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Abstract. Non-invasive pressure simulators that regenerate oscillometric waveforms promise an alternative to expensive
clinical trials for validating oscillometric noninvasive blood pressure devices. However, existing simulators only provide
oscillometric pressure in cuff and thus have a limited accuracy. It is promising to build a physical simulator that contains a
synthetic arm with a built-in brachial artery and an affiliated hydraulic model of cardiovascular system. To guide the
construction of this kind of simulator, this paper presents a computer model of cardiovascular system with a relatively simple
structure, where the distribution of pressures and flows in aorta root and brachial artery can be simulated, and the produced
waves are accordant with the physical data. This model can be used to provide the parameters and structure that will be
needed to build the new simulator.
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1. Introduction

Non-invasive automated sphygmomanometers have been widely used to measure blood pressure.
Although the readings produced by these instruments have been compared with direct arterial
measurements, such comparisons have limited ability to reveal their true accuracy because normal
respiratory variations can amount to 10 mmHg or more [1]. Therefore, a hydraulic model of
cardiovascular system containing a surrogate arm (Non-invasive pressure simulator) is needed, where
a stable standard blood pressure is produced, and can be compared with indirect measurements. Before
the model is established, computer simulation should be done to propose appropriate structures and
parameters for it.
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A variety of mathematical models of circulatory system have been developed to guide the
constructions of in vitro models. The simple ones, such as [2—5], are mostly based on the Windkessel
effect, which helps in damping the fluctuation in blood pressure (pulse pressure) over the cardiac cycle
and assists in the maintenance of organ perfusion during diastole when cardiac ejection ceases. These
models can approximate the input impedance of the entire systemic tree, but they cannot represent the
blood flow distribution nor changes in local or brachial arteries.

In view of that, more complicated computer models [6-9] have been designed to research the
distributed properties of the human arterial tree, for example, Koen et al. made a more detailed
numerical model [10] which can represent most systemic arteries. Lazzari et al. made a powerful
computer model of cardiovascular System [11], which can simulate not only pressure-flow relation of
heart and arteries, but heart-lung interaction.

However, for a Non-invasive pressure simulator, it is not necessary to build such a complicated set-
up according to this theory model, and what the simulator needs to produce is blood pressures just in
aortic and brachial arteries [12—14]. This paper proposes a simplified computer model of systemic
circulatory system which could simulate the pressures and flows at aortic root and brachial artery.
Since a non-invasive automated sphygmomanometer usually doesn’t measure the pulse wave transit
time, this model can be used to guide the construction of a hydraulic non-invasive pressure simulator.

2. Methods
2.1. Systemic circulation network

Figure 1 illustrates the computer analogy of the human systemic arterial system, which was an
analogous electrical circuit schematic, where charge (C,,C,,C,,C, in Figure 1) represented blood

volume, current flow, electronic resistance ( R,R,,R;,R, in Figure 1) hydraulic resistance,
inductance( L,,L,,L,,L, in Figure 1) inertance and voltage pressure. This model was aimed at

simulating the pressures and flows at the aortic root and in the brachial artery as simply as possible.
Hence, only main arteries in the left upper limb were simulated more so than arteries in other parts of
the body.

R1
Left Ventricle

Output Flow

Fig. 1. The mock human circulatory loop.
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Table 1

Values of each element and physical parameters

Internal Wall- Young’s Values of the elements
Name of Arterial Length ; thick dul R L .
Segment / (cm) radius ickness modulus (mmHg.s.cm (mmHg 2 om 1C (13ang
7 (cm) h (cm) E (MPa) 3) " 3) o .cm’)
Left subclavian and R3 L3 C3
axillary arteries 20 0.38 0.065 04 0.3 0.04 0.01
. R4 L4 C4
Brachial artery 23 0.26 0.053 0.4 05 0.08 001
R1 None Cl
. 0.02 None 1.5
The other arteries None None None None R2 None 1)
0.7 None 3
Peripheral vessels of None None None None Rp2 None None
arm 50 None None
The other peripheral None None None None Rpl None None
vessels 0.5 None None

The elements numbered 4 in Figure 1 represented the brachial artery in the arm. The left subclavian
and axillary arteries were approximately equal in diameter. The left subclavian and axillary arteries are
approximately equal in diameter and Young’s modulus, then according to Eq. (3), they can be treated
as one blood vessel simulated by elements numbered 3.

The values of these elements, such as R, Land C, were calculated by

_ 4
_ 2
C =3nr1/2Eh 3)

Respectively [15], where was ordinary coefficient of blood viscosity (0.004 Pa-s), / was the vessel
length, » was the vessel inner radius was blood mass density (1000 kg/m’), E denotes the Young’s
modulus and % was thickness of the vessel wall. The other arterial vessels of the arm, including the
radial artery, the ulnar artery and peripheral resistance vessels were approximately simulated by a
resistance Rp,in Figure 1 which was evaluated by dividing the mean pressure at the entrance of the

left subclavian artery with the mean flow. The other elements constituted a windkessel model
simulating the impedance of the left arteries in human as a whole, whose values were estimated
according to [16]. Table 1 lists the quantities and physical parameters involved in the model.

2.2. Left ventricle model

The left ventricle was simulated as a flow source, which produced a flow pattern similar to the
natural heart, independent of load. The flow data were synthesized by sinusoidal Fourier series, and
the Fourier coefficients were drawn from a man with a stroke volume of 88 ml and a heart rate of 1.25
Hz [17]. As is shown in Figure 2, the left ventricle model was composed of ten sine flow sources, each
of which had a frequency from zero to tenfold the heart rate. Coupled with a unilateral diode, the
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Output Flow

Fig. 2. Model of left ventricle.
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Fig. 3. Curve of ventricular output flow.

blood was ejected into the arterial network only in systole. The peak of the left ventricular output flow
was about 630 m% and the mock flow was more fluctuant in diastole than physical because it

contained limited harmonics (Figure 3).

2.3. Matlab simulation method

Using the simpower systems module in Matlab, the computer model could be constructed in a visual

Table 2

Values Conversion from hemodynamic to electrical quantities
Physical quantity Hemodynamic Electrical
Pressure 1 mmHg bv*
Volume 1 om’ 0.752510°C
Time Is 107%s
Flow 1 ml-s™ 0.752b10°A
Frequency 1 Hz 10°Hz
Resistance 1 mmHg's-cm™ 10%/0.752
Inertance 1 mmHg-s*-cm™ 1010/760H
Elasticity 1 mmHg"-cm® 0.752:10°F

*b=0.01
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way like building a circuit as is shown in Figure 1. However, the units of the parameters in Table 1 for
the elements in Figure 1 were still in the field of hemodynamics. They had to be converted to electrical
parameters (Table 2).

3. Results and discussion

Figure 4 shows the amplitude and phase characteristics of the input impedance at point A in the
model, corresponding to the input impedance of the systemic circulation in human. Under normal
physiological conditions, the amplitude of the impedance of the systemic circulation system decreases
rapidly when the frequency is slightly above zero. Then, as the frequency increases, the impedance
characteristic curve begins to fluctuate around the characteristic impedance. In high frequency section,
the amplitude tends to be stable equaling to the characteristic impedance. Compared to the measured
physical data [18], the model has simulated the main features of the human input impedance. However,
there was no variation in middle frequency band as the human’s, due to the defects of the applied
windkessel model.

As is shown in Figure 5, the simulated pressure waves in the aortic root and brachial artery were
close to the physical data [18]. The systolic and diastolic pressure differences between the aorta and
the brachial artery were both less than 3 mmgH, lying in the normal range, and their mean pressures
were close to equal. When the heart rate was set to a fixed value of 75 Hz, the simulation results for
different stroke volume are shown in Table 3. As was mentioned in [18], the systolic blood pressure
increased more significantly than diastolic blood pressure when stroke volume rose, resulting in an
augmented pulse pressure. When stroke volume was set to a fixed value of 65 ml, the simulation
results for different heart rates are shown in Table 4. As the heart beats speeded up, due to the
shortened diastolic period, the blood flow to the peripheral vessels reduced and more blood remained
in the aorta at the end of diastole. Therefore the diastolic blood pressure rose, while the systolic one
slightly lowered, resulting in a decreased pulse pressure. These findings were consistent with the
projected results in literature [18].

The waveform in Figure 6 represents the simulated flow in the brachial artery, the contour of which
was accordant with the data measured in man. The mean flow in this segment was about 3% of the
cardiac output, as reported in [18].
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Fig. 4. Input impedance of the model compared with human. (a): modulus and (b): phase.
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Fig. 5. Simulated pressures in aortic root and brachial artery. Fig. 6. Simulated brachial flow.
Table 3
Simulation results corresponding to different stroke volume (SV)
HR Sv Aortic BP Brachial BP Aortic Pulse BP
(Hz) (ml) (DBP-SBP, mmHg) (DBP-SBP, mmHg) (mmHg)
50 57-86 56-87 29
60 68-102 67-105 34
75 65 74-111 73-113 37
70 80-120 79-122 40
80 91-136 90-139 45
Table 4
Simulation results corresponding to different heart rate
SV HR Aortic BP Brachial BP Aortic Pulse BP
(ml) (Hz) (DBP-SBP, mmHg) (DBP-SBP, mmHg) (mmHg)
60 70-115 70-114 45
70 73-112 72-114 39
65 75 74-111 73-113 37
80 75-110 74-113 35
90 76-108 75-112 32

4. Conclusion

This paper has explained a computer mock system of human systemic circulation with a
considerably simple structure. It could correctly simulate the pressure and flow waves in the aorta and
brachial artery. The model applies the simple 3-element windkessel model to represent the arterial
system and the derived impedance curve in the middle frequency band does not comply with the
physiological reality. To improve this situation, in the follow-up attempt a more sophisticated model
using dual elastic chambers will be applied. Although this model couldn’t simulate the phenomenon of
pulse wave transmission, it could be used to guide the construction of a hydraulic non-invasive
pressure simulator, because a non-invasive automated sphygmomanometer usually doesn’t measure
the pulse wave transit time and the related explanation has been added in the part of introduction.
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