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Physical laws are reliable means of data processing techniques and particularly in medical engi-
neering. Specifically, biological objects demand a deep analysis of some regularly used formulas and
defined conditions, the lack of which will nurse some doubt as for the effectiveness of the formulae
particularly used in rheography. The basic formulas used in bioimpedance measurements are consi-
dered in this work. The insufficiency in the expression of blood volume change as a function of total resis-
tance (or biological impedance) relative to variation is being considered, while new expressions are
being proposed. For instance, it has been demonstrated that the relative blood volume variation AV/V
is directly proportional to the relative impedance variation (AZ/Z) within the body segment under investi-
gation and inversely proportional to the natural logarithm of the total impedance of the segment (InZ).

Key words: Electrodermal activity, Kubicek’s formula, Impedance measurement, Electrople-
thysmography.
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Introduction

The electromagnetic fields
theory and methods of electric
field analysis enable creating
powerful non-invasive methods
for the investigation of the activi-
ty of the heart, brain, skin, muscle,
etc. by potential measurement
(Electrocardiogram (ECG), Elec-
tromyogram (EMG), Electro-
oculogram (EOG), Electrogastro-
gram (EGG), Electrodermal Ac-
tivity (EDA) by TARCHANOQV [1]
etc., or by impedance measure-
ment (Electroplethysmogram
(EPG), EDA) by FERE [2] etc.
The development of the latter
group created powerful technical
basis, methods and relatively
simple mathematical process for
calculating hemodynamic pa-
rameters [3—6] or the activity of
sweat glands. It has been dem-
onstrated by Fowles that the
electrodermal response (EDR) is
associated with the activity of
sweat glands. A direct correla-
tion exists between EDR and the
activity of sweat gland. There are
no EDR signals without the ac-
tivity of sweat glands [7]. Con-
cerning the impedance meas-
urements, the mathematical for-
mulas used are based on the
laws of solid state of physic (for
instance, Ohm’s law) applicable
for certain defined conditions
which are met always proper to
biological objects. The case of bio-
logical objects is considered with
enough precautions regarding
the application of this law. That
is why some authors do not trust
the formulaes used in Electro-
plethysmography while others
consider them as only useful for
predicting hemodynamic param-
eters. In this article, a review of
Ohm’s law will be made while an
update will be proposed in the
first instance. Secondly, the ap-
plication conditions of this law
will be specified in biomedical
engineering and finally the basic
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Fig. 1. Electropletysmography measurement of cardiac impedance

Note. The impedance of the thorax is measured longitudinally by four elec-
trodes band. A pair of external electrodes (an electrode is placed around the abdo-
men and other placed around the upper part of the neck). A pair of internal elec-
trodes (an electrode is placed around the thorax at the level of the articulation
between the xiphoid and the sternum, called the xiphoid articulation, and the other
around the lower part of the neck). Source [15], reproduction.

formulas for impedance meas-
urements will be reviewed.

Objective

The main objective in this
work is to make a thorough re-
view of the conditions of use of
the laws of physics in engineer-
ing and particularly in medical
engineering. To do this, we will:

— review Ohm’s law in ple-
thysmography and electrodermal
activity;

— accentuate the weakness
of the application of this law in
the field of medical engineering;

— develop a new version of
the application of this immutable
law.

Problem

Measuring biological imped-
ance reveals relative results
when based on the current ex-
pression used in the calculation
of hemodynamic parameters in
rheography (fig. 1). Analysis
demonstrates the need for an
adjustment in the fundamental
formulas based on Ohm’s law
and which are used in biological
impedance measurements. In-
deed, the voltage fall U(V) on a
conductor, through which a cur-
rent runs is directly proportional
to the resistance R(Q) of the
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conductor and the intensity 1(A)
of this current.

U(v) =RI (1)

The resistance R is an elec-
trical property characteristic of
the conductor, fig. 2, a, which
depends on its geometric shape
(dimensions), its homogeneity
and its nature. This relationship
is summarized in the following
formula for every conductor and
every shape:

R = [pdi/ds 2)

In this formula:

— p (©m) is the resistivity
(specific resistance) of the ma-
terial of the conductor and de-
pends on some parameters as
electron charge, carrier concen-
tration, velocity, temperature,
the charge of the conductor
etc.;

— s (m?2) is the cross section
of the conductor;

— | (m) is the length of the
conductor.

When those parameters are
constant in a solid conductor of
length L defined as not very large,
then the resistivity can be as-
sumed to be constant with a re-
lative uncertainty very low or ne-
gligible. Then the specific resist-
ance is also constant.
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Under these conditions, the
formula of resistance can take
the following simple form

R = pl/s = pL?/sL
or

)

R =pL2V, (4)

where V (m3) = sL is the volume
of the conductor.

The formula (4) is basical and
is widely used in bioimpedance
measurement. It was considered
to be true and applicable to bio-
logical objects because of the
early concept that human organ-
ism is electrically homogeneous.
But this concept was later con-
sidered vague and/or only par-
tially true [8], since it has been
found that specific resistance of
different tissues within human
organism varies in large limits
(as shown in the table 1) and to-
gether with the current frequen-
cy. Thus, it was found that the
specific resistance (resistivity) of
blood varies between 120Q-cm
and 180€Q-cm at current frequen-
cy of 500 Hz and between
118Q-cm and 149Q.-cm at current
frequency of 2.5 MHz. The con-
clusion was that the human or-
ganism is “relatively” homo-
geneously conductable. The
same result was achieved by Ny-
boer [4]. Some years ago, Fur-
thermore, Swanson confirmed
that blood conductivity varies
with the blood viscosity in blood
vessels [14]. In spite of these
results it has been accepted that
certain average value of the
blood specific resistance, which
allows Ohm’s law to be viable
when measuring blood resist-
ance or impedance. The blood
specific resistance is still a func-
tion of the hematocrit. All that
shows the relative character of
the results when the expression
(1) is used for the calculation of
the hemodynamic parameters in
rheography. Based on this anal-
ysis, an adjustment seems to be
necessary in the fundamental

Table 1
The Resistivities of
Some Tissues in the Body

Tissue pl@m] | Remarks
Brain 2.2 | gray matter
6.8 | white matter
5.8 average
Cerebro- 0.7
spinal fluid
Blood 1.6 Hct =45
Plasma 0.7
Heart 2.5 | longitudinal
muscle 5.6 transverse
Skeletal 1.9 | longitudinal
muscle 13.2 | transverse
Liver 7 —
Lung 11.2 —
21.7
Fat 25 —
Bone 177
15 | longitudinal
158 |circumferential
215 radial
(at 100 kHz)

Note. With Hct = Hematocrit (%).
Source: [9-13].

formulas used in biological im-
pedance measurements.
Materials and Methods

They are based on the refor-
mulation of basic expressions of
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rheography. In order to get
more accurate and convenient
rheumatics expressions, the
calculation of parameters, data
analysis and the blood resist-
ance in a given body segment
should be considered to be
parallel with the resistance of
the remainder of that segment
(fig. 2, a, b, ¢, d).

In that figure, Ry and R are
the total resistance of the seg-
ment at moment t, (respectively
at moment t), Rb, Rt and ARb
are respectively blood resist-
ance, the resistance of the re-
mainder tissues of the segment
and the variation in blood resist-
ance following the change AV in
the blood volume V.

Within the segment the vari-
ation in the total resistance is
noted AR as:

AR=R-R, (5)

From fig. 2, we have:
ARb = -RRy/AR [21-23] (6)

Rb is the resistance of the
blood.

With reference to the expres-
sion (4) we obtain:

ARb = pL2/AV (7)

~Simplified cylindrical model of the

segment between the two bands of
external electrodes for measuring
the cardiac impedance by electro-

._plethysmography

i'—VO — segment volume at time t,

! dV — segment volume changes

|V — segment volume at time t
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(,i’-RO — segment resistance at time {,

Z, — segment impedance at time t,

R — segment resistance changes.
rom R, to R (at time t). dR impli-

d
F
que the impedance changes dZ.
Z

is the segment impedance at time t

Fig. 2. Electric models of the body part under investigation

Note. R, and R are the segment total resistances with the blood at time t,
and t. R, Ry and AR, are respectively the blood resistance, other tissues in the
segment and with changes of the blood resistance in accordance with changes

in the blood volume.
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Since only the blood volume
has varied in the segment, the
change in volume of the seg-
ment is also the change in blood
volume thus:

AV = AVb
It follows:
AV =—plL2/R, - ARR (9)

In case of elementary change
in blood volume dV, we get

dV =—pLZR, - dR/R (10)

A solution of the expression
(10) is
V=—pL/R, Ink-R) (11)
In this expression k is a coef-
ficient (k normalizer in Siemens
or 1/Q), which expresses the
constant of integration.

From the expressions (9) and
(11) we get:

AV/V = (AR/R) x
x 1/In(k-R)

We note that this result is wide-
ly different from the usually used
expression and that the discrep-
ancy is certainly not noticed be-
cause of the approximations used
in Electroplethysmogram (EPG).

(8)

(12)

Results

Application to electrodermal
activity by FERE: Electrodermal
activity (EDA or EDF) is a signal
recorded at the surface of the
skin and which reflects the psy-
chophysiological state of the
body. This activity can be record-
ed either as a potential (TARH-
ANOFF method) or as a change
in impedance (Method FERE).
We use the skin series equivalent
model — FERE model (fig. 3). It
has been shown that only tissue
resistivity is required and that the
effect of electromagnetic propa-
gation can be neglected [16; 18],
except for a respiratory induct-
ance plethysmography [19].

Since the series equivalent
model is used and since the pre-
sence of inductance is not yet

P

accepted by numerous authors,
between the impedance Z and
the active resistance R we have
the following relation:

Z=R(1+ 1/(RCw)?)"2 =

Z R (13)

C is the capacity of the tis-
sues within the segment. Since
in bioimpedance measurements
(EPG, EDA etc.) changes in ac-
tive resistance R and in capaci-
ty C are small (absent some per
cent) (Nyboer 1970), nis almost
constant and may be calculated
for each rheography and the
body segment. Due to the rea-
son explained above it may be
accepted that the measured im-
pedance Z is proportional to the
active resistance R, thus:
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Fig. 3. Electrodes locations on
the palm for measurement the re-
sistance and potential of the skin.
(Venables et Christie, 1980). Repro-
duction. Source [17]: 1— distal pha-
lanx; 2 — medial phalanx; 3 — prox-
imal phalanx; 4 — thenar eminence;
5 — crease; 6 — bipolar placement
(SC measurement); 7 — hepothen-
ar eminence; 8 — active electrode;
9 — dermatomal distribution; 70 —
unipolar placement (SC measure-
ment); 77 — reference electrode; 12
— abraded site
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1Z] =nR (14)

The frequency f is related to
the pulsation @ by the equation
w = 2nf. Because the rheogra-
phy works at a fixed frequency
(selective), we can not expect
the change in ® which could give
rise to changes in n. Therefore
AZIZ = (AR R)-(An/n).

From the expression (14) we
may get:

AZIZ = ARIR (15)

In expression (12) when we
replace AR/R by AZ/Z and we
make a proper calibration of the
measuring instrument, we obtain:

AV = (AZ/Z) x

« 1/In(k/n)2) (16)

The ratio k/n can be reduced
to the unit from the calibration of
the meter. Thus the final formu-
la becomes:

AVNV = (AZ/Z) - 1/In(Z)  (17)

Analysis
Discussion & Perspectives

This last formulation (17) is
based on skin abrasion and can
be used safely in all measure-
ments of biological impedance
variations related to changes in
various flowing objects in the
body (such as blood, lymph,
sweat, etc.). This is helpful be-
cause the skin impedance varies
for each individual and depends
primarily on: the skin tempera-
ture, the surface and contact
pressure, contact tension (force),
the moisture condition and sweat-
ing of the skin, the time of pas-
sage of the electrical current,
physiological state, the mor-
phology of the individual and the
contact points on the body.

We note that expression (12)
is widely different from the usu-
ally used expression while the
discrepancy remains certainly
not noticed because of the ap-
proximations used in Electrople-
thysmogram (EPG).
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It is necessary to have here
a short discussion: in expression
(4) p is the blood resistivity, the
resistance R must be the blood
resistance, so that V represents
the blood volume, but in expres-
sion (12) R is the total resistance
of the segment. All the formulas
above concern only active resist-
ance. However, current mea-
surement is never a direct cur-
rent because of the danger due
to the faradic effect. So, in reali-
ty, itis rather the total resistance.
However, many authors toggle
from the active resistance to
complex resistance (the imped-
ance), replacing R by Z! This re-
quires a prior adjustment.

In impedance, the influence
of plethysmography capaci-
tance is reduced to minimum
value by skin abrasion and the
use of high frequencies (20 KHz
to 200 KHz), but nonetheless
the measured quantity is indeed
impedance since reactive com-
ponents are not completely can-
celled.

The ratio k/n deserves special
attention and can be reduced to
the unit from the calibration of
the meter. If k/n <1> k/n? In re-
ality, the value to be assigned
will depend on the scope and
measurement conditions in each
clinical specialty.

Regarding impedance, we
want to know if the resistivity of
the blood is not a function of oth-
er parameters in addition to the
Hematocrit. Furthermore, we will
also have to make an experi-
mental phase to justify the ap-
proach.

In our opinion the results
should provide further details in
the calculation of cardiac pa-
rameters such as: cardiac out-
put, heart rate, maximum fre-
quency theoretical intracardiac
hemodynamic, corrected QT in-
terval, mean arterial pressure,
cardiovascular risk, and valve
area.
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Conclusion

There are some difficulties in
using certain formulas in the theo-
ry and practice of plethysmogra-
phy (EPG) and in their applica-
tions to other biological impe-
dance measurements (such as
Electrodermal Activity). This
shows the limitations and short-
comings of these formulas.

This work shows some inad-
equacy in the basic formulaes
used in impedance rheography
measurement while at the same
time proposing solutions without
the aforementioned discrepan-
cies. The proposed formulas are
based on reliable physical basis,
but they may not be considered
as the final correction in the wide
range (largely used formulas),
but simply as a step in the re-
search of universal solution to
the insufficiency.

This formula contains two pa-
rameters, still undetermined k
and h but with the practical con-
ditions on the current frequency
of measures for h and on the
calibration of the meter for k.

Concluding therefore, our con-
clusion is a challenge to the en-
gineers to determine these pa-
rameters, and more still, to the
physicists who are looking for
conditions, on which physical
laws of matter could be based on
medical objects.
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