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Abstract

Characterization of blood impedance properties is important to estimate clinical diagnos-
tic indices such as haematocrit, glucose level and hydration. Current in vivo bioimpedance
spectroscopy methods are performed on a body appendage and thus represent a combined
measurement of all tissues in the measurement field, rather than the blood individually. This
paper describes a novel in vivo measurement technique to calculate bioelectrical properties
of blood while excluding the disturbances from surrounding tissues, based on analysis of the
impedance changes caused by blood accumulation. The forearm was modelled as a cylinder
containing anatomical structures such as skin-fat layer, muscles, bones. Blood volume was
modeled as the inner cylinder. A tetrapolar electrode system was applied to a human fore-
arm and the impedance curves measured with and without blood pooling were processed
to calculate the impedance parameters of arterial blood. The bioelectrical parameters of
blood were estimated by fitting the blood curve to a Cole-Cole model using the Levenberg-
Marquardt (LM) nonlinear curve fitting method. The approach proposed was verified using
an experimental phantom, an equivalent circuit model and a preliminary human experiment.
Results show that electrical properties of blood and surrounding tissues can be separated
successfully. Of Cole-Cole parameters, the characteristic frequency f. is the most reliable
parameter to characterize blood bioelectrical properties. This method may allow simplified
measurement of blood characteristic parameters for many biomedical and clinical monitoring

applications.
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Bioimpedance spectroscopy, Blood pooling, Cole-Cole model, Nonlinear curve fitting,

Impedance plethysmography.

I. INTRODUCTION

HE bioimpedance measurements on humans have seen significant interest because of
T several advantages, such as low cost, ease of application, non-invasiveness and capa-
bility for on-line monitoring [1] [2]. The original bioimpedance technique was bioelectrical
impedance analysis (BIA). Within a decade, this technique evolved into the more advanced
technique known as bioelectrical impedance spectroscopy (BIS), also called multiple-frequency
bioimpedance analysis (MFBIA). BIS applies multi-frequency stimulations to measure body
impedance, and has been used for applications such as: body fluid measurement [3] [4] which
estimates extracellular fluid (ECF), intracellular fluid (ICF) and total body water (TBW);
tissue volume change, such as the impedance plethysmography [5]; and tissue characteri-
zation which is mostly based on Cole-Cole model parameters [6]: for example, normal and
ischemic tissues were differentiated by comparing Ry and f, [7]; plasma resistance, intracellu-
lar resistance and cell membrane capacitance of blood were calculated using three measuring
frequencies [8]. Characterization of blood bioimpedance properties is of importance for the
development of methods estimating some clinical diagnostic indices such as haematocrit,
glucose level and hydration. However, current bioimpedance spectroscopy measurements of
blood are either in vitro [8] [9] or are performed on a body appendage and thus represent
a combined measurement of all tissues in the measuring field [10], rather than the blood
impedance value. In this paper, we propose an in vivo measurement strategy to calculate
bioelectrical properties of arterial blood based on the pulsatile bioimpedance signal in a

finger. This work extends our previous conference publication [11].



Blood pooling methods were adopted to measure the fluid and blood volume change
of the abdomen, thigh, and calf of aircraft pilots [21] [12]. This method occludes veins to
prevent blood flowing out of the segment being investigated.

In this paper, we propose a novel scheme to measure blood impedance n vivo by analyz-
ing the difference of bioimpedance spectroscopies before and after blood pooling. By using

this method, blood parameters can be separated from those of the surrounding tissues.

II. METHODS

We consider a tetrapolar impedance sensor applied to the human forearm so that an
alternating current enters the forearm from two injection electrodes and the voltage is mea-
sured between two measurement electrodes. The physiological structure of this compartment
is relatively simple compared with other measuring sites (e.g., chest) and can be approxi-

mated with a cylindrical model (Figure 1).
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Fig. 1. A tetrapolar BIS sensor applied to a forearm model. The tetrapolar BIS sensor is composed of a pair
of current injectors (outer) and a pair of voltage sensors (inner). The forearm is modelled as a cylinder which
is composed of two axial compartments: blood and other tissues. The conductivity distribution is uniform
in the axial direction. The former simulate volume of blood; the latter contains tissues in the forearm except
for blood, e.g., muscle, fat. The volume of blood increases due to blood pooling.

Blood volume is simulated as an inner cylinder and other tissues are simulated to be in

the outer cylinder. Due to blood accumulation, the cross section area of the inner cylinder



increases from S, to S, + AS, and the impedance of this segment decreases correspondingly
from Z, to Z, — AZ,. The fractional variation is thus AZ,/Z, = —AS,/S,.

There are two states for blood volume: unconstrained: blood volume is minimum, corre-
sponding to impedance value Z; blood accumulated: with an incremental volume on top of
the static volume, corresponding to a lower impedance value Z,. Based on assumption that
blood pooling does not change volume of surrounding tissues, the blood pooling model of a

forearm can be described as three electrical components in parallel (Figure 2).
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Fig. 2. In term of electrical structure, the forearm measured is modelled as three components in parallel.
Tissue and static blood are grouped as part I (with impedance Z;), while the incremental blood is part

IT (with impedance Zrr). During unconstrained status, the model is represented by part I; during blood
pooling, the model is part I paralleled with part IT due to infused blood volume.

The impedance measurements, Z, and Z,, originate from the tissue model (Figure 2)
where tissue and static blood are represented by impedance Z;, and incremental blood is rep-
resented by impedance Z;;. During static status, Z, = Z;, while after blood accumulation,
Z, = Zi||Zy;.

Traditionally, a bioimpedance locus of a tissue can be analyzed using Cole-Cole model.
According to Cole [6], a bioimpedance spectrum can be fitted to the Cole-Cole equation,
given by (1), (illustrated as Figure 3)

AR

Zall) = et 1

(1)

where R, is the resistance at infinite frequency; AR = Ry — R, where Ry is the resistance



at zero frequency; f. is the characteristic frequency of the tissue or model under analysis; and
« is the constant depending on the heterogeneity of the tissue, where 0 represents completely

homogeneous and 1 completely heterogeneous tissue.
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Fig. 3. Cole-Cole plot in the complex impedance plane

The Cole-Cole curve of the incremental blood (part II, in Figure 2) is calculated from
two measurements: 1) the impedance spectrum Z,(f) = Z; before blood pooling, and 2)
the impedance spectrum Z,(f) = Z;||Z;; after blood pooling. Based on these data the

incremental blood impedance spectrum Z(f) = Z;; is calculated by

Zs()Zy(f)

Zoll) = Z 0 = 2.0f)

(2)

which is derived from the parallel circuit illustrated by Figure 2. The calculated Z;,(f) is
blood-related only.

Theoretically and without noise, four independent equations are needed to calculate
four Cole-Cole parameters. However, due to the data noise, solving the parameters from
the theoretically minimal data set would result in large errors. It is thus necessary to use
a method which calculates an approximate solution which fits the all of the measured data.
In practice, Cole-Cole approximation is accomplished by curve fitting of experimental data

to a semi-circular arc in the complex impedance plane, illustrated as Figure 3. In this



paper, data were fitted using the Levenberg-Marquardt (LM) algorithm [13]. The Cole-Cole
model reduces a complex impedance spectrum to four parameters that can be interpreted
as physical properties of the tissue under study. The resulting model parameter vector is
m = [Ro, AR, f., a].

Of the Cole-Cole parameters obtained, Ry and R, are blood properties, as well as func-
tions of body segment geometry and electrode configuration, e.g., body segment geometric
changes, electrode movement, and blood pressure changes; while f. and a are functions
of blood properties alone. However, « is known to be sensitive to variability in measure-
ments, and relatively insensitive to variations in tissue properties, while f, is relatively stable
with respect to measurement geometry changes and more sensitive to tissue property vari-
ations [7]. This suggests that f. is the most discriminating parameter for characterizing
blood bioimpedance properties. Ry, Ry, AR and the ratio Ry/ R+ are also helpful if careful

calibrations are made.

III. METHODS: EXPERIMENTAL

In order to verify the approach presented, we conducted two experiments: the experi-
mental phantom measurement and the equivalent circuit simulation. Their objectives were
to model blood pooling behavior in the forearm and estimate the parameters of interest. A

preliminary human experiment is discussed in the Section V.

A. FExperimental Phantom

An experimental phantom was built to model the forearm structure and blood accumu-
lation behavior (Figure 4). A piece of skinned porcine meat (size: 28 cmx 14 cmx4 cm) was
taken from cold storage and placed in room environment (24°C' and 64% humidity) for at

least six hours to reach a stable temperature in order to eliminate the temperature drift. A



groove (length= 25 cm, width=height= 2 cm) was cut at the position which was about one
third of the meat width. A stick of porcine liver was cut to fill the groove. The meat base is
to simulate the unconstrained status of the forearm; the porcine liver is filled to the groove

to simulate infused blood after pooling.

Fig. 4. Tissue phantom with a tetrapolar BIS sensor applied on the meat surface (background removed from
this figure). The phantom was made of a porcine meat base, with a groove cut in it. A filling of porcine liver
was filled in the groove. The meat base is to simulate the unconstrained status of the forearm; the porcine
liver is filled in the groove to simulate infused blood after pooling.

The goal of this experiment was to validate the approach developed in this paper. From
two sets of BIS data of the phantom (measured on meat base with and without liver filling),
we estimate the bioelectrical properties of the liver. This corresponds to the model scenario:
from two sets of BIS data measured on the forearm (with and without blood accumulation),
we calculate the bioelectrical properties of blood.

Four skin electrodes were placed equidistantly onto the surface of the meat, illustrated as
Figure 4. The inner pair were voltage sensors and the outer pair were current injectors. BIS
data were collected from 5 kHz to 1 MHz (at 50 frequencies, logarithmically distributed) by
an impedance analyzer (Xitron 4200 ECF-ICF Bioimpedance Analyzer, Xitron Technologies,
San Diego, CA, USA).



Firstly, BIS data were measured from the isolated liver filling and Cole-Cole parameters
were calculated as the standard to be compared with those of estimated. BIS data were
then measured from the meat base with and without liver filling. Cole-Cole parameters were
estimated from the measured data using the proposed method. Finally, estimated parameters
were compared to the standard parameters obtained initially.

Three pieces of phantom base were tested and each had three liver sticks as fillings.

Totally nine experiments were conducted.

B. Equivalent Circuit Modeling and Simulation

A equivalent circuit model was built using electronic components (resistors, capacitors
and inductors). This circuit was designed to simulate a biomaterial structure with a cylin-
drical model (Figure 1) based on the following geometric configuration: this model was 5em
long with a cross-section area lcm?; it was composed of muscle (49%), fat (49%) and blood
(2%), where numbers in parentheses were fractions of the cross-section area (other tissues
were ignored for simplicity); blood volume increased by 10% after blood accumulation.

The dielectric properties of tissues are ¢, (w) and o (w), where ¢, and o are relative
permittivity and conductivity, respectively; w is the angular frequency. &, (w) and o (w) were
obtained from these reported values: 1) blood (rabbit, in vitro, [14]); 2) muscle (bovine,
paravertebral cut along muscle fibres, in vitro, [15]); 3) fat (human, in vitro, [15]). All
dielectric data were sampled from the figures in the cited papers and interpolated along 44
points logarithmically distributed from 5 kHz to 10 MHz.

The electrical equivalent circuit of certain tissue can be represented by its conductive

and capacitive components in parallel [17]. Each tissue is modelled as a RC parallel pair.

Y =8+ jwC (3)



where Y is the admittance, S is the equivalent conductance and C' is the equivalent capac-
itance. Values of components were calculated by model geometric and dielectric properties
described above, using C' = Kepe, (w) and S = Ko (w). K = A/l is the geometric scale
where A is the tissue cross-section area and [ is the finger length. At 5 kHz, the equivalent
circuit of the biomaterial compartment and corresponding components values are illustrated

in Figure 5.
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Fig. 5. units: resistors—); capacitors—F'. The equivalent circuit of a cylindric biomaterial compartment is
composed of muscle, fat, blood and incremental blood. Each element is approximated as an RC parallel
pair. Component values were calculated from material composition, geometrical configuration and tissue
dielectric properties.

IV. RESuULTS

This section presents the results of two experiments described in section III. Estimated
parameters were compared with standard values, and the estimation accuracy was investi-

gated.

A. FEzxperimental Phantom

Three pieces of skinned porcine meat (denoted as 1,2,3) were tested as phantom bases
and each had three liver sticks as fillings (denoted as a,b,c). Results were obtained from nine

experiments.



[lustrated in Figure 6(a), two BIS measurements (each was the time averaging of ten
consecutive sweeps), Zpuse(f) with and without liver filling, were made and the estimated
liver BIS curve was illustrated in Figure 6(c), marked as . By fitting this curve using a
1%t order Cole-Cole model (Figure 6(c), solid line), the liver’s Cole-Cole parameters were
calculated and compared with those of the previously measured original liver (Figure 6(b),
time averaging of ten consecutive sweeps). After being normalized, the original and the
estimated liver Cole-Cole curves were compared in Figure 6(d). The error between the
original Cole-Cole model parameters mo = [Ry, AR, f.,a] and the estimated parameters
m = [Ry, AR, f., &), was calculated through e = ((|rh — mg))./mg) x 100%.

The inductive effect, illustrated as the sub-ripple at the high frequency end (Figure
6(b)6(c)), can be observed in many real measurements even on homogenous tissues [19]. In
our measurements, this effect was also observed above 400 kHz. Although this additional
effect could still be fitted well by using the ECFC (Extended Cole-Fricke-Cole) model [19],
we chose to fit 40 frequencies (5 kHz to 339 kHz) to avoid fitting the high frequency sub-
ripple, without affecting simulation results. As listed in Table I, The average parameter
estimation errors (p.) of [Ro, AR, f.,a] are [22.35%, 15.85%, 5.99%, 22.79%], respectively.
Compared with other parameters, f. has a much lower error level and a much narrower

standard deviation.

B. Equivalent Circuit Modeling and Simulation

According to measurements made [14], f. of blood (rabbits, in vitro, room temperature)
was about 4.132 MHz which was approximated as the frequency where the value f x g,
was the maximum. White Gaussian noise was added into simulation data to test noise
performance of the method. We defined nsr as the ratio of noise standard deviation to the

amplitude of difference impedance signal. Without noise interference (nsr = 0), the Cole-
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Fig. 6. A representative phantom measurement. (a) Cole-Cole curves of the meat base Zpqse(f) without
("«") and with ("+') liver filling; (b) The original Cole-Cole curve of porcine liver stick, Ziyer(f), was fitted in
a 1°¢ order Cole-Cole model; The measurement curve and the fitted curve were represented by '+ and solid
line, respectively. (c) From data obtained in (a), the estimated Cole-Cole curve of porcine liver Zjjpe, (f)
was calculated using the proposed method. It was fitted in a 1%! order Cole-Cole model. The measurement

curve and the fitted curve were represented by '+" and solid line, respectively. (d) The fitted Zjper(f) (X’)
and Zjiper(f) (o') were normalized.

Cole curve of blood was calculated and then fitted by a 1% order Cole-Cole model, the fitted
fc was 4.2546 MHz with 2.97% error compared with the standard f., illustrated by Figure
7.

As noise increased, the simulated data no longer showed a consistent pattern and made
curve-fitting inaccurate. Figure 8 illustrated a successful curve-fitting when nsr = 0.05.
However, when the nsr was increased further, the nonlinear curve fitting could not converge

to a reasonable solution. This is determined in the nonlinear curve fitting process by an



TABLE 1
Estimated (m) v.s Original (mg) Cole-Cole Parameters:
Measurements were made on three phantom bases (denoted as 1,2,3) and each of which had three liver
sticks as fillings (denoted as a,b,c). With the smallest estimation error mean p. and error standard
deviation 6., f. is a good candidate to characterize blood electrically.

Ry(Q AR(QY) fe(kHz) o

mo | m |err(%) | mg | m [err(%) | mo [ m [err(%) | my m | err(%)

a | 1682 11530 | 9.04 [ I0I0 | I003 | 0.69 | 157|141 10.2 ]0.304]0.261 | 14.0

1[0 b 12086 [ 1512 275 [ 1277|1041 | 185 [ 155|162 | 4.52 |0.319 ] 0.261 | 18.2
c [ I302 11678 289 830 | 878 o.1o 140 [ 145 3.57 [10.320]0.269 ] 159

a [ 1557 12076 [ 33.3 964 | 943 218 TI89TI57 ] 169 [0.30I10.251 ] 16.7

2 b [ 1796 | 1986 | 10.58 | 1185 | 854 279 11491133 10.7 [0.32910.233 [ 29.2
c [ 1369 [ 1545 [ 12.9 9I8 | 386 349 118271811 0.55 10.29410.276 | 6.12

a [ 1651 [ 1273 ] 22.9 [ 1455 ] 770 471 JI149 71507 0.67 [0.43870.316 ] 27.8

31 b 115352028 | 32.1 875 | 668 | 237 [193[195| 1.04 [0.263]0.I53 | 41.9
c [ 20881590 239 [1279 ] 1100 | 14.00 [ 155 [ 164 | 5.81 [0.317]0.206 | 35.0
11(%) 22.35 15.85 5.00 22.79
5. (%) 9.30 15.32 5.58 1141

extraordinarily large cost function value even after sufficient regression steps.

One practical approach to reduce noise is time averaging where nsr will be decreased by
a factor of v/N for independent noise, where N is the number of data sets being averaged.
Figure 9 showed the normalized estimation error (% x 100%) as a function of nsr and N,
where 100 independent trials were conducted and means/standard deviations were plotted in
the error bar form. For low nsr, the estimation errors were below 10%, but jump dramatically

when the noise exceeded a certain level, as illustrated in Figure 9.

V. DISCUSSION

This paper introduces a method to measure differential blood impedance curve by pro-
cessing bioimpedance spectroscopy data before and after blood pooling. This technique offers
the advantage that the blood impedance curve is caused by a single medium, blood, while
the global impedance signal is composed of all tissues lying in the field of view. Parameters

(such as f.) of this blood curve may be more accurate for blood characterization, compared
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Fig. 7. Blood impedance curve calculated from circuit simulation (denoted as ’+’) and fitted with a 1°¢ order

Cole-Cole model (solid line). Points of f, had been circled out on curves. The estimated f, was 4.2546 MHz
with 2.97% deviation to the true f., where nsr = 0.

with those from curves such as Zs(f) or Z,(f) which are generated from multiple tissues due
to heterogeneity in the measuring field.

To perform a preliminary in vivo validation of this technique, we conducted a blood
pooling experiment on a human subject. A resting, healthy adult was seated with his left
forearm resting on the table, the elbow approximately at the level of the heart. A tetrapolar
sensor was applied on the forearm (Figure 10). The distance between two current injection
electrodes was 15 cm and that of two voltage measurement sensors was 10 cm. BIS data
were collected from 50 kHz to 1 MHz using the impedance analyzer (Xitron 4200 ECF-ICF
Bioimpedance Analyzer, Xitron Technologies, San Diego, CA, USA). A cuff from a blood
pressure meter was applied to the upper arm. The first BIS data set was measured before
blood pooling (Figure 11(a), '«’) and then the cuff pressure was increased to 100 mmHg
which was between the normal systolic pressure and diastole pressure. This enabled the
blood pooling which let arterial blood flow into the forearm but prevented venous return.

The second BIS measurement was conducted after fifteen seconds of blood pooling (Figure
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Fig. 8. Blood impedance curve calculated from circuit model with nsr = 0.05 (denoted as '*’) and fitted

with a 1¢ order Cole-Cole model (solid line). The estimated f. was 4.4874 MHz, 8.60% deviation to the
true fe.

11(a), '4+’). Blood spectroscopic values were calculated from those data using the method
proposed in this paper (Figure 11(b)). There are clear differences between the impedance
magnitudes in the human experiment (Figure 11) and the equivalent circuit simulation (Fig-
ure 7). These differences arise from the different geometries: compared with the volunteer’s
forearm, the simulation is geometrically thinner (inter-electrode distance of 5 cm with cross-
section area of 1em? for the model vs 10 cm and approximately 100cm?, respectively, for the
arm). Additionally, the dielectric tissue properties and blood/body fraction in the arm are
unknown, and differ from the model.

The characteristic frequency of human blood is about 1 ~ 3 MHz [18] [8] [16]. The
impedance analyzer we used (Xitron 4200 ECF-ICF Bioimpedance Analyzer) can only mea-
sure up to 1 MHz. However, given that this experiment was a preliminary exploration of
the proposed technique’s in vivo applicability, we can obtain some useful conclusions. As
illustrated in figure 11(b), the fitted curve can not show a full arc since the data measured

are incomplete. Although we are not able to determine where exactly the f, is, the BIS
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Fig. 9. The error between the estimated characteristic frequency fc and the true f. is highly related to
noise levels: above certain noise level, the fc is not a good estimate of the true f.. However, time averaging
applied on measurement data largely increases noise tolerance of the approach. Without averaging (o) the
maximum noise level which could achieve reasonable estimations (< 10%) was NSR< 0.05; with N = 10 (o)
and N = 100 (o), the maximum noise levels increased to NSR= 0.1 and 0.3, respectively. As illustrated,
the maximum noise level which could achieve reasonable estimations (< 10%) was about 30% with time
averaging on 100 measurements (o), while was only about 5% for the case without time averaging (o).

curve of blood evidently shows that the characteristic frequency is at least 1 MHz, because
the curve does not reach the highest reactance level which is specified as f, (illustrated as
Figure 3). This is consistent with previous reports ( [18], [8] and [16]).

Some previous work is related to the method we propose. Yamakoshi et al. [20] showed
that the changes in the admittance produced by pulsatile signal in the human finger dipped
in the electrolyte vanished when the conductivity of the electrolyte was equal to that of
the blood. However, this method was limited by strict experimental conditions. Brown et
al. [10] tried to characterize cardiac related impedance wave measured in the chest and found
inappropriate low values of f. while comparing resulting Cole-Cole parameters with those
of blood. They demonstrated that the cardiac related impedance wave was not from blood
alone but a structure like “blood-tissue” parallel pair and this impedance spectrum could

be misleading if used directly for blood characterization. Similar work can be found from



Fig. 10. A preliminary blood pooling experiment on human arm. A tetrapolar BIS sensor applied on the
forearm. Two impedance spectroscopic curves were obtained before and after blood pooling. The upper arm
is clamped by a cuff of a blood pressure meter.

Khan and Guha [21] who carried out blood pooling on a human calf to check bioelectrical
variations.

In a blood pooling method such as we propose, the length of the occlusion is a key
parameter. Occlusion must be long enough to provide sufficient signal (via the volume
of pooled blood). However, too long occlusion results in changes in blood properties via
decreased blood O, saturation, as well as inconvenience to the subject. We selected an
occlusion time of 15s as a compromise. In this paper, we show that for NSR ratios below
5%, the proposed method is able to calculate reasonably accurate estimates of the blood
impedance values. In order to clarify the magnitude of acceptable noise, we first note that
bioimpedance measurements are subject to noise from electromagnetic interference, electrode
contact impedance, geometrical errors, movement artefacts, and instrument common mode
rejection ratio (CMRR). Since this scheme proposes analysis from measurements at the
same site close together in time, the electrode contact impedance and geometrical errors

may be assumed to be small (since the patient may be assumed to be motionless during
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Fig. 11. The results of the preliminary human subject experiment. The data were measured from 50 kHz
to 1 MHz. (a) Cole-Cole curves were measured before (") and after ('+) blood pooling; (b) The Cole-Cole
curve of blood, in '+, was calculated from (a) and was fitted in a 1°* order Cole-Cole model (solid line). The
blood curve is not sufficient to calculate the accurate f. due to measurement device constraint, however, it
shows that the characteristic frequency is at least 1 MHz.

measurement). From the results of figure 11, measured impedance is approximately 50 €2,
and decreases by 3 €2 due to blood pooling. Considering a stimulation current 1 mA, this gives
a difference signal of 3 mV with a common mode level of 50 mV. Since the electromagnetic
interference signal may be reduced by averaging and use of advanced cabling, the noise is
limited by the instrument CMRR, which may be considered to be about 60 dB below 10 MHz
for this instrument. In this case, we estimate NSR is 50 x 1075%/20/3 = 1.7% which is well
below 5%. This approximate analysis (and our preliminary human experimental results)
suggests that this technique is able to achieve sufficiently low NSR levels to be practically
feasible.

In conclusion, we proposed a novel scheme to calculate in vivo properties of blood based
on measurements of the blood accumulation induced differential BIS signals. The calculated
blood curve was fitted using nonlinear curve fitting method and a simple first order Cole-
Cole model. Results show that f. is a reliable parameter to characterize blood bioelectrical
property in vivo. This method may potentially allow simplified in vivo measurement of blood

parameters for many biomedical monitoring applications and clinical diagnoses.
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