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Abstract— The velocity dependent changes in the impedan-
ce of flowing blood have been widely reported in the literature.
These changes have been suggested as a source of the impedan-
ce change of the thorax measured during Impedance Cardio-
graphy techniques. In this study, a theoretical model incorpo-
rating red blood cell orientation, was developed to predict the
impedance of pulsatile blood as it flows through rigid tubes.
Experimental measurements were recorded for comparisons
with the theoretical model. Bovine blood was pumped through
rigid tubes in a mock circulatory system and its impedance
and velocity were measured. Experimental and theoretical im-
pedance and velocity waveforms are presented for a range of
cardiac parameters such as pulse rate, stroke volume and sys-
tolic/diastolic ratio. Comparisons show that the theoretical
model successfully simulated features of the experimental
waveforms. These were: 1) a difference between impedance
during accelerating and decelerating flow at the same velocity,
2) an instantaneous impedance response to acceleration, and 3)
a decay in impedance during deceleration to zero flow. Both
the modelled and experimental impedance data also indicate
a good cross correlation with the velocity (r=0.73 and 0.65 res-
pectively at a pulse rate of 70 beats per minute). These results
theoretically and experimentally demonstrate that the imped-
ance of flowing blood contains information related to the veloc-
ity of the blood and may prove useful in understanding imped-
ance variations in Impedance Cardiography.
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1. INTRODUCTION

The origin of the Impedance Cardiogram (ICG) is not
well agreed upon in the literature [1]-[6]. In addition to the
accepted blood volume changes, multiple other factors are
reported as the source of the impedance change. One of
these is the velocity dependent changes in the resistivity of
blood [7]-[16]. Previous studies suggest that this effect is
sufficient to be observed in Impedance Cardiography (IC)
measurements [7]-[9].

These flow dependant impedance changes are thought to
be caused, at least in part, by changes in the alignment of
the red blood cells (RBCs) in response to changing shear
forces [7]. As the shear force increases, cells align with the
minimum cross sectional area facing the direction of flow.

This minimises the shearing stress across the surface of the
cell and will alter the impedance of blood.

Published literature concerning the varying electrical im-
pedance of blood has primarily investigated blood in con-
stant flow. However, blood flow through the body is pulsa-
tile in nature and these studies are not able to adequately
explain blood impedance changes under physiological flow
conditions. Although it has been demonstrated experimen-
tally that the resistivity of blood changes during the cardiac
cycle [16], the variation of blood resistivity in pulsatile flow
remains largely unexplored. Certainly, no studies have been
reported which theoretically model the impedance of pulsa-
tile blood flow. This study investigates the flow dependence
of the electrical impedance of blood during pulsatile flow
through rigid tubes, using theoretical modelling and ex-
perimental data collection.

II. THEORY AND METHODS

A. Theoretical Model

The conductivity of blood has previously been quantita-
tively modelled under the condition of steady laminar flow
through rigid cylindrical tubes [15]. This was achieved by
extending the Maxwell-Fricke theory to include orientation
and deformation of ellipsoidal particles induced by shear
stresses. In this previous model, it is the shear stress experi-
enced by the RBC’s and its variation across the radius that
is the most important factor in modelling the conductivity of
blood flow. Because of this, the steady state model can be
shown to fail when applied to pulsatile blood flow. This is
because the velocity profiles of the two conditions of flow
(from which the shear rate (y) and shear stress (7) are de-
rived) are very different in steady state and pulsatile flow.
While the steady radial flow profile is parabolic, the pulsa-
tile flow profile is largely flattened in the central axial re-
gion. For pulsatile flow, this results in low shear rates in the
inner tube while high shear rates are experienced near the
walls of the tubes.

However, the previous model reported in [15] was shown
to successfully predict the conductivity of blood in constant
flow and so the methodology used was replicated in this
paper for the condition of pulsatile flow. In addition, realis-

Hermann Scharfetter, Robert Merva (Eds.): ICEBI 2007, IFMBE Proceedings 17, pp. 32-35, 2007

www.springerlink.com © Springer-Verlag Berlin Heidelberg 2007



Comparison of a theoretical impedance model with experimental measurements of pulsatile blood flow 33

tic cell orientation dynamics were also incorporated to ex-
tend the previous model.

To model the impedance of blood, each RBC was as-
sumed to be enclosed in a small control volume containing
the cell and surrounding plasma and positioned at a distance
r along the radius. The conductivity of this control volume
was calculated and integrated over the cross sectional area
of the tube to find the bulk impedance. Constant flow pa-
rameters for bovine blood were used.

Step 1. The shear stress profile, 7(r), was derived from the
velocity profile, v(r). This was achieved using the methods
outlined in [17] and [18] and is given in equation 1.
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Where 4 is the pressure coefficient (dyn.cm?),  is the
angular frequency of the driving pressure gradient (rad.s™),
r is the radial distance from the axial of the tube (cm), R is
the radius of the tube (cm), p is the density of blood (1.055
g.cm'3), Jo and J; are Bessel functions, ¢ is time (s), # is the
viscosity of blood (7, = #u(1+2.5xA+7.37x107), h =
haematocrit, #, = 1.72 x10” Pa.s) and a is Womersley’s
number, calculated using (2).
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The spatial average velocity is the average velocity of all
lamina flowing through the cross section of the tube and is
also calculated from the velocity profile.

Step 2. The cell deformation induced by this shear stress
was calculated for the present study using the method pre-
sented in [15]. The amount of deformation is indicated by a
change in the ratio of the short to long axes of the cell
(ag/bg) in (3).
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Where ay/by is the initial axis ratio (0.22), b, is the origi-
nal long axis length (5.5 pm) and x is the surface shear
modulus of the cell membrane (1.5x10”° N.m™).

Step 3. The orientation of the red blood cells across the
radius was determined. Hoetink et al [15] use a simple lin-
car relationship based on the shear rate, however, the char-
acteristics of the cell orientation process are difficult to
account for. For time varying flow, it has been reported that
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the times taken by RBCs to align with the flow and the time
taken to disorientate also differ largely [8], [19]. This can be
described as a first order kinetic process which is dependent
on the shear rate experienced by the cells. Equation (4)
shows an approximate expression for the orientation rate as
a function of shear rate across the radius of the tube pre-
sented in [20].

_n_ 7,
L T T @

Where n is the number of RBCs with stable orientation
per unit volume (in this case, assumed to be oriented paral-
lel to the flow), n, is the total number of RBCs per unit
volume, 7,= 1/y and 74= 1/\/7.

Step 4. The conductivity of a representative control vol-
ume was then calculated using the highly cited Maxwell-
Fricke equations as followed in [15]. For a single control
volume located at a distance r from the axis, the conductiv-
ity was calculated using (5).
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Where o, and oy, are the conductivities (o = 1.12 S.m’
" of the control volume and the plasma respectively, /4 is
the haematocrit expressed as a fraction and C is a factor that
depends on the geometry, deformation and orientation of
the RBC at location r (see [15] for further details).

The deformation of a RBC is accounted for by using the
deformed short to long axis ratio of (4) in calculating C. To
incorporate the orientation effect, C relies on the fraction of
aligned cells, f(r) and the fraction of randomly oriented
cells. The calculation of C based on the fraction of aligned
cells is introduced in this study in (6).

Cr)=f(r)-C,+1=f()-C (6)

Where G, and C,; are the C values for aligned and ran-
domly aligned cells respectively.

Step 5. The bulk conductivity of blood shown in (7) is
calculated by a summation of the control volume conduc-
tivities over the cross section and Ohm’s Law as proposed
in [15].
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The impedance, Z was calculated knowing the geometry
of the tube set up using (8), where L (m) is the length of the
tube under measurement and 4 = TR (m?) is the cross sec-
tional area of the tube.
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Fig. 1 Mock Circulatory System Experimental Setup
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B. Experimental Measurements

Eight litres of bovine blood were pumped through rigid
tubes from one reservoir to another, as shown in Figure 1.
The blood was pumped through silicon tubing using the
Harvard Apparatus Pulsatile Blood Pump for Large Ani-
mals and Hemodynamic Studies. The impedance was meas-
ured in a Perspex rigid tube (12.7 mm diameter) with 4
platinum electrodes using an Impedimed Imp™ SFB7. This
device was modified to make rapid measurements at 1 ms
intervals for a period of up to 30 seconds at a single current
frequency. The impedance was measured at a frequency of
5 kHz. Flow rate was measured by a Transonic ME13 PXN
Inline Sensor and TS410 Tubing flow meter. The tempera-
ture of the blood was maintained at (2340.5) °C and the
haematocrit of the blood was measured.

11I. RESULTS

Figure 2 shows the theoretically modelled impedance for
a single pulse and tube of 12.7mm diameter. The modelled
pulse rate was 70 beats per minute (bpm) and haematocrit
was 45% to represent physiological conditions. The pulsa-
tile spatial average velocity is shown by the dashed line and
the modelled impedance is shown by the dot dashed line.

Figure 3 shows the experimental results collected for
flowing bovine blood. This data was collected for the same
parameters as those modelled and was averaged over 10
pulses. The measured average velocity is shown by the
dashed line and the measured impedance is shown by the
dot dashed line.

Results collected over a range of cardiac parameters such
as pulse rate, stroke volume and systolic/diastolic ratios
demonstrate similar characteristics.
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Fig. 2 Modelled absolute spatial average velocity and impedance of blood
over one cardiac cycle, h =45 %, d = 12.7 mm, pulse rate =70 bpm.
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Fig. 3 Experimental average velocity and impedance of blood over one
cardiac cycle, h =45 %, d = 12.7 mm, pulse rate = 70 bpm, freq = 5 kHz.

IV. DiscussioNn

Comparison of the presented results shows that the mag-
nitude and shape of the modelled and experimental imped-
ance waveforms are comparable. In addition, both theoreti-
cal and experimental results show similar characteristics.
Both results show that changes in the average velocity of
blood affects the impedance. The cross correlation between
two time series (for zero delay) of velocity and impedance
was calculated at 0.73 (theoretical) and 0.65 (experimental).
This indicates that impedance waveforms contain informa-
tion relating to the velocity of blood.

During the acceleration phase (0.08-0.21 s), a strong lin-
ear relationship between the average velocity and the im-
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pedance is seen (r* = 0.95 and 0.98 for theoretical and ex-
perimental results respectively). However, during the decel-
eration phase (0.21s to end of cycle), a decay is evident in
impedance response to changes in average velocity. In addi-
tion, the impedance is also different between acceleration
and deceleration at the same velocity, for example, at times
(a) & (b), indicated in Figure 2 and 3 by the vertical dotted
lines. This is suggested to be due to differences in velocity
profile at these times.

Published stop flow experiments in [8] report that im-
pedance responds instantaneously to increases in velocity,
and decays when flow is stopped. Both the modelled and
experimental results of the present study demonstrate this as
the impedance shows a linear relationship with velocity
during acceleration. During the end of the deceleration
phase, the impedance is still changing despite the flow hav-
ing returned to zero. This decay effect is also seen earlier in
the deceleration phase when the impedance is less than that
for accelerating blood at the same velocity such as at time
(b) in comparison to time (a) in both Figure 2 and 3.

This highlights that the relationship between the average
velocity and impedance changes during acceleration and
deceleration. Understanding this relationship may lead to
better understanding of the physiological origins of imped-
ance variations in Impedance Cardiography.

V. CONCLUSION

It has been experimentally and theoretically shown that
impedance of pulsatile blood flowing through rigid tubes
varies with the velocity of the blood. This implies that in-
formation indicative of the velocity of blood may be con-
tained with in impedance waveforms and may prove useful
in Impedance Cardiography.
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