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Abstract Frank’s Windkessel model described the he-
modynamics of the arterial system in terms of resistance
and compliance. It explained aortic pressure decay in
diastole, but fell short in systole. Therefore characteristic
impedance was introduced as a third element of the
Windkessel model. Characteristic impedance links the
lumped Windkessel to transmission phenomena (e.g., wave
travel). Windkessels are used as hydraulic load for isolated
hearts and in studies of the entire circulation. Furthermore,
they are used to estimate total arterial compliance from
pressure and flow; several of these methods are reviewed.
Windkessels describe the general features of the input
impedance, with physiologically interpretable parameters.
Since it is a lumped model it is not suitable for the
assessment of spatially distributed phenomena and aspects
of wave travel, but it is a simple and fairly accurate
approximation of ventricular afterload.

J.-W. Lankhaar is supported by a grant from the Netherlands Heart
Foundation, the Hague, the Netherlands (NHS2003B274).

N. Westerhof (D<)

Departments of Physiology and Pulmonary Diseases,
Institute for Cardiovascular Research, ICaR-VU,

VU University Medical Center, van der Boechorststraat 7,
1081 BT Amsterdam, The Netherlands

e-mail: n.westerhof @vumc.nl

J.-W. Lankhaar

Departments of Physics and Medical Technology and Pulmonary
Diseases, Institute for Cardiovascular Research, ICaR-VU,

VU University Medical Center, Amsterdam, The Netherlands
e-mail: JW.Lankhaar@vumc.nl

B. E. Westerhof
BMEYE, Amsterdam, The Netherlands

Keywords Pressure-flow relation - Arterial compliance -
Characteristic impedance - Input impedance

1 Introduction

Models are a simplification of reality which help to
understand function. The arterial system has been modeled
in many ways: lumped models [18, 73], tube models [8, 41,
80] and anatomically based distributed models [42, 64, 71].
In this paper we will discuss the lumped or Windkessel
models. Lumped models of the venous system [67] will not
be discussed.

Hales (1735) was the first to measure blood pressure and
noticed that pressure in the arterial system is not constant,
but varies over the heart beat. He already suggested that
the variations in pressure are related to the elasticity of
the large arteries. Weber (Weber EH (1827) as cited by
Wetterer and Kenner [80]), was probably the first who
proposed comparison of the volume elasticity of the large
arteries with the Windkessel present in fire engines
(Fig. 1).

It was Frank [18] who quantitatively formulated and
popularized the so-called two-element Windkessel model
consisting of a resistance and a compliance element.
Poiseuille’s law states that resistance is inversely propor-
tional to blood vessel radius to the fourth power. The
resistance to flow in the arterial system is therefore mainly
found in the resistance vessels: the smallest arteries and the
arterioles. When all individual resistances in the micro-
circulation are properly added, the resistance of the entire
systemic vascular bed is obtained and we call this (total)
peripheral resistance. The peripheral resistance, R, can
simply be calculated as:
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Fig. 1 The concept of the Windkessel. The air reservoir is the actual
Windkessel, and the large arteries act as the Windkessel. The
combination of compliance, together with aortic valves and peripheral
resistance, results in a rather constant peripheral flow

R = (Pao,mean - Pven,mean)/co ~ Pao,mean/co

with P mean a0d Pyen mean Mean aortic and venous pressure
and CO cardiac output. The compliant element is mainly
determined by the elasticity of the large, or conduit,
arteries. It can be obtained by addition of the compliances
of all vessels and is therefore called total arterial
compliance. The value of total arterial compliance, C, is
the ratio of a volume change, AV, and the resulting pressure
change AP:

C = AV/AP

However, it is very difficult to perform an experiment were
a volume is injected into the arterial system without any
volume losses through the periphery. Therefore several
methods to derive total arterial compliance were devel-
oped, and those based on the Windkessel are discussed in
detail below. Actually the compliance of the large arteries
acts as the Windkessel, but over time it became customary
to call these lumped arterial models, made up of resistance
and compliance, Windkessel models. The strict separation
of conduit (compliant) arteries and small arteries and
arterioles (resistance vessels) is not possible, because large,
compliant, arteries have small resistive properties as well
and resistive vessels have, some, compliance. When
accounting for R and C only, we deal with the Frank or
two-element Windkessel model.

The two-element Windkessel predicts that in diastole,
when the aortic valve is closed, pressure will decay
exponentially with a characteristic decay time RC (see
below). Frank’s goal was to derive cardiac output. With the
characteristic decay time RC, derived from the aortic
pressure in diastole and an independent estimate of total
arterial compliance the peripheral resistance could be cal-
culated. Mean flow (i.e. cardiac output) is then simply
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mean aortic pressure divided by peripheral resistance.
Frank estimated total arterial compliance from pulse wave
velocity in the aorta. This example shows that Windkessel
models and wave transmission of pressure in the aorta give
complementary information.

The Windkessel is a so-called lumped model. In other
words this lumped model describes the whole arterial
system, in terms of a pressure-flow relation at its entrance,
by two parameters that have a physiological meaning. One
cannot study phenomena that take place inside the arterial
tree such as wave travel and reflections of waves, etc.

It is interesting to note that in the past hypertension
research focused mainly on peripheral resistance, while the
contribution of total arterial compliance to blood pressure
was often neglected. (The groups of Safar [58] and West-
erhof [46] were exceptions in this respect, Fig. 2). In 1997,
however, it was shown that pulse pressure is a major pre-
dictor of cardiovascular morbidity and mortality [3, 36].
This observation made researchers realize that arterial
compliance is also of great importance, especially in old
age (systolic) hypertension.

The two-element Windkessel model tells us that the load
on the heart consists of peripheral resistance and total
arterial compliance and that both are important.

2 Improvement of Frank’s Windkessel:
the three-element Windkessel

Frank had only (aortic) pressure to base the two-element
Windkessel on. The diastolic pressure, Pg;,(f), in the
proximal aorta with closed valves can be described by an
exponential decay and the two-element Windkessel indeed
predicts such a decay (Fig. 3):

Pdia<t) = Peseit/RC

with P.; = end-systolic aortic pressure.
In the 1930s and 1940s a number of researchers tried to
improve the two-element Windkessel by adding resistance

?
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100:|
0

Fig. 2 A sudden decrease in arterial compliance, but constant
peripheral resistance results in an increase systolic aortic pressure
and decrease in diastolic pressure. (Adapted from Randall et al. [46])

Flow (ml/s)




Med Biol Eng Comput

Systolic Pressure

Measured

Exponential decay
Time Constant RC

Pulse Pressure

Heart Period (R-R interval, T)

v

Diastolic Pressure

>

Fig. 3 The decay of aortic pressure in diastole can be approximated
by an exponential curve, given by the product of peripheral resistance,
R, and total arterial compliance C: the RC-time. The RC is a
characterization of the arterial system, the Heart Period, 7, is a
characterization of the heart

and/or inertance terms and by adding effects of reflected
waves. However, a good physiological basis of these
models was lacking [34, 80].

With the development of the electromagnetic flow
meter and thus measurement of aortic flow, it became
clear that in systole the relation between pressure and flow
was poorly predicted by the two-element Windkessel [77].
Wetterer [77-80] had already noticed, but not quantified,
the shortcomings of the two-element Windkessel. In 1956,
Wetterer [78] even showed the quantitative difference
between measured and predicted pressure in systole, but
he did not suggest what the determinant of this pressure
difference is.

Measurement of aortic flow together with the develop-
ments in computing capabilities that allowed for Fourier
analysis of the pressure and flow signals, the calculation of
input impedance became possible [34, 40, 75, 76]. From
the input impedance the shortcomings of the two-element
Windkessel also became clear, because for high frequen-
cies its modulus reduces to negligible values and its phase
angle reaches —90°, while the aortic input impedance
derived in mammals showed that the impedance modulus
decreases to a plateau value and the phase angle hovers
around zero for high frequencies (Fig. 4). The rather con-
stant level of the input impedance modulus at higher
frequencies was found to be equal to the characteristic
impedance of the proximal aorta. This information led to
the addition of aortic characteristic impedance to the two-
element Windkessel (Fig. 5). The characteristic impedance
in the three-element Windkessel [71, 73], can be seen as a
link between the lumped Windkessel model and wave
travel aspects of the arterial system since characteristic
impedance equals wave speed times blood density divided
by (aortic) cross-sectional area.
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Fig. 4 An example of measured aortic input impedance plotted
together with impedances predicted by the two-element Windkessel,
the three-element Windkessel, and the four-element Windkessel
(Adapted from Westerhof et al. [76])
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Fig. 5 The two-element Windkessel, the three-element Windkessel,
and the four-element Windkessel presented in hydraulic and electrical
form Z. is aortic characteristic impedance and equals PWV-p/A, it
connects Frank’s Windkessel with wave transmission models. PWV
Pulse wave velocity in the proximal aorta, p is blood density, A is area
of the proximal aorta

The oscillations seen on the impedance modulus and
phase are not represented by the three-element Windkessel
model (see Figs. 4, 6), and therefore this aspect of the
arterial system is not modeled [33, 39, 73]. This implies
that high frequency details such as the inflection point and
the augmentation in aortic pressure cannot be described by
the three-element Windkessel model (see Fig. 6). Yet the
overall predicted waveforms are close to the measured
pressures and the global aspects of pressure and the input
impedance are well described by the three-element Wind-
kessel (Fig. 6). The phase difference in the impedance
may, in part, result from a time delay between pressure and
flow, either as a result of equipment properties of as a result
of measurement location [70]. For instance, a time delay
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Fig. 6 Top Examples of measured pressure and the pressure derived
from measured flow and the three-element Windkessel, in the human
aorta of a type A beat and a type C beat. Bottom The (averaged)
human aortic input impedance of type A beats and type C beats
together with the input impedance of the three-element Windkessel,
thick line. (Adapted from Murgo et al. [39])

between pressure and flow of 8 ms translates into phase of
the impedance to 360 x 8 x 1073 f~2.9 f, i.e. about 30°
at 10 Hz. In other words, this phase effect does not affect
the relation between the wave shapes, but only their time
delay.

The characteristic impedance has the same dimension as
a resistor and is therefore often represented as a resistor.
However, the characteristic impedance is not a resistance,
and can only be interpreted in terms of oscillatory phe-
nomena. This means that the ratio of mean pressure over
mean flow (i.e. 0 Hz) which equals R, is in the three-
element Windkessel R + Z.. The use of a resistor for
characteristic impedance also causes errors in the low
frequency range of the input impedance [59]. However,
since characteristic impedance is, in the systemic circula-
tion of all mammals, about 5-7% of peripheral resistance
[72] the errors are small.

Wang et al. [68] recently analyzed aortic pressure and
flow in the following way. In diastole, when the two-ele-
ment and three-element Windkessels behave similarly,
(with closed valves characteristic impedance does not play
a role) these authors fitted the Windkessel and determined
total peripheral resistance and total arterial compliance.
When this two-element Windkessel was then applied to the
entire heart beat a difference was found in systole between
the measured pressure and the pressure derived from the
two-element Windkessel. This pressure difference, called
excess pressure, and according to the definition of Lighthill
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[30] a pressure proportional to velocity (or flow), is indeed
similar in shape to the measured velocity. The value of this
resistance is close to the characteristic impedance of the
aorta. This result is thus proof, in the time domain, that
addition of the characteristic impedance to the two-
element Windkessel, thereby resulting in the three-element
Windkessel, is necessary to describe pressure and flow
throughout the entire cardiac cycle. We interpret this result
as support for the three-element Windkessel with charac-
teristic impedance of the aorta (see Fig. 4) as the third
element. However, Wang et al., interpret this resistor as the
resistance of the conduit arteries. By doing so this would
mean that all large conduit arteries would be described
by the proximal resistance. This proximal resistance and
arterial compliance would reside within the same (conduit)
vessels and cannot be separated.

Fogliardi et al. [17] compared the three-element Wind-
kessel with constant compliance and with pressure-
dependent compliance. They concluded that “the nonlinear
three-element windkessel cannot be preferred over the
traditional linear version of this model”. Thus the three-
element Windkessel suffices in most studies [50].

3 The four-element Windkessel

In an attempt to reduce the errors in the low frequency
range, introduced by the characteristic impedance, a fourth
element of the Windkessel has been proposed [63], an
element originally suggested by Burattini and Gnudi [7].
This fourth element (Figs. 4, 5) is an inertance equal to the
addition of all inertances in the arterial segments, i.e. total
arterial inertance [63]. While aortic characteristic imped-
ance takes into account the compliance and inertance of the
very proximal ascending aorta, total arterial compliance
and total arterial inertance are the summation of all com-
pliances and inertances in the entire arterial system. The
total arterial inertance only affects the mean term and very
low frequency behavior of the input impedance, i.e. the
frequency range where the three-element Windkessel is
inaccurate.

Other investigators have introduced an inertance in
series with the characteristic impedance [4, 5, 7, 25, 32,
57]. This series inertance does not affect the arterial input
impedance at low frequencies but at high frequencies. In
theory this inertance implies an increase in the impedance
modulus with frequency in the high frequency range, but in
practice the inertance is chosen such that this effect is
small.

The four-element Windkessel has been used by Segers
[51, 53-55] and Burattini [5]. In practice it turns out that
the inertance is very difficult to estimate which is an
argument to prefer the three-element Windkessel.
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Table 1 Comparison of Windkessel models

Two-element WK

Three-element WK Four-element WK

Piast RC-time
Total waveshape Poor
Impedance Poor at high freq.

Compliance estimate Good (PP method)
Inertance NA

Pmean/ﬂowmean Resistance

RC-time
Good

Small error at low freq.

RC-time

Good

Good at all freq.
Overestimation Accurate estimation
NA Difficult to estimate

Resistance + charact imp Resistance

Burattini [6, 9] tested several other lumped models for
the peripheral arterial system: One lumped model consists
of a peripheral resistance with, in parallel, a series resistor
and compliance. This arrangement leads to the same form
of input impedance, as the three-element Windkessel,
namely (a + jowb)/(1 + joc), with a, b, and ¢ constants.
The advantage of this particular model is that at 0 Hz, the
peripheral resistance is correctly modeled. The resistance
in series with compliance is based on viscoelastic arterial
properties. Thus the elements have a different meaning
than those of the three-element Windkessel model and this
model is therefore not an improvement of Frank’s two-
element Windkessel model.

The different aspects of the Windkessel models have
been summarized in Table 1.

We conclude that the three-element Windkessel is a
necessary improvement of the two-element Windkessel
and can model the global aspects of the arterial system with
physiologically based parameters.

4 Use and clinical relevance of the Windkessel

The Windkessel teaches us that the main parameters
describing the arterial system are peripheral resistance,
total arterial compliance and aortic characteristic imped-
ance. In 1997 [3, 36], the importance of pulse pressure in
the prediction of cardiovascular mortality and morbidity
was shown and the important role of compliance was
recognized. It is therefore implicit that, for instance in
hypertension, these three Windkessel parameters play a
role. Total arterial compliance [35] and, to a lesser extent
characteristic impedance, are now important parameters
under investigation.

Ambulatory arterial stiffness index. The Windkessel can
be used to clarify the meaning of parameters used in epi-
demiological studies. An example is the ambulatory
arterial stiffness index [13]. Assuming the Windkessel
predicted decay time of aortic pressure in diastole, as RC,
Westerhof et al. [74] derived this stiffness index [13] from
first principles and showed that, despite its name, it should

be regarded as a ventriculo-arterial coupling factor rather
than a compliance estimate.

Windkessel used as load on the heart. The Windkessel
models can be used as load for the isolated ejecting
heart. Figure 7 shows an example of an isolated ejecting
heart loaded with a three-element Windkessel. It may be
seen that the generated pressure and flow waves resemble
the in vivo pressure and flow waves. The Windkessel
parameters may be changed to study cardiac pump
function [15, 25, 32, 65]. An example of the effects of
peripheral resistance changes and total arterial compli-
ance changes, while cardiac contractility, heart rate and
cardiac filling are maintained constant is given in Fig. 8
[15].

The Windkessel used to derive cardiac output. Wessel-
ing et al. [69] developed a method to derive cardiac output
from pressure using the three-element Windkessel. The
characteristic impedance and total arterial compliance are
given as non-linear functions of pressure based on the data
of Langewouters [26, 27], using gender, age, body length
and weight. An initial value for peripheral resistance in

Windkessel
(Compliance)

Venous system

R c z,

Fig. 7 Example of the ejecting isolated heart loaded with a three-
element Windkessel model as arterial load. It may be seen that the
isolated heart in combination with the artificial load produces
pressures and flow close to what is found in vivo
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Fig. 8 Example of the use of an ejecting isolated (cat) heart with a
three-element Windkessel as load. The effects of changes in
peripheral resistance and total arterial compliance on aortic pressure
and flow are shown. (Adapted from Elzinga and Westerhof [15])

assumed. Stroke volume, SV, is then calculated from
pressure. Cardiac output is set to SV-HR and peripheral
resistance is calculated as mean pressure over this cardiac
output estimate. This resistance value is inserted again in
the three-element Windkessel and SV for the next beat is
calculated. It turns out that after a few beats convergence is
obtained and the true resistance is found: mean pressure
over this resistance gives cardiac output. The non-linear
behavior of the compliance and characteristic impedance
combined with the adaptive peripheral resistance assure
excellent tracking of cardiac output [81].

The Windkessel used as load in artificial heart and valve
studies. The (nonlinear) Windkessel, has also been used in
studies on ventricular assist devices and setups to test
artificial valves [1, 12, 14, 19-21, 38, 48, 49]. However, in
this field many other models of the arterial system are used
as well.

Windkessel used in theoretical analyses. The Windkes-
sel has also been used in theoretical analyses where a heart
model and arterial system (Windkessel model) are coupled
and the contribution of changes in parameters to blood
pressure are calculated [10, 61]. An example of such an
analysis is shown in Table 2 [61]. It may be seen that for
similar percentage changes in total arterial compliance and
peripheral resistance, the resistance contributes a factor 4
more to pressure. This result does not imply that changes in
compliance are of little importance since with age resis-
tance may increase 10-20% while compliance may
decrease with a factor 2—4. These predictions are supported
by experimental data of (see Fig. 8). Several studies have
been reported on ventriculo-arterial coupling. In these
studies Windkessel models of the arterial system have been
used [10, 52, 54, 55]. The Windkessel as load is preferred
in this type of analysis since more extensive models are
awkward to work with.
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Table 2 Sensitivity to independent arterial and cardiac parameters

Systolic Diastolic Stroke

pressure pressure volume
Characteristic impedance +9 0 0
Peripheral resistance +41 +90 —28
Total arterial compliance —-10 +22 +5
Heart period -50 —-90 28

Sensitivity is expressed as 100(Y/X)/(Y/X) where Y is systolic pres-
sure, diastolic pressure, or Stroke volume and X is the independent
arterial or cardiac parameter (adapted from Stergiopulos et al. [61])

The Windkessel used as peripheral bed model. The
three-element Windkessel has been used as a simplified
representation of peripheral beds in distributed models
[64]. However, it should be kept in mind that the charac-
teristic impedance is only a real quantity for large vessels,
making the three-element Windkessel a very rough repre-
sentation of a peripheral bed. Windkessel models with an
inertance term have also been used a terminal impedance
of the aorta [6, 9].

The Windkessel used in end-ejection identification.
Using aortic pressure as input, an uncalibrated flow curve
can be calculated from which the time of end-ejection can
be identified unambiguously. Since only an uncalibrated
flow is required, the parameter estimation reduces to the
determination of two time constants which can be con-
ducted in real time [22].

The windkessel used in solving the outflow problem in
impedance cardiography. In impedance cardiography,
Stroke volume is estimated from the changes in electrical
impedance of the thorax [24, 44]. Since blood both enters
and leaves the thorax simultaneously, impedance changes
cannot be solely attributed to inflow. To solve this so-
called outflow problem [16], a Windkessel model was used
[23].

The Windkessel used in assessing right ventricular
afterload. Windkessel models have also been used exten-
sively to describe the pulmonary vascular bed [33].
Although most of this research on the pulmonary circula-
tion is preclinical, Lankhaar et al. [28] have shown that the
Windkessel model can be used to clinically assess differ-
ences between groups of patients with different forms of
pulmonary hypertension. However, the windkessel turned
out to be too simple a model to be able to classify indi-
vidual patients.

5 Estimation of total arterial compliance
Several methods, based on the Windkessel have been

proposed to estimate total arterial compliance [76]. These
methods are:
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The decay time method [18]. When flow is zero, as in
diastole, the decrease of aortic pressure is characterized by
the decay time, which equals RC for the two-element
Windkessel and three-element Windkessel models, provided
the analysis is started with some delay after valve closure
(about 10% of the heart period, see Fig. 6), at pressure Py,
The decay time is usually determined by an exponential fit
that will decrease to zero pressure. Thus the fit is:

P([) = Py eit/RC

However, pressure may, in reality, not decay to negligible
values so that it would be better to fit diastolic pressure
with:

P(1) = Pee '/RC + p

The intercept pressure, P;, depends on vasoactive state, and
is not easy to obtain, making estimates of RC inaccurate.
As an alternative, the intercept pressure and RC could be
estimated simultaneously using a nonlinear least-squares
method [68].

The Stroke volume over pulse pressure method. This
method is rather old [45, 47] but has been reintroduced
recently [11]. If the vascular periphery could be completely
blocked, i.e. resistance infinite, Stroke volume, AV, would
increase pressure by AP and the ratio would give total
arterial compliance: C = AV/AP. Since part of the Stroke
volume leaves the arterial system through the periphery,
this ratio overestimates compliance. The overestimation
may be as large as 60% [50, 56].

The area method [31]. The decay time in diastole is
estimated as the area under the diastolic aortic pressure
divided by the pressure difference between start and
endpoint.

5}

P
RCZ/—dl‘
P — P

L

The area method has been compared with the pulse pres-
sure method [56]. The integration reduces errors due to
noise on the pressure signal.

Estimating pressure dependence of total arterial com-
pliance [29, 31]. Use is made of the three-element
Windkessel model and the pressure dependence of com-
pliance is accounted for by assuming a specific value for
the exponential coefficient, b, of the nonlinear pressure—
volume relationship: V = a et + ¢ [31, 82]. The expres-
sion for the compliance (C) at any pressure is [82]:

b x SV x eb?

As+Aq SV ) (ebPs _ abPy
( A Z:. X Ad)(e 3 ebPa)

C(P) =

where P and Py are the pressures at end-systole and end-
diastole, respectively; A; and A4 are the areas under the

systolic and diastolic portions of the pressure waveform,
respectively; SV is Stroke volume; and b is the nonlinear
coefficient (a value of —0.01 is often assumed for this
coefficient). Z. is characteristic impedance.

The two-area method is based on the following equation
[56]

5]

15}
1
/le‘:C~(P1—P2)+E/PdZ‘
1

I

This equation is applied to two periods of the cardiac
cycle; the period of onset of systole to peak systole and
the period from peak systole to the end of diastole. Thus
using these two equations with two unknowns, R and C,
are obtained.

The pulse pressure method [59, 62] is based on fitting
the systolic and diastolic pressures, as predicted by the two-
element Windkessel with measured aortic flow as input, to
the measured values of systolic and diastolic pressure.
Although the two-element Windkessel does not produce
correct wave shapes, its low frequency impedance is close
to the actual impedance, while in three-element Windkes-
sel (by assuming the characteristic impedance as a resistor)
introduces errors at the low frequencies. The systolic and
diastolic pressure are mainly determined by low frequen-
cies and thus predicted accurately by the two-element
Windkessel. The pulse pressure method has been compared
with the area method and the SV/PP method and found to
be the superior one [56].

The parameter estimation method fits the three-element
or four-element Windkessel to measured pressure and flow
as a function of time. When aortic flow is fed into the
Windkessel model the pressure is predicted. This pressure
can be compared to the measured pressure. By minimiza-
tion of the difference between predicted and measured
pressure (i.e. the sum of squared errors), the best Wind-
kessel parameters are obtained. In this way, all the
Windkessel parameters can be derived including a good
estimate of characteristic impedance. Using the three-ele-
ment Windkessel the value of compliance is overestimated
[50] but this is not the case using the four-element Wind-
kessel [63], however, the inertance estimate is usually poor.
Also the inverse procedure may be followed, pressure can
be fed into the Windkessel model and optimization of flow
is then performed [60].

The input impedance method is similar to the previous
method, but is carried out in the frequency domain. The
input impedance of the three-element or four-element
Windkessel model is fitted to the measured input
impedance.

The transient method [66] can be applied when pressure
and flow are not in the steady state. In a non steady state
peripheral resistance cannot be calculated from mean
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pressure and mean flow, because aortic flow is not equal to
peripheral flow. Using the three-element Windkessel with
flow as input, pressure may be calculated while storage of
blood in the large conduit arteries is accounted for. By
curve fitting of the Windkessel parameters to obtain
minimal difference between measured and predicted
pressure the Windkessel parameters can be estimated
accurately.

General remarks. In the methods where the RC-time is
derived, the resistance should be calculated from mean
pressure and flow, and compliance is then RC-time divided
by R.

It should be emphasized that all Windkessel-based
methods rely on accurate pressure measurement in the
proximal aorta. The first three methods require accurate
pressure measurement and mean flow (cardiac output),
while the other methods require ascending aortic pressure
and flow wave shape.

Quick et al. have circumvented the use of a lumped
model as assumed in all methods described above by
incorporating transmission of the pressure wave, as in the
real arterial tree, to estimate arterial compliance [43].
Recently, they also showed that for wavelengths longer
than the arterial tree, distributed models will be reduced to
the lumped Windkessel [37]. Such long wavelengths or
high wave speed implies that all pressures and flows
behave similarly.

6 Windkessel as full description of the arterial system

Arterial input impedance gives a comprehensive descrip-
tion of the arterial system as load on the heart. However,
impedance with its modulus and phase, and its frequency
dependence is difficult to interpret. Using the three-element
Windkessel a comprehensive description of the arterial
load is obtained as well. The three elements are derived and
have a physiological meaning and one can see which part
of the arterial tree is changed. For instance, a decrease in
arterial compliance is not easily seen in the impedance and
not easily expressed quantitatively either. Derivation of the
Windkessel immediately gives quantitative information on
total arterial compliance.

The integrated description of the entire arterial system
by means of a lumped system like the Windkessel, can
adequately describe pressure-flow relations at the entrance
of the system, but pressures within these models have little
meaning. e.g., the measurement of pressure distal of the
characteristic impedance for instance, does not represent
the pressure in the more distal vascular system.

The Windkessel is being used in the so-called Physiome,
which attempts to develop mechanistic biophysical models
within a unifying framework obedient to fundamental
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mechanical and physicochemical principles [2]. See, for
example, the National Institutes of Health “Roadmap
for Medical Research in the 21st Century” (http://
nihroadmap.nih.gov) mechanistic systems approach to bio-
logical sciences [2].

The windkessel helps to interpret impedance. We
interpret the input impedance of the arterial system as
follows. For mean pressure and flow and very low fre-
quencies, frequencies <(0.2 HR, the distal periphery, i.e.
peripheral resistance determines the input impedance. For
intermediate frequencies, 0.2 HR < frequencies <3 HR,
the more proximal part of the arterial system begins to
determine impedance, i.e. total arterial compliance is the
main determinant. For very high frequencies, frequencies
>3 HR, only the very proximal part of the arterial system,
i.e. the aorta contributes, in terms of its characteristic
impedance. The characteristic impedance of the aorta is the
impedance of the aorta when no reflections exist, appar-
ently at high frequencies the reflections from the many
reflection sites return at random times and cancel. Thus the
higher the frequency the closer you ‘look’ into the arterial
system. The three-element Windkessel indeed contains
these three elements.

7 Limitation of the Windkessels

The Windkessel is a lumped model of the arterial system or
part thereof. Wave transmission and wave travel cannot be
studied. Blood flow distribution and changes in the distri-
bution cannot be represented. Effects of local vascular
changes, e.g., change in aortic compliance while other
vessels are not affected, cannot be studied. The measure-
ment of pressure distal of the characteristic impedance does
not represent the pressure in the more distal vascular
system.

8 Conclusion

We have discussed the main aspects and use of the
Windkessel. The three-element Windkessel can adequately
describe the pressure-flow relations at the entrance of the
arterial system. It is a lumped model and has a limited
number of physiologically meaningful parameters. These
parameters offer better insight into arterial function than
input impedance. In contrast to distributed models [42, 64,
71] Windkessel models are easier to construct as hydraulic
load on isolated hearts or assist devices. The Windkessel is
also easier to use than distributed models when ventriculo-
arterial coupling is studied. The Windkessel can be used
for the systemic arterial system and the pulmonary arterial
bed of all mammals.
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