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I. Introduction

High blood pressure, arterial stenosis and aneurism are the precursors of fatal cardiovascular
diseases. However unreliable oscillometric BP measurement is usually still a sufficient enough tool
for early detection of hypertension. Estimation of blood vessel properties on the other hand is still a
blank spot. Although arterial stiffness would be a vital diagnostic parameter there is no reliable-
enough non-invasive estimation method. There are several attempts to assess arterial stiffness
through a cuff-based BP measurement, but these yet have not been proved to be reliable mainly
because of the lack of directly measured signals and a sufficient model. Goal of this research is to fill
in this gap and develop a simple, non-invasive diagnostic method assessing the stiffness of the aorta
by means of a cuff and a DC-coupled photoplethysmographic (PPG) sensor.

Il. Materials and Methods

A. Aorta vs. transmission line

The major arterial trunk of the body is called aorta. It is a muscular blood vessel with 2.5 cm
diameter starting in a hairpin bend from the left ventricle of the heart running along the spine and
ending in the bifurcation of the two femoral arteries. Along its way it gives branches to the head and
the arms to the liver and kidneys and other intestines. A. brachialis, main blood vessel of the arm has
by comparison only 0.4 cm diameter which ensures that only a marginal part of the total aortic flow
is passed to the arms; a fact that will play a significant role in our further investigations, meaning that
blocking the circulation of an arm will not cause any significant change in the aortic flow.

Stiffness of the aorta and its peripheral load pressure
in the form of branching out arteries and R
mainly the femoral bifurcation determine the
form and propagation speed of the pressure
wave called pulse. Figure 1. shows two aortic
pressure pulses recorded in a senior (solid
line) and junior (dot) person. Major difference 1, N
between the two is found in the age related e fime
elasticity-change of the aorta. Figure 1: Aortic pulse waveform alter with age

There are lots of complex models describing such flow profiles in hydrodynamic studies [1]
however their practical applicability due to numerous immeasurable parameters is rather
questionable. For EE engineers the recorded signal corresponds to the output of a non-ideally
terminated transmission line provided that pressure equals voltage and flow current. Several papers
suggest the use of a transmission line as an equivalent for arterial flow [2]. Basic difference between
hydrodynamic models and transmission lines is turbulent flow which will be neglected in this study.
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Figure 2: Transmission line representing the aorta.
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In our representation heart is replaced by an ideal current source providing sinusoidal flow, a
capacitance Cyen stands for the buffer effect of the left ventricle and a diode substitutes the semilunar
valves. Aorta is modeled by an RLC transmission line with N discrete sections and a terminal load in
the form of conductance G. As a convention N is the height of the patient in cm divided by six.
Westerhof et al. [2] have determined a minimum N for given accuracy which is conveniently
exceeded in our choice. State-variables U,, and I,, are the local pressure and flow values in the n®
section respectively. In each discrete length-unit C,,, Ry, and Ly, are functions of Uy,.

Before proceeding with the discussion of the hydrodynamic equivalent of each RLC parameter let
us consider a small but significant side-track. Provided that the aorta is not homogenous - the C value
is drastically different in a single section for example - the output waveform will be different also.
This suggests the chance of detecting and locating aneurisms.

B. Nonlinear parameters

Strangely enough the comparison of RLC and hydrodynamic parameters has not been thoroughly
investigated in the past. Before proceeding, the term transmural pressure has to be defined. In a blood
vessel it is the difference between internal and external pressure: Pym=Pin-Pext. In our representation
each Uy, is a local Py, Now the volume of an elastic tube as a function of Py, is that of a sigmoid
depicted in Figure 3. Compliance, a parameter commonly used in physiology, by definition is:
C=AV/AP. In our context where voltage corresponds to pressure, electrical current to flow and
electrical charge to volume capacitance is the equivalent of compliance: C=dQ/dU=dV/dP. From the
V(Pym) curve the flow resistance of the tube can also be derived according to Hagen-Poiseuille:
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where | is the length of the tube, r its radius, x the viscosity of blood; C;, for practical applicability
are considered constant. The exact equivalent of L and its relation to Pym is yet unknown, it is in a
way connected to the mass and inertia of the blood flow. For now on it is to be considered a constant.
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Figure 3: Volume, compliance and flow resistance of a blood vessel as function of transmural
pressure. Dashed lines mark the normotensive physiological BP (120/80, MAP=93mmHg).

Introduction of the term transmural pressure 0.5
becomes instantly necessary when the external 0.4
pressure is changed either by a cuff or through qu: 03
a forced abdominal pressure in the so called ‘"Eé‘:j
Valsalva-maneuver. The drastic increase in 2 o
abdominal pressure results in a decrease in the 204
transmural pressure which in turn changes the 202
compliace and resistance value of the aorta s-03
and forces it in a different steady state. The 0.4
intervention is so impressive that its effects % 5 e (3 8 10 12
can be observed even in the microcirculation e
of a fingertip and thus recorded on a PPG. Figure 4: PPG during and after Valsalva-
maneuver.
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C. Measurement setup

Identifying model parameters in case the pressure P,, is directly measured at a given point of the
aorta is investigated thoroughly [3]. However in non-invasive diagnostics this obviously cannot be
achieved. In our research we used a DC-coupled PPG, attached to a left hand fingertip, as a
replacement for the lost P,, data. Further we applied a cuff on the same arm to intervene in the
circulation through Py,. All this necessarily brought with itself the need to extend the model.
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Figure 5: Extended model including heart, aorta, left arm arteries and veins, cuff and PPG sensor.

The extended model consists of heart, aorta and the circulation of the left hand complete with cuff
and PPG sensor. Brachial artery is represented by a second transmission line with length height/4.
The cuff intervenes in the arterial and venous system by changing the Py, of two sections. Inflating
the cuff will first block the venous circulation through R, which becomes infinite shortly after Py
exceeds the absolute venous pressure U,. Over the systolic value the cuff impedes the arterial flow
too through Ry, but still allows the generation of oscillometric pulses. The PPG signal, as P, is
volume-change based. Both are derived from their local Py, by means of the V(Pun) curve.
Transformer substituting the capillary net is needed to prevent veins from oversaturating when R,=co.
In situ validation of the model was performed by a Colin CBM7000 tonometer. For measurements a
unique protocol was developed: 20 sec rest, then Valsalva-maneuver for 20 sec, then another 20 sec
rest and after that cuff inflation above systolic pressure and finally a slow deflation. Py was
determined during cuff inflation at the pressure where PPG pulses faded away and MAP was
measured in an oscillometric way during cuff deflation.

I11. Results

Diagnosis comprises of the estimation of the
model parameters based on a measurement
according to the above described protocol in 3
discrete steps. First the V(Pyy) curve of the
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brachial artery was estimated during cuff :é 1 / X
deflation. Taking advantage of the fact that S 08 / N
occlusion of the left arm does not intervene in £ 08 7 : : \\
the circulation of the entire body aorta was Soa4 / 'S
replaced by an ideal voltage source providing 202 =
general pressure waves between Py, and Pgi,. %5 145 125 105 85 65 45 25

Now the parameters of V(Pyy,) were tuned cuff pressure [mmHg]

according to gradient method to fit the Figure 6: Oscillometric amplitudes during cuff
measured oscillometric wave amplitudes. deflation. Measured (dot), simulated (line).
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As a second step the changes in the PPG baseline were investigated during cuff intervention. DC-
coupled sensors enable the measurement of low frequency changes in the blood volume of the
microcirculation. These changes are contributed to breathing and the intervention of a cuff. When
cuff pressure exceeds about 20 mmHg the venous back-flow is blocked however the arterial input is
not compromised. This leads to the saturation of the venous system which in turn slightly increases
the MAP in the brachial artery. This saturation induced offset can be observed in the PPG baseline as
depicted in Figure 7. PPG waves are in hardware derived from this very signal by means of a 0.28 Hz
RC highpass filter and amplified by 28. During the estimation process aorta was still replaced by the
ideal source providing however only constant MAP pressure this time. Parameters Cy, Ly, Ry, C, and
R, were identified while the assumptions Ry=1 and K=3 were made.
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Figure 7: PPG baseline during cuff intervention. Measured(dot), simulated (line).

As a last step the parameters of the aorta were identified from an averaged PPG pulse at rest and
during Valsalva-maneuver. P,, was restored from the PPG signal through the by now ID-d model of
the left arm. Heart was assumed to provide sinusoidal flow. Pressure dependency of parameters was
neglected; R,, C,, L,, G, were considered constant. Differences between the two records are
attributed to different C, values.

IVV. Conclusion

Identifying a system with unknown input and directly immeasurable output signals where the
chance of intervening in the system is also quite limited is a mission impossible in itself. This is
exactly the situation when estimating parameters of the aorta during a non-invasive diagnosis.
However applying a cuff and a DC-coupled PPG sensor the chances are improved. The above
introduced measuring protocol and identification process results in an estimated V(Pyn) curve of the
brachial artery and five parameter values (R,, L., G, and C, at rest and during Valsalva — maneuver)
describing the aorta. A prototype device was developed which is about able to assess arterial stiffness
by applying the above described model. This research was based on measurement series of numerous
healthy persons where in vivo arterial pressure was also recorded through a Colin monitor. Further
research is needed to investigate the possibility of neglecting parameters and thus speeding up the
diagnosis process. Moreover a way has to be found to present medical doctors with the results.
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