
 
 

 

  
Abstract— Using an Adaptive Identification Algorithm, the 

variations of Arterial Compliance were monitored during the 
cardiac cycle. A computer-simulated experiment demonstrated 
the contribution of a time-varying Compliance in reducing the 
Energetic Load on the Heart. 
 

Index Terms— Arterial Compliance, Cardiac Load, Computer 
Simulation, Energy, Model.  
 

I. INTRODUCTION 
  Several electrical models of the Arterial System exist [1], 

[2], [3]. They are grouped into two categories, the lumped- 
parameter and the distributed-parameter ones. We chose a 
well-established lumped-parameter model: the 3-element 
Windkessel, first proposed by Westerhof [4]. A circuit 
representation of the model is shown in Fig. 1.  

The decision to use this particular model was influenced by 
the study of Burkhoff et al. [5] who examined the validity of 
this model, and found it to be a reasonable representation of 
cardiac load for purposes of predicting stroke volume, stroke 
work, oxygen consumption, and systolic and diastolic aortic 

pressures. In addition, the model is fairly simple, with only 
three passive elements representing the arterial system as the 
cardiac load. 

 

 
Fig. 1. The 3-element Windkessel model 

 
Manuscript received May 23, 2007.  
A. Vrettos is an Associate Professor at Waubonsee College, Technology, 

Mathematics & Physical Sciences Department, Sugar Grove, IL 60554 USA 
(phone: 630-466-2934; fax: 903-223-3189; e-mail: avrettos@waubonsee.edu).  

S. T. Karamouzis is the Truman & Anita Arnold Chair of Computer & 
Information Sciences at Texas A&M University - Texarkana., Texarkana, TX 
75505 USA (e-mail: stamos.karamouzis@tamut.edu). 

 

 
In this model the Compliance C represents the compliance of 

the Aorta and the large arteries. Rp is represents the resistance 
of the deep circulation, and responds to the metabolic needs of 
the body and to the Mean Arterial Pressure. Rc is the 
characteristic Impedance, i.e. the impedance theoretically 
measured when the animal is totally vasodilated. It is unlikely 
that either one of the two resistive elements change within one 
beat, during steady-state function. 

However there is evidence the Compliance C changes during 
a cardiac cycle [6], [7], [8], [9], [10] even in steady-state 
operation of the heart. In this study we attempt to monitor the 
instantaneous changes in Compliance during a cycle, and the 
contribution of these changes in the reduction of the energetic 
load on the Heart. 

II. MATERIALS AND METHODS 

A. Physiological Data Acquisition 
Nine female Yorkshire pigs, 40-47 Kg, were preanesthetized 

with ketamine HCl(20 mg/kg) and xylazine (0.05 mg/kg). The 
pigs were then anesthtized with isoflurane. A midline 
tracheostomy was performed and the trachea was intubated. 
End-tidal CO2 was monitored, and arterial blood gases were 
kept within normal limits. A carotid artery was cannulated just 
long enough to reach the aortic root. Aortic Pressure was 
measured using a Spectramed model P23-XL pressure 
transducer. A midline sternotomy was performed and, and the 
aortic root was dissected free. An ultrasonic flowmeter 
transducer (Transonic Systems) was placed around the aortic 
root. It was connected to a Transonics Systems Model T201 
flowmeter. Pressure and Flow were recorded on analog tape 
and then digitized.  

B. Identification Technique 
Resistance Rc was calculated as the ratio of the maximum 

derivative of Aortic Pressure PA over the maximum derivative 
of Aortic Flow Q, according to a technique verified by Lucas 
[11]: 
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Resistance Rp was calculated as the difference between the 
ratio of Mean Aortic Pressure and Mean Aortic Flow, and Rc: 
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The input into the system of Figure 1 can be either the Aortic 
Pressure or the Aortic Flow. If the Aortic Flow is chosen, then 
the Transfer Function is the Peripheral Impedance: 
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 or if Rc<<Rp we can simplify the expression: 

CRp
s

CRc
s

sZ
1

1

)(
+

+
=    (4) 

This Transfer Function is the most commonly used, but its 
Impulse Response will decay with a time constant τ=C*Rp. If 
we choose the Aortic Pressure as the input to the system, the 
new Transfer Function will be the inverse of Z(s), or the 
Peripheral Admittance Y(s): 
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The Impulse Response of (IR) of Y(s) will decay with a time 
constant τ=C*Rc, and since Rc<<Rp this time constant is much 
shorter, or the IR will decay faster with time. The method used 
in this study relies on our ability to estimate the IR at every 
instant of time during a cardiac cycle. For that purpose we use 
an Adaptive Algorithm that has to converge as soon as possible. 
Thus, it is more practical to attempt estimating a shorter IR, so 
we chose the Admittance system. 

Most techniques used for the evaluation of the Windkessel 
models assume a time-invariant system, and rely on frequency 
spectra of pressure and flow. These techniques are thus 
inadequate for our study. The identification algorithm we used 
is based on the Least Mean Square (LMS) Algorithm [12]. This 
Algorithm has been shown to be capable of very fast 
convergence, and efficient in the identification of time-varying 
systems. It provides an Estimate of the Impulse Response (EIR) 
of the system at every point in time. Thus, we end up with a 
series of EIRs, one for every point. All these Impulse 
Responses are time-decaying exponentials, and we derive the 
Compliance C by matching their time constant(s) to C*Rc, 
where C is unknown and varying, but Rc is fixed and known 
from Equation (1). Thus from a series of EIRs we end up with a 
series of Compliance estimates. 

The output of the Admittance System, Aortic Flow Q, is the 
convolution of Aortic Pressure and the Impulse Response Y of 
the system.  
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Theoretically the convolution should extend over infinity, 
but only a limited number of data points L are available. The 
output of the Estimated System is QE, and it is equal to the 
convolution of the same Pressure and the Estimate Impulse 
Response (EIR). 
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To obtain the EIRs of the Admittance system, we set up a 

scheme as shown in Fig. 2. At every data point n, We compare 
the output of the Real System, which is the Aortic Flow Q(n), 
with the output of the Estimate System whose output is the 
Estimate Aortic Flow QE(n). The two outputs are subtracted at 
every point to generate the Error e(n). This Error is used to 
update our estimate of the system’s Impulse Response, 
according to the LMS algorithm: 
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k=0,1,2,…L  (7) 
Where μ is a convergence factor. As the algorithm converges 

this EIR becomes a better approximation of the actual IR. As 
the EIR is updated at every sample point in time, it can 
presumably track the changes in the actual IR of the system. 
This way we obtain a series of EIR, one for every instant of 
time we sampled the data at. 

 
Fig. 2. Identification of Impulse Response of Admittance 

System Using LMS Algorithm. 
 

Speed of convergence also depends on the number of 
weights needed to represent the IR of the system. This was the 
reason we chose to estimate the Admittance’s IR which decays 
faster than the Impedance’s. The convergence factor μ is also 
critical. A large μ makes the convergence faster, but the 
estimates tend to oscillate around the true solution resulting in 
poorer representation of the system. If μ is chosen too small, the 
algorithm becomes too slow to follow a fast-changing system. 
There are theoretical considerations on the choice of μ, but trial 
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and error was our method of choice.  
Fig. 3 demonstrates a typical Compliance during a cardiac 

cycle. It starts with a low value and increases at the beginning 
of systole, reaching a peak just before the peak of Aortic 
Pressure. It then decays back to the original value. These results 
are qualitatively consistent with other studies, especially [8] 
and [9]. Note however that in [8] the variation of the Pulmonary 
Arterial Compliance was monitored. 

 
Fig. 3. Compliance as it varies during a cardiac cycle and 

Aortic Pressure for reference. 
 

Table I. Data from Pigs. Flow in ml/s, C in ml/mmHg. 
Clow=pre-systolic compliance, Cpeak=peak Compliance 
during systole. 

Pig Q Clow Cpeak 
1 39 1.57 2.29 
2 34 1.2 1.81 
3 50 1.5 2.11 
4 35 1.3 1.93 
5 34 0.58 1.05 
6 35.3 0.9 1.52 
7 28 2.1 2.89 
8 55 0.8 1.44 
9 31 1.12 1.98 

 

C. The Computer Simulation Experiment 
We suspected an important physiological contribution of the 

time-variation of Arterial Compliance. We investigated its 
contribution to facilitating the work of the Left Ventricle of the 
Heart during ejection. We decided to compare the Energy 
expended by the Ventricle in the case of a non-varying 
Compliance to the case of a varying one. Effectively, this 
comparison could only be done in simulation. Triangular 
shaped waveforms simulating Aortic Flow were fed to 
computer-simulated systems like the one shown in Figure 1. 
Every simulated system represented component values 
calculated for an animal (pig).  

In the case of every animal a system with fixed components 
was used first, with Compliance set to the pre-systolic value. 

Next the same waveforms were fed to a system whose 
Compliance was time-varying in the way it was found to. 
Aortic Pressure waveforms were generated from the simulated 
systems. Fig. 4 demonstrates a set of these waveforms from a 
fixed-compliance case. In all cases a proxy for the Energy was 
calculated as the integral of the product of Pressure and Flow 
integrated over time, after the system had reached steady state. 
So the initial transients were ignored.  

∫= QdtPEnergy A   (8) 

 

 
Fig. 4. Simulated Aortic Pressure waveforms from 

simulation program for fixed Compliance. 
 

Table II summarizes the results of the simulation experiment. 
It was found that for every animal’s simulated Arterial System, 
the time-variation of Compliance results in less Energy 
required by the Heart. 

 
Table II. P1: Energy units in case of varying Compliance. P2: 
Energy units in case of Compliance fixed to its low value 

Pig E1(mmHg8ml) E2(mmHg*ml) P2/P1 
1 2925 3612 1.23 
2 2380 2892 1.21 
3 4100 5214 1.27 
4 2625 3112 1.18 
5 2924 3201 1.09 
6 2682 3152 1.17 
7 2212 2766 1.25 
8 2232 2733 1.22 
9 3925 4688 1.19 

III. CONCLUSION 
Increased Compliance during systole facilitates the emptying 

of the Left Ventricle into the Proximal Aorta. Most of the 
Compliance represented in the model of Figure 1 exists in the 
Aorta and the large arteries immediately adjacent to it. This is 
the area the Ventricle empties the Stroke Volume into. When 
Compliance was not allowed to increase during the contraction 
phase, the Energetic Requirements increased. In [10] it was 
demonstrated that a higher compliance was strongly associated 
with a decrease in the energetic cost of contraction. After the 
contraction of the Ventricle, the Proximal Aorta stiffens, and 
thus its Compliance is reduced. We think this is important, for a 
stiffer Aorta would propel the blood just injected into the deep 
circulation faster. The proximal Aorta empties its contents into 
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the deep circulation with a time constant approximately equal 
to C*Rp, so a smaller C would reduce the required time. 
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