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1. Introduction

The living organism in general, can be described as a complex
system of many component systems. Cardiovascular system is highly
complex structure able to regulate itself under physiological condi-
tion. Despite this fact some pathological conditions may develop
and interfere with self-regulation mechanism (e.g., a fat deposit can
reduce vessel section diameter – stenosis, an aneurysm may develop
or the arterial wall may become more rigid due to aging). The con-
sequences of these pathologies on the hemodynamical quantities
as well as the possible outcome of a treatment may be studied by
simulations. Such a model requires patient’s data that can be
acquired via standard angiologic diagnostic methods (e.g. CT, MRI,
angiography, USG).

The principle of duality among hemodynamic characteristic
variables and electric variables can be utilised in the process of
model development. This approach makes possible to transform
physical process from one environment to the other easier solvable
one. Despite this, in relation to utilised model type the description
of whole circulatory system can become far too complex and sim-
ulation model computationally expensive. For detailed description
it is usually chosen only small area of interest, which can be exactly
separated from the rest of system and its relationship to the other
parts can be well defined and described. Comparison of boundary
model elements influence to the simulation results for simplified
and more complex model of human upper limb is the object of
this paper.

2. Theory

The blood flow is formally analogical to propagation of electric
current along electric lines. Differential equations of hydrodynamic
processes in a tube are similar to those describing transmission of
electric charge in an electric line.

The blood flow in physiological case is considered to be laminar.
As the blood vessels forks, the sum of diameters of all branches
can differ from the diameter of the original vessel. This sudden
change of tube diameter usually followed with change of tube direc-
tion can cause reflections in propagating flow. Reflections or other
hydrodynamic processes can occur also in pathologic case, when
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a) b)

Fig. 1 Analogy of a tube with liquid and an electric line: a) Section of a
homogeneous tube, b) Section of a homogeneous two-wire line.
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the sudden change in vessel diameter is caused by disease, for
example stenosis in vessel wall. [1]

The analogy of hydrodynamic process in a tube and transmis-
sion of electric current can be demonstrated by schematic drawing
in Fig. 1. Longitudinal impedances ZL* and ZL represent conser-
vative and dissipative components, transversal admittances YT* and
YT describe cross elasticity and inter-wire capacity and cross losses.
The detailed depiction of equivalent circuit for one blood vessel
segment is shown in Fig. 2 (a) and is in more detail described in
[2]. Values of longitudinal impedance parameters depend on blood
flow and blood pressure ratio. Formulas for estimation of elements
in longitudinal and transversal part of equivalent circuit are based
on work of Gaelings [3]. Elements of equivalent circuit of blood
vessel can be derived by means of equations describing hemody-
namics (Navier – Stokes equation, continuity equation) and by using
electromechanical analogy.

, (1)

,  n � 1, 2, 3 (2)

where r0 is radius of the vessel wall, ρ is the blood density, η –
dynamic viscosity, E is the volume stiffness of the tube wall and
ηw – coefficient of internal friction (cause of deformation losses),
κ – geometrical factor. All the longitudinal and transversal para-
meters of the equivalent circuit are per-unit values. 

The cardiovascular system can be divided into cascade sequence
of small segments. The model of cardiovascular system is then
composed of equivalent circuits of these segments linked together
[3, 4, 5]. Despite the electric circuit analogy computation efficiency,
modelling of each individual vessel of blood circulatory system is
impractical. Therefore, the detailed model is created only for the
area of interest and all the contiguous and distal parts are lumped
together and substituted by equivalent circuit, Fig. 2b, c and d.

For comparison of terminal segment influence on blood circu-
lation simulation results three types of lumped equivalent circuits
are utilised. The simplest model of terminal segment, named Case
A, is two-element Windkessel model, shown in Fig. 2b. Parame-
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ters RT , CT of equivalent circuit represent peripheral resistance
and compliance. One possible estimation method of these para-
meters is by impedance matching. In context of the electrical theory
analogy these parameters are derived from characteristic imped-
ance of vessel equivalent circuit. We assume the output imped-
ance of vessel model to match the input impedance of terminal
segment. The characteristic impedance of equivalent circuit is

, (3)

where Z�L is longitudinal impedance and Y�T is transversal admit-
tance of vessel segment equivalent circuit. The terminal segment
impedance is

, (4)

The reflection in pulse and blood flow wave depends accord-
ing to electric transmission line theory on the difference between
the impedance of the line at the joint and impedance at the ter-
minal segment. 

, (5)

Because in general within the periphery blood circulatory
system is supposed to operate without reflections the reflection
coefficient r� � 0 and Z�T � Z�0 . Thus the RT , CT parameters of
equivalent circuit are derived combining equations (3) and (4),
from real and imaginary parts of Z�0 .

Second type of terminal segment topology, Case B in Fig. 2
(c), is three-element Windkessel model. Calculation of the para-
meters R1, R2 and C2 is also derived from electric transmission
lines theory – vessel segment characteristic impedance and termi-
nal segment impedance [8].

, (6)

Total terminal resistance RT is in this type of terminal segment
equal to sum of R1 and R2. For derivation of R1, R2 and C2 are
applied the same assumptions as in two-element Windkessel model.
However in this case the derivation leads to quadratic equation and
only physically meaningful results should be taken into account.
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Fig. 2 a) Equivalent circuit of one segment of distributed parameters model, b) Case A, c) Case B and 
d) Case C are equivalent circuits of terminal segment
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Case C in Fig. 2d is topologically similar to the Case B.
However, for the parameter estimation the different approach is
chosen. In previous two cases the transmission line is supposed to
be lossy. Here we assume that the cut-off line is infinitely long and
lossless [9]. Thus the characteristic impedance is frequency inde-
pendent and depends only on the longitudinal inertia per segment
length L and the compliance per segment length C

.  (7)

The characteristic impedance Z�0 and resistance of distal seg-
ments Rv compose the total terminal resistance RT � Z0 	 Rv .
Compliance of the distal part behind the end segment Cv can be
calculated with time constant τ

. (8)

According to [9] the typical value for τ is 1.5 s.

In all three terminal segment models is total terminal resistance
expressed by means of mean pressure and mean flow with α the
percentage of the cardiac output flowing through the vascular bed
behind the end segment [9]

. (9)

3. Simulation and Results

For examination of terminal segment effect we chose human
arm arteries, Fig. 3.

From the complexity point of view, two model structures are
simulated. The first one, more complex model of human upper limb
arterial tree consists of 24 segments of arteries (Brachialis, Radialis,
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Ulnaris and Arcus Palmaris) and 8 terminal segments for outgoing
arteries (Profunda Brachii, Superior Ulnar Collateral, Inferior Ulnar
Collateral, Interosseus, Policis and three Digitalis). The simplified
version of the model consists of 19 segments of arteries (Brachialis,
Radialis and Ulnaris) and 6 terminal segments for outgoing arter-
ies (Profunda Brachii, Superior Ulnar Collateral, Inferior Ulnar
Collateral, Interosseus, two parts of Arcus Palmaris). 

Pressure waves are computed at two parts of model – at A.
Radialis and A. Digitalis. The computation at A. Radialis is carried
out at four points – on input of segments 16, 17, 18 and 19 for both
the complex and simplified models. In more complex model the
additional computation point is joined at A. Digitalis for compar-
ison with sample of clinical measured data. The results of simula-
tions are compared together to evaluate the influence of terminal
segment type on pressure wave form.

Fig. 3c shows typical waveform and amplitude of pulse wave
on A. Radialis. The results of simulation for both the model com-
plexities and all three types of terminal segments are displayed in
Fig. 5a, b and c.

The influence of terminal segment on the waveform match
between the complex model and the simplified one is apparent
from Fig. 5a, b and c. In accordance with transmission lines
theory the blood pressure wave depends not only on time but also
on the distance on the vessel, Figs. 6, 7 and 8. The amplitude of
blood pressure increases with distance from the beginning of the
vessel. This effect originates from circulatory system geometry, espe-
cially in branching parts. Similarly with the transmission line theory,
there are segments there, terminated with impedance different from
its characteristic impedance. Also the difference between pressure
results for more complex and simplified model depends on the
distance x on the vessel. The computed mean value of blood pres-
sure difference Δε between complex and simplified model is shown

Fig. 3 a) scheme of arm arteries, b) model of arm composed of equivalent circuit segments, c) pressure waveform example in A. Radialis
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Fig. 5 Pressure waveform in A. Radialis in x=21,3cm for: a) Case A terminal segment, 

b) Case B terminal segment and c) Case C terminal segment

Fig. 6 Calculated pressure waveform vs. sample and distance x in A. Radialis for case A, complex and simplified model

Fig. 7 Calculated pressure waveform vs. sample and distance x in A. Radialis for case B, complex and simplified model
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in Fig. 9. The Case B terminal segment appears to have best match
between simplified and complex model.

For illustration of the model nature the pressure in A. Digi-
talis for complex model is computed, Fig. 10a and the measured
pressure wave example is shown in Fig. 10b. It is apparent that for
the comparison with physiological values the model should be
adjusted to the measured subject parameters. However, the pres-
sure waveform of Case A and B show a good affinity to the mea-
sured one.

4. Conclusion

To show the difference between the three models of terminal
segments Case A, Case B and Case C we used the two models of
arm arterial tree. First one was the more complex one and the
second was simplified by cutting the lower part of arteries off and
substituting them by the same type of terminal segments as in a
more complex model. 

From all the simulated cases the best matching showed the
Case B – three element Windkessel model. The Case A – two
element Windkessel model had similar influence on the pressure
wave on the beginning of the vessel, but the difference increases

Fig. 8 Calculated pressure waveform vs. sample and distance x in A. Radialis for case C, complex and simplified model
�

�

Fig. 10 a) Calculated pressure waveforms in A. Digitalis; b) Measured pressure waveforms in A. Digitalis
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Fig. 9 Mean Δε vs. distance x
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with the distance. The third model of terminal segment Case C
appears to be unsuitable for arterial circulatory system simulation
purposes. 

The human vascular system is highly complex structure with
self-regulation ability. It should be emphasized that for the com-

parison with physiological values the model parameters should be
adjusted for the measured subject. Also some regulatory mecha-
nisms of the system should be considered in the model. All para-
meters for simulated arteries were obtained from the literature
[11], [12]. Therefore the results of this study should be consid-
ered as strictly theoretical.
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