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Abstract: Electrical impedance techniques are
currently used to assess body fluids under several
conditions, including hemodialysis. We propose to
use the same methods to assess haematocrit in-vivo,
thus allowing a better assessment of adverse effects
during dialysis sessions. A pressure cuff is placed on
the upper part of the arm and pressure pulses are
generated using a computer-controlled air pump
resulting in a total or partial closure of the upper
arm veins and hence an increase in the distal arterial
blood volume due to the compliance of the arteries
and the elasticity of the surrounding tissues. By
producing cycles in the applied pressure, a range can
be found where the mechanical compliance of the
arteries (C) is essentially constant, thus changes in H;
can be monitored even without knowing the value
for the compliance C. If an initial value of H; is
obtained by an independent method, then the on-line
in-vivo assessment of H; will be possible by
measuring the electrical impedance. Both, changes in
H; and changes in body fluids can be assessed using
the same technique.

Introduction

Recent data estimated that 400,000 people suffer
from kidney failure in the USA only; the lives of many
of these patients depend on dialysis (BioMed Central
Nephrology, October 2003). Patients can suffer from
adverse side effects during dialysis such as hypotension,
headache and vomiting. Most of these irritating
symptoms are related to the excess shift of fluids
between the extracellular and intracellular areas, and
due to the rapid changes of the chemical balance during
dialysis.

Haematocrit (H?) -defined as the volumetric ratio of
the packed-cell (erythrocyte) in blood- is a very useful
clinical indicator to estimate the fluid shift between the
extracellular and intracellular areas. Significant changes
in the blood Haematocrit are recorded during artificial
dialysis resulting in remarkable changes in the blood
conductivity that can reach to 20% [1]. The changes in
the Haematocrit and blood conductivity reflect the
change in the blood volume due to the fluid removal
from plasma assuming conservation of erythrocyte
volume. Several attempts for monitoring the
Haematocrit based on impedance or optical approaches

have been introduced in the recent years. In [2] a
continuous measurement of Haematocrit and plasma
volume variation during dialysis based on impedance
measurements is proposed, using Hanai model for
suspension of non conducting cells (erythrocyte in this
case):

-3
p,=p,(1-Ht)> (1

where p, and p, are the blood and plasma

resistivity and Ht is the Haematocrit expressed as a
decimal number. An expression relating the
instantaneous Haematocrit and the instantaneous
impedance is also obtained in [2]:

Z
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Ht=1-(1-Ht, )(—OJS ©)
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Where Ht and HZ‘O are the measured and initial

values of the Haematocrit.

This approach can only be performed directly on
blood by using an impedance measurement cell
connected to the arterial line of the heamodialyser. It
also requires taking a blood sample before starting the
dialysis procedure and measuring the initial

Haematocrit /7, using traditional laboratory methods.

We will introduce a new approach for monitoring
the blood Haematocrit based on the electrical
admittance of a parallel compartment model. The
admittance variations will be measured on the surface
without direct contact between the blood and the
electrodes

The continuous and totally non-invasive
measurement of the blood Haematocrit is considered
an essential key to monitor and reduce dialysis side
effects and thus improving dialysis quality.

Theory
I Tissue Modeling

The biological tissue in vivo can be modeled by an
electrical circuit to describe the behavior of
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extracellular and intracellular fluids in response to an
injected current with different frequencies. A parallel
conductors model shown in (Fig. 1) consists of the
resistance of the extracellular fluid Rgc) in parallel with
the resistance of the intracellular fluid R, and the cell
membrane capacitance Cy,.

C Rao)
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Fig. 1. Tissue model. Two parallel conductors Rgc) //
(Rac) + 1/joCyy)

Extracellular fluid consists of interstitial fluid
(containing lymph fluid) as well as blood which is a
suspension of non conducting cells-erythrocytes and
relatively conducting fluid —plasma, therefore the model
in Fig. 1 can be expanded into more detailed model
shown in Fig. 2. It is generally assumed that at high
frequency, the injected current will penetrate both
intracellular and extracellular areas while at low
frequency the current will pass through extracellular
area only since the cell membrane will act as insulator.

The body geometry consists of complex and diverse
elements with different dielectric properties; however,
in the presence of non conducting elements (skin ,fat,

Rae

bones) one can assume that at low frequency the
current will penetrate only the interstitial and plasma
regions and thus the model shown in Fig. 2 can be
represented using the electrical admittance in a
simpler model shown in Fig. 3 :

Yy

Yist

Figure 3. Simplified body model at low frequencies

When a current is injected by electrodes placed on
the body surface and separated by a distance L, the

measured admittance Y is

Y=Y,+Y, =0 (3)

ist eq L2

where L is the distance between the electrodes, Vgc 1s
the sample volume, and O, J is the equivalent complex

conductivity of the sample volume .
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Fig. 2. Expanded tissue model. Extracellular area includes interstitial fluid and blood, modeled as a cell

suspension as well.
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From Eq(3) we can write :

VEC b is
Y=o, a =0, JE o, th 4
O-eq = O-b Vb + Gist = (5)
VEC VEC

1I. Conductivity of the Extracellular fluid

From Eq(5) we can see that the equivalent
(measured) conductivity is equal to the summation of
the blood conductivity and the interstitial fluid
conductivity each multiplied by the volumetric ratio to
the extracellular fluid. We also know that the
extracellular fluid consists of the interstitial fluid and
blood volume, thus we can also write:

Vie =Vy +Viy (6)

Zhu et al [3] present some values of the extracellular
volumes in different segments of the body calculated in
11 healthy males

Table (1). The average segmental volumes and the
extracellular fluid volumes calculated by Zhu et al. [3]

Segment Segment Seg.Cross Vic
length(cm) sectional 10°cm®)
area(cm?)
Arm 56.1+3.18 48.1£10.4 1.31+0.25 .
Trunk 50.9+£3.73 647.7£170 10.08+1.65
Leg 91.145.77 121.014£22.6 | 2.80+0.82

In the arm sections the average extracellular fluid
volumetric ration to the section ratio is
Veco/Vami=48.1% (range 30.4%-77.3%). For healthy
adults, the blood volume ratio in the body is
approximately equal to 1/13 of the total body volume.

If we assume that the blood is distributed equally in
all the body segments we can write V,=0.077 V,,,, and
Eq(4) can now be written:

Vie =V, + Vg
Yo 12016 ™
Vie
Vi =0.84 (8)
Vic

And Eq(5) becomes:
o, =0.160, +0.840,, 9)

1II. Blood conductivity and Blood Volume.

Measuring the admittance using electrodes attached
to the surface can be useful in order to determine the
conductivity of the extracellular fluid which is a
function of the blood conductivity and the interstitial
fluid conductivity each multiplied by the volumetric
ratio to the extracellular fluid as shown in Eq.(9).
However, using the local surface measurement directly
is not helpful in evaluating the partial blood
conductivity. A short-term increase of the arterial
blood volume and a measurement of the volume-
dependent admittance can be the solution. Total or
partial closure of the upper arm veins (brachial vein,
cephalic vein, and basilic vein) will produce an
increase in the arterial blood volume due to the known
compliance of the arteries.

Typical volume-pressure and compliance—pressure
curves for a normal artery are shown in Fig.4.
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Fig. 4. Typical volume-pressure and compliance—
pressure curves for a normal artery. Ref [4]
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The measured admittance before closing the upper arm
veins can be written as:

Vi V V.
Y(i) = O-eq LZEC = O-b _Z+ O-ist l;t (10)
L L L

The measured admittance after closing the upper arm
veins is:

Vi V, + AV V.
Y () gc b b is
(@)~ eqg 2 =0, [? Ol lzt (i

In Eq.11 we assume that for a short term closure of
the upper arm vein the interstitial fluid will not change.

The admittance difference can be calculated by
subtracting Eq.10 from Eq. 11. We can write the
change in the admittance:

AV,
Y =0,—5

AY =7, =

i) — (12)

Admittance - compliance relationship: Mechanical
compliance of the artery is defined as the ratio of blood

volume change (AJ)") to blood pressure change( AP ):
C=AV/AP [uL/mmHg/cm ] (13)

From Eq.12 the change in admittance produced by
the applied cuff pressure is:

Ay o AVi_ . CAP

V=0 (149

Admittance-  haematocrit  relationship:  The
relationship between the blood conductivity and the
haematocrit is given by:

o,=0,( — Ht)" (15)

16 bit

where O » is the plasma conductivity. Eq. 12 can thus

be written as:

%:%aﬁ(l—m)y2 (16)

This shows that the change in the measured
admittance is a function of the blood conductivity and
the compliance-dependent increase in the arterial blood
volume.

Methods and materials

A pressure cuff was placed on the upper part of the
arm and pressure pulses were generated using a
computer-controlled air pump resulting in a total or
partial closure of the upper arm veins and hence an
increase in the distal arterial blood volume due to the
compliance of the arteries and the elasticity of the
surrounding tissues.

The response of the electrical admittance to the
applied pulsatile pressure was measured by a self-
designed local impedance analyzer with SNR
45dB,imapedance range(40-1KQ), and frequency range
(1KHz-1MHz) . Both the admittance and the pressure
signals were analyzed using Matlab. The value for C
was calculated by measuring the admittance in
response to step changes in the pressure and using an
initial value of Ht measured by an independent method.
The measurement setup is shown in figure 5. Two
approaches were used: the first approach was to apply
pressure pulses (6 pulses per min) using the pressure
cuff and recording the admittance waves . The second
approach was to apply a relatively slow single pressure
pulse with inflation time approximately 25 sec and
longer deflation time. In booth approaches the
admittance response was recorded using surface
electrodes (3M Red Dot ™ Ag/AgCl 2560) with
single injection frequency of 100KHz.
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Fig.5. Computer controlled system for impedance and cuff pressure measurements
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Figure 6. The applied pressure pluses (left) and the recorded admittance signal (right)

Results remains constant for pressures between 20 and 45

mmHg, indicating that the compliance is constant in

Approach 1 pressure pulses :Figure 6 shows the this pressure range (assuming that H; and o, have not

recorded admittance and the applied pressure in a changed in such a short period). H; is then estimated
healthy volunteer displaying several inflation/deflation from Eq. 5, using the calculated value of C.

cycles. The pressure and admittance signals were
processed using Matlab in order to detect each pulse.
The pulses were separated and saved in a matrix form
and averaged (Figure 7-a , 7-b). A mean admittance
wave and pressure pulse were calculated. After a phase
shift correction the derivative dY/dP was calculated
and plotted against P (Figure 7-c). It is observed that it
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Figure 7. Analysis of the pressure and admittance signals-Approach 1
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Figure 8. admittance response to a single pressure pulse.
Approach 2.Single pressure Pulse: Figure (8-a) Discussion and Conclusions
shows the applied pressure pulse and the recorded
admittance response. The admittance values for the By producing cycles in the applied pressure, a
inflation cycle were separated and plotted against the range can be found where C is essentially constant,
values of P (Figure 8-c), the same was repeated for the thus changes in H; can be monitored even without
deflation cycle (Figure 8-d). knowing the value for the compliance C. If an initial
It is noticed that the Y P graph behaves almost value of H; is obtained by an independent method, then
linearly in the pressure range 20-40 mmHg. i.e., dY/dP the on-line in-vivo assessment of H; will be possible by
is constant in this range. measuring the electrical impedance. Both, changes in
H, and changes in body fluids can be assessed using the
Sensitivity of heamatocrit changes to dY/dP: The same technique.
relation between dY/dP was derived in eq.16. The
relative sensitivity in the Y-P slope is defined as the References
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