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Abstract By definition, vascular impedance is described
in the frequency domain as the ratio of sinusoidal functions
of pressure and flow, yielding spectral values of impedance
modulus and phase. The impedance spectrum is determined
by the structure and physical properties of the vascular
system, such that for a given system the relation between
pressure and flow can be modified by alteration of the
geometric or mechanical properties of the vascular seg-
ments. Whereas input impedance of an arterial system can
be readily determined by simultaneous measurement of just
two time varying signals of blood pressure and flow, the
production of the same impedance spectrum from the
physical properties of the system would require informa-
tion of inordinate complexity and magnitude. Hence,
arterial models with a tractable number of parameters or
explicit mathematical description are used to approximate
the physiological impedance of a vascular structure, which
in all animal species consists of distributed branching
arterial networks. Although models are a necessary
approximation, the strong similarity between the imped-
ance spectra of models and physiological arterial systems
enables investigations of fundamental concepts. This is
illustrated by examining the effect of the branching struc-
ture on the decoupling of the high peripheral resistance
from the ejecting ventricles and how physical parameters
derived from the impedance spectrum can be used to
investigate concepts of optimal design and features related
to body size across a broad range of animal species.
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1 Introduction

Arterial impedance, determined as the ratio of the frequency
components of blood pressure and flow, essentially con-
siders the arterial bed as a single entity (as in the ‘black box’
analogy). However, interpretation of the impedance fre-
quency spectrum is based on the conceptualization of the
system being investigated, which can take the form of basic
lumped parameter models to complex networks of branch-
ing structures of elastic tubes structures [23, 26]. Since the
early descriptions of relations of blood pressure and flow in
the circulation, investigations involved the use of models
for characterization of physiological parameters. The most
simple, a purely resistive model, can provide useful infor-
mation on the effect of physiological changes in the
microcirculation affecting total peripheral resistance by
mean arterial pressure and cardiac output. The classic
windkessel model includes total arterial compliance defined
by the elastic properties of arteries and the inclusion of an
induction term accounts for the blood inertia [26]. None of
these lumped parameter models gives a full description of
the physiological impedance as determined by pressure and
flow. However, each describes a certain part of the spec-
trum; the resistive model is the zero frequency value and the
Windkessel describes the falling impedance modulus at low
frequencies [22, 30, 31]. The limitation of lumped param-
eter models is in the absence of spatial parameters such as
arterial length so as to include the finite speed of wave
propagation. In some configurations of hydraulic arterial
models as used in loading ejecting ventricles [46], the
Windkessel is modified to include an impedance term which
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represents characteristic impedance, being essentially the
constant impedance at high frequencies of the impedance
spectrum. The inclusion of length allows modeling of dis-
tributed systems. This is done by using transmission line
analogies by assigning equivalent resistance, capacitance
and inductance values per unit length, and arterial segments
can be described as a series and parallel network of uniform
tubes [3, 35, 43, 44, 47].

There have been numerous distributed models that have
been described involving both linear and nonlinear repre-
sentations of arterial properties [3, 6, 13, 35, 36, 38-44], all
showing overall patterns of impedance which resemble
physiological systems. However, what is of interest is not
merely a reconstruction of the physiological system using
models, either by physical components or in terms of
mathematical relationships, but how the specific models
can be used to uncover fundamental aspects of arterial
haemodynamics that are not apparent by simple analysis of
pressure and flow signals [30, 31]. Models that take into
account nonlinearities in formulations of vascular imped-
ance show that nonlinear effects are relatively small [40]
and so linear models are generally a good representation.

This paper examines how the characterization of the
arterial system in terms of input impedance of distributed
arterial models is used to study fundamental phenomena in
arterial haemodynamics. These include the effect of the
branching structure of elastic tubes on the decoupling of
the high peripheral resistance from the ejecting ventricles
and also how physical parameters derived from the
impedance spectrum can be used to investigate concepts of
optimal design and features related to body size across a
broad range of animal species.

2 Vascular impedance

Arterial vascular beds can be characterized either by
determination of a global parameter, such as input imped-
ance, describing the opposition to flow, and so defined by
the relationship of arterial blood pressure and flow, or by
defining the sub-units of the system, such as arterial seg-
ments, in terms of their physical properties so that the
impedance of each sub-unit can be described by equations
derived from the solution of fluid flow in closed boundaries.
In general terms, the first method is used for calculation of
impedance from physiological measurements and the sec-
ond relates to construction of arterial models.

2.1 Impedance calculated from pressure and flow
waves

Impedance is defined in the frequency domain and
relates oscillatory components of the time-varying signals

@ Springer

of pressure P(f) and flow Q(f). Assuming that P(f) and
Q(t) are periodic functions and the system is stationary
and in steady state oscillation, the harmonic components,
P () and Qi(w) are obtained by Fourier decomposition
of P(f) and Q(r) and the impedance spectrum is calcu-
lated as

(k=1,2,...,N) (1)

This is a complex quantity with modulus (IZl(w)) and
phase (Zphs,(w)) plotted as function of frequency for the N
harmonics. For physiological signals, the impedance
spectrum can be completely specified for N = 10.
However, since impedance is a ratio, small magnitudes of
Pi(w) and Qi(w) can give erroneous results of both
modulus and phase. Hence, to eliminate the effect of
noise, a threshold would need to be set to not consider
those frequency components below the assigned value.
This is equivalent to a filtering procedure and eliminates
spurious impedance calculations. In practice, a number of
cardiac cycles are analysed to obtain a mean value for both
modulus and phase.

2.2 Impedance calculated from arterial properties

Womersley’s solution of the fluid motion equations in
cylindrical conduits resulted in closed form equations
describing the derivation of oscillatory flow velocity from
pressure gradient and dimensions of the tube and proper-
ties of the fluid [49]. This facilitated both the calculation
of flow velocity profiles along the cross-section of the tube
and produced a closed form expression for the longitudinal
impedance (i.e. impedance per unit length Z;) as a func-
tion of the oscillatory non-dimensional parameter () and a
series of Bessel functions. For a propagating system,
where the real wave speed (cg) is determined by the
properties of the elastic tube (elastic modulus E, radius R,
wall thickness &, and fluid density p; ¢ = Eh/p2R) from
the electrical transmission line analogy, the relationships
between wave velocity, frequency (w) and Z; result is a
closed form expression for characteristic impedance (Z)
as [23]
P Co

1 ,2
ZO = (1 _ 62)1/2 (M/ )1/2 CXP(—ISIO) (2)
10

where according to Womerley’s nomenclature, o0 = \/ (Rw/
v); v is the kinematic viscosity of blood; Mj, exp(—
ie10) = 1 — Fyo and Fyo = 2J1(0i**)/0i*J0(2i*?); where
JO and J1 are Bessel functions of order 0 and 1, respec-
tively, and i = \/ —1; w is the frequency. ¢ is the Poisson’s
ratio of the artery wall.

Similarly, a propagation coefficient (y) is defined as
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1 — Fi)~ /2
y = iwi( 1) (3)
Co
From Egs. 2 and 3, an expression is obtained for input
impedance (Z;,) of a uniform tube of length L as

Zo(1 + T exp(—2yL))
(1 =T exp(—27yL))

where the reflection coefficient (I') is defined in terms of Z,
and the terminal impedance (Zy) as

(Zo — Zr)

[=—2
(Zy + Zr)

(5)

Equations 2-5 describe the formulation of the
impedance for a segment of artery with known
dimensions, wall elasticity and filled with blood of a
known density. Thus, if a complete closed form set of
equations can be used for a single tube, then similar
calculations are done for tubes connected in parallel or in
series. Branching structures make use of this mathematical
formulation to calculate input impedances at all branch
points to arrive at a value of input impedance for the entire
tree [3, 13, 14, 17, 41, 42]. Impedance and propagation
coefficients are calculated as complex quantities and input
impedance is expressed as modulus and phase as a function
of frequency, similar to the quantity derived from
measurement of pressure and flow as described by Eq. 1.

3 Effect of branching and distributed arterial
structures

One of the salient features of arterial beds is the tree-like
structure [15]. Vessels branch with change in diameter at
bifurcation points, resulting in a general reduction of
diameters of branches with successive branching, but a
progressive increase in total cross-sectional area. Studies in
bifurcating arterial structures indicate that the area ratio is
optimized such that there is minimal energy loss at junc-
tions [15, 32, 33]. This has the effect of increasing the
efficiency of transmission of pulsations to the periphery
with reflections emanating predominantly from the
increase in resistance of peripheral beds. Womersley [50]
showed that minimal reflection coefficient is a function of
the non-dimensional parameter o, and so the optimal area
ratio also becomes a function of o, such that as o decreases
a larger area ratio of parent to daughter branches is required
for minimal reflection [23, 50]. When simplified to single
tube models [23, 28], the concept of effective length to
determine the distance to the functional reflecting site is
determined from the frequency of the minimum of
impedance modulus [7, 13, 21, 23]. This arises from the
resonance concept in tubes [21, 23] where impedance

minimum corresponds with a frequency of phase zero
crossing, or approaching close to zero. However, these
frequencies do not always coincide in vascular systems,
and when the discrepancy is large it may present a source
of error in the calculation of distance to a theoretical dis-
crete reflecting site in terms of the equivalent quarter
wavelength of the tube. The presence of wave reflection
from peripheral beds at different distances from the input
of an arterial tree has the effect of canceling the effect of
positive pressure augmentation of frequency components
due to the phase difference. In the arterial system, the
presence of reflection is seen in the form of the impedance
spectrum, where it is high at low frequencies but much
lower at high frequencies and the modulus oscillates
around the value of characteristic impedance [23]. This
type of impedance pattern is interpreted as a device for
decoupling the high peripheral impedance from the pul-
sating ventricles [8, 41, 42].

One of the remarkable observations in input impedance
spectra of physiological arterial systems and that of models
is their basic similarity (Fig. 1). Similar spectral patterns
are seen in both modulus and phase where modulus
decreases rapidly with frequency from a high peripheral
resistance to settle around the value of characteristic
impedance, and phase is initially negative and then
approaches zero with increasing frequency. This general
pattern is seen in any branching structure, regardless of the
number of branches or terminations [3, 13, 24, 27, 29-31,
35, 41, 42]. This is an important feature, as the input
impedance can therefore be used not only as a means to
characterize the relationship between pulsatile pressure and
flow, but also as a means to use tractable models to
describe the component parameters and to evaluate their
role in the production of pressure patterns throughout the
arterial system.

The use of input impedance as described or measured at
the aortic root is significant since it determines aortic root
pressure for a given ventricular ejection, and it is this
pressure which is then propagated throughout the arterial
tree [14, 23, 42]. Input impedance is therefore a complete
characterization of the whole arterial system. The pressure
or flow signals generated by the heart are only forcing
signals to excite the system and so similar impedance
values would be obtained with any type of pressure or flow
waveform, with the assumption that specific frequency
components of pressure and flow are linearly related.

3.1 Distributed models of randomly branching systems
Many of the early distributed arterial models were con-
structed using physical components of resistors, capacitors

and inductors to construct electrical transmission line
analogs of arterial segments. The models were used
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Fig. 1 Left panel
multibranched model of the
human arterial tree where each
segment is represented by a
uniform elastic tube using the
electrical transmission line
analogy and with realistic
dimensions. The model contains
128 segments. Right panel input
impedance of the model shown
on the left determined from the
summation of impedances of
individual segments and input
impedance of human subjects
determined from blood pressure
and flow signals at the
ascending aorta. Data from [3,
27]

essentially to study ballistocardiography [47]. These were
followed by mathematical representations of arterial seg-
ments such as Taylor’s early classic work on arterial
distributed models [41, 42]. This has resulted in an
extensive body of work on arterial models, much of which
is contained in texts on haemodynamics [23, 26]. The
significant aspect of Taylor’s models is that the branching
structure was non-physiological. The branching configu-
ration was generated by a mathematical random number
algorithm. It did not consider any aspects of anatomical
structure, and yet the model showed the characteristic input
impedance patterns [3, 27, 41]. This implied that the
important “decoupling” effect of the high peripheral
resistance from the ejecting ventricle could be obtained
with any branching pattern; the extent of the variation was
determined by the specific type of branching generated
(Fig. 2). Taylor showed that with a dichotomous branching
structure containing branches of random lengths, the input
impedance could be used to quantify the effects of ana-
tomical parameters, such as branch dimensions, and also
arterial wall properties such as viscoelasticity and wave
propagation effects [41, 42]. Other later studies used the
input impedance spectra in distributed models of the arte-
rial system to include the effect of nonlinearity [35, 36, 39],
confirming the early assumptions of linearity for generation
of impedance patterns and pressure waveshape in the
ascending aorta [23]. These studies highlighted the
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difference in model computation of nonlinearities related to
geometric tapering or convective or elastic nonlinearities
[35, 36].

3.2 Teleonomical investigations by fractal arterial
models

The concept of self-similarity lends itself to spatial quan-
tification of vascular branching structures [51]. The
mathematical formulation allows conceptual investigation
related to effect of branching and spatial variation of vas-
cular and parenchymal components [5, 6, 9, 15, 16, 49].
Input impedance of a 3-dimensional fractal model of the
pulmonary arterial system was used by Lefevre to inves-
tigate teleonomical aspects of arterial design [17]. The term
‘teleonomy’ refers to purposefulness or goal directed
functions in living systems. This involves consideration of
principles of adequate design and relationship between
physiological structure and function [15, 32, 33]. Since the
purpose of the arterial system is to distribute blood to the
peripheral vascular beds, teleonomical considerations
involve obtaining a specific set of arterial parameters which
minimizes an energy cost function related to arterial
structure and impedance to blood flow.

The cost function used by Lefevre [17] was related to
efficiency and adaptivity as defined by Taylor [43]
according to the following criteria:
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(1) Efficiency For efficient operation the vascular structure
should contain narrow but long vessels so as to
maximize the parenchymal lung volume (mainly air).
Vessels must be short and of a sufficiently large caliber
to minimize fluid resistance and be compliant to
minimize impedance. For efficient construction and
repair, vessels would need to be as narrow as possible to
minimize the amount of blood and wall material [33].

(2) Adaptivity Increased compliance would reduce the
magnitude of the impedance spectrum for the har-
monic components of heart rate, but would maximize
arterial blood volume, which would compromise
capacity to adapt to rapid changes in blood volume
and pressure. Hence arteries would need to be stiff for
adequate response to fast changes in blood pressure
(as in baroreceptors) to avoid instabilities in distribu-
tion of blood volume.

The cost function (F(P)) was described with specific
weighting given to a number of apparently conflicting
requirements:

F(P) = w1 [Vp] + waVy] + w3[Z] + wa[Cl]

where P is a parameter space related to lung lobar geometry,
lobar elasticity and large vessel caliber; V,, is a function
related to parenchymal volumes; V, describes lobar and large
artery volumes; Z; is an impedance vector at different
branching generations (i = 1, 2,..., N) described by features
of the impedance modulus shown in Fig. 3b. The specific
impedance values used in the cost function were the value at
0 Hz (i.e. peripheral resistance), characteristic impedance
obtained by the average of impedance modulus between 2
and 10 Hz (corresponding to the range of 2—10 harmonics as
in the calculations for the different animal species with

different body size and heart rates, Table 1) and impedance
modulus value of the secondary peak. C; is the total com-
pliance at each generation (i = 1,2,..., N); wy, wp, w3, w4 are
weights determined from optimization algorithms.

Using this technique of vascular impedance as a central
parameter for optimization criteria based on optimality
principles of functional design, Lefevre [17] estimated
optimal values of lobar and haemodynamic parameters
related to steady and pulsatile arterial function such as
vessel caliber and pulse wave velocity for each generation
of the pulmonary vascular tree. The theoretically derived
values based on optimization of the cost function showed
close agreement with physiological values of pressure, flow
and impedance, and vascular and lobar dimensions [12, 19,
20, 48]. Although Lefevre [17] applied this technique to the
pulmonary circulation, it could similarly be applied to the
systemic circulation. Furthermore, the cost function was
able to be optimized using the oscillatory impedance
components corresponding to a relatively small fraction of
the total external stroke work (of the order of 10 and 25%
for left and right ventricle, respectively [23]). Other
explicit optimizing indices such as minimization of
reflected energy would entail high level of arterial com-
pliance or low pressures, which would not be entirely
physiologically feasible, although these were included as
constraints to the model [17].

4 Input impedance of arterial systems at different
scales—effect of animal body size

The association of animal size and physiological parame-

ters is considered in terms of allometric relations where a
parameter (x) scales with body weight (BW) to a certain
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Fig. 3 A The dichotomous branching structure used by Lefevre [17]
for construction of the fractal model for optimization of the energy
cost function. a Self similar branching structure up to 20 generations;
b three-dimensional orthogonal branching structure in the X-Y-Z
planes; ¢ two-dimensional projection (X—Z plane) of a lobe of the
model, with vessels in black and, the cube representing parenchymal
volume; d equivalent tube structure in series with similar cross-
sectional area in each generation of branching as that shown in a.
B Impedance modulus of model. Values shows as Z0, Zp, Zc were
used in the cost function for parameter optimization. C Impedance
phase of model

power (k), x = aBW*, where a is a constant [34]. While
these relations apply to some fundamental circulatory
parameters such as heart size, heart rate, cardiac output,
lung volumes, parameters such as arterial pressure, pulse
wave velocity, blood flow velocity, sarcomere length for
mammalian muscle, do not depend on body size. Such
parameters are essentially physical constants that can be
thought of as imposing absolute constraints on design cri-
teria [10, 34]. Hence, for the heart muscle, as for skeletal
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muscle, the structure of the contractile machinery being
independent of body size means that the maximum force
per unit cross-sectional area of muscle would be essentially
similar for a mouse and for an elephant. That is, for a
contracting heart, the scaling parameters and the physical
constants would result in the appropriate level of force
developed to expel the blood from the ventricles. Hence,
for different stroke volumes and aortic dimensions, both of
which scale to body size, the aortic velocity of the ejecting
blood is essentially independent of body size [18, 21, 25].
This is an important consideration when comparing input
impedance obtained from animals (or models) of different
body size. Magnitudes can be readily compared when
scaled for cross-sectional area of the aortic root [1].

It has been shown that the low frequency portion of the
impedance spectrum can be modeled by a single tube and
that the frequency of minimum impedance modulus (f,i,)
and the pulse wave velocity (c¢) can be used to estimate the
effective length (L.g) by equating it to a quarter wavelength
(Lets = c/4fmin) [23, 26]. Data shown in Table 1 were
derived from a number of our previous studies conducted in
different animal species with a large range of body size [1-
4, 24]. The impedance spectra for each species were used to
determine f;,,;, and measured values of wave velocities were
used to determine L.g. In addition, the impedance plots
were normalized with respect to characteristic impedance
(determined by averaging between 2 and 8 harmonic) and
the frequency axis was normalized with respect to heart rate
(Fig. 4). This process of normalization allows comparison
across the range of species and shows comparable values at
the frequency corresponding to heart rate. The species that
stand out, however are the snake and the human. This
suggests that at the normal heart rate, these are less well
matched as the relative impedance is more than three times
that of the other species.

The allometric relationship shown in Fig. 5 has been
determined using the data only for the mammalian species
(ie the snake has been omitted). The relation between body
weight and L.g shows a strong correlation indicating that
L.t can be considered to belong to the set of parameters
related to design criteria. The body weight exponent is
0.35. This is similar to the value of 0.32 reported in other
studies which relate indices of arterial length and body
weight [18, 19]. This is entirely consistent with the rela-
tionship of length to volume to the power of 1/3 assuming a
constant density. A similar range of exponent for body
weight (0.33-0.38) was obtained for diastolic time (T4) and
diastolic time constant (t) for aortic pressure in other
studies which used normalized impedance to demonstrate
that T4/t is independent of body size [45]. These results
have been applied to the evolutionary basis of ventricular/
vascular coupling. Notwithstanding the low number of
species, the large range of body weight produced a high
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Table 1 Data from [1-4, 24] Species  WT (kg) HR (Hz) PWV (cms ') Zmod1 @ (deg) Zcos® fug (Hz) Leg (cm)
Rat 0.45 5.8 600 1.18 —55 0.60 14.0 10.7
Guinea pig  0.70 3.9 480 1.45 —44 1.04 14.0 10.0
Rabbit 3.0 3.5 450 1.10 —47 0.75 4.5 25
WT, Body weight; HR, heart Snake 5.6 0.67 593 7.12 ~59 336 3.0 49
rate; PWV, aortic pulse wave Dog 5.8 24 590 149 —74 04l 40 31
velocity; @, phase for first
harmonic; Z cos(®), in-phase Kangaroo ~ 23.3 1.4 469 1.24 —67 048 25 47
impedance; fin, frequency of Sheep 33 2.1 520 1.06 —38 0.84 2.0 65
impedance minimum; L, Human 72 12 600 3.53 -59 181 35 43
effective length
Fig. 4 Impedance modulus 4 s
normalized for characteristics 6 RAT GUINEA PIG RABBIT SNAKE
impedance and resting heart rate - 3 _
(HR) for each species. The K 3 3 HRG
figure indicates the normalized t 4 H . E ¢ 3 -
modulus value at the equivalent 2 2 145 % I
ting heart rat N N v os|
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E E ? L.411.5 E 2 E
N ~ [ ~ 1.0 N :
t 1T .
! | g
oz 4 6 s 2 1 s % 1 2 5 4 5
FREQ/HR FREQ/HR FREQ/HR
£ 57 matching between the heart and arterial system. That is, the
e matching could be compromised due to a shorter effective
"E, arterial length. Since wave velocity does not scale with
c . .
° body weight, the return of reflected waves in humans
S would be relatively earlier than in other species, and so
F 21 y=0.35x + 2.67 contribute to increased load on the ejecting ventricle.
2 . . .
u"i 1. R"=0.88 Whereas this observation was obtained from a range of
b4 animals of varying body size, there is recent evidence that
- 0 , , , , , , body stature within the same species can be a significant
-1 0 1 2 3 4 5 factor. By analysis of allometric and anthropometric rela-

Log (BodyWeight, kg)

Fig. 5 The relationship between body weight and effective length
calculated using the values of pulse wave velocity and frequency of
minimum impedance modulus as shown in Table 1. The regression
relation was calculated only for the mammalian species

correlation and so allows potentially useful application of
the model. As an example, the actual L.g for the human
(43 cm) is 61% of the optimal value (70 cm) determined
from the allometric equation. The implication of this is that
the height of the adult human may be too short for optimal

tions, Heymsfield et al. [11] have found that taller adult
humans tend to have a lower mass-specific resting energy
expenditure. Smulyan et al. [37] also showed a significant
relationship between body height and parameters of oscil-
latory hemodynamics in a cohort of subjects with normal
renal function and end stage renal disease. From these data
the relation between heart rate and body weight can be
estimated with a body weight exponent of 0.27, which is in
close agreement with the value of 0.25 derived from allo-
metric relationships from a large number of species of
varying body size [34].
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5 Conclusions

Vascular impedance is determined by the geometric and
mechanical properties of the branching vascular structure.
The definition of impedance in terms of the ratio of fre-
quency components of pressure and flow assumes
linearity, such that a single sinusoid of flow as input
produces a sinusoid of pressure as output with identical
frequency and with a phase shift. Although the mechanical
behavior of arteries is known to be nonlinear, the nonlin-
earities are small over the normal operating range, hence
making the linear approach applicable. Furthermore,
impedance of a vascular structure is not dependent on the
type of input waveform; that is, it does not depend on the
function of the ventricle. These haemodynamic observa-
tions have made it possible to develop models where
relationship of pressure and flow could be investigated in
either lumped parameter models or distributed structures.
The impedance spectrum becomes the central validating
parameter for the models. Input impedance is a complete
description of the haemodynamic load on the ejecting
ventricle, and for normal operating conditions, it is a
determinant of the aortic pressure pulse which is propa-
gated throughout the arterial tree. For a range of different
spectral beds, the rapid fall of impedance modulus from a
peripheral resistance value to one or more local minimum
value and then oscillate around a theoretical value of
characteristic impedance shows a similar qualitative pat-
tern. The particular arterial system properties would then
alter specific parameters of the impedance pattern, such as
the rate of fall at low frequencies, the values of charac-
teristic impedance and the frequencies of impedance
modulus minima and phase zero crossing. If all vascular
beds and animal sizes obeyed a type of pure self-similarity
principle [51], the normalized impedance spectra in terms
of the fundamental frequency corresponding to the resting
heart rate would be similar. The fact that the normalized
impedances are not entirely similar (as in the input
impedance of the snake and human, or in different vas-
cular beds) can aid in identifying alterations that pertain to
both geometrical factors (such as branching configura-
tions) and arterial properties.

This paper has discussed the role of the input impedance
spectrum of distributed vascular structures in investiga-
tions of haemodynamic concepts related to the branching
nature of the arterial tree. The powerful attributes of the
distributed models have been illustrated by systems
exhibiting random branching and fractal properties. The
impedance spectrum determined with such models is
similar to that in anatomical systems, even though the
branching configuration is different. This allows reduction
of these complex models to simple tractable models such
that elementary parameters of wave propagation and
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effective arterial lengths can be used to investigate evo-
lutionary aspects of optimal design across a range of
animal body size.
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