output. A
further treatment on that issue is outside the scope of this analysis.

One of the differences between the theory proposed by Wang et al.
[1] based on the whole length of the arterial system being under longi-
tudinal tension and that of the heart pumping into a large aortic vessel
which feeds branching vessels is the concept of effective length of the
arterial system [2]–[5], [15]. From matching criteria using frequency of
minima of modulus input impedance and phase zero crossing, the heart
can be considered to be connected to an elastic tube of a finite length, or
an asymmetric T tube representing the upper limbs and lower-body ar-
teries. Based on impedance values, wave velocity and the quarter-wave-
length for resonance in an tube, the effective length is much smaller than
the whole body length for many mammalian species studied [2]–[5],
[15]. In humans, the effective length is of the order of the length of the
aortic trunk (approximately 40 cm), with effective terminations in the
region of the aortic bifurcation. However, by contrast, in the study by
Wang et al. [1] the calculation of the natural frequency of the system
is done by using similar values of wave velocity but by applying the
total length (“top to toe”) of the arterial system, that is, body height
(180 cm in their example). In fact, one of the observations with respect
to matching arterial load to cardiac frequency is that the minimum of
impedance modulus in humans does not generally coincide with the fun-
damental cardiac frequency. If one considers similar values of funda-
mental frequency of 1.4 Hz and wave velocity of 500 cm/s as proposed
by Wang et al. [1], the effective tube length which would have the same
natural frequency would be 1

4
(500/1.4), that is 89 cm. However, the

impedance minimum in adult humans occurs at around 3 Hz [11], [12].
This implies that the effective length is approximately 42 cm and that the
system is not optimally matched to the normal heart rate during resting
conditions. The lack of optimal matching in humans has been attributed

to a combination of increased arterial degeneration with age causing in-
creased arterial pulse wave velocity and so having a functional effect of
decreasing the effective length causing early return of wave reflection
[16], [17]. In their study, Wang et al. [1] do not address the apparent
large discrepancy in the determination of the effective length of arterial
system that is responsible for the resonance of the system which deter-
mines the natural frequency, and so the matching heart rate.

While the concepts of resonance (with standing waves) and wave
reflection (with wave transmission) are basic tenets of this theory of
hemodynamics, there are some recent studies [18] that put into question
the whole notion of wave travel by invoking some form of “expansion
wave” to explain the pressure and flow waveforms.

In conclusion, Wang et al. propose a challenging concept of energy
transfer which is inherently consistent with the basic constitutive rela-
tions of fluid flow in elastic tubes. However, some of the basic param-
eters which underlie the natural frequency of the arterial system and
current matching concepts need further investigation and in vivo experi-
mental validation. Furthermore, the present fundamental discussion of-
fers a convincing example of how investigations in the field of classical
hemodynamics continue to form a scientific challenge, in addition to
controversies related to newer fields such as molecular biology.
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