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PROCESSES AND APPARATUS FOR THE
INVESTIGATION OF INTERNAL
PHYSIOLOGICAL PHENOMENA BASED ON
MEASUREMENTS OF THE IMPEDANCE
VARIATION OF THE SURFACE OF THE BODY

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention concerns an improvement in
or relating to processes used in medicine for the study
of internal physiological phenomena based on the mea-
surements of the variation of an impedance measured
on the surface of the body.

2. Description of the Prior Art

For several years, examination of pulmonary ventila-
tion, respiratory frequency, cardiac output, the water
content of the extravascular sector, lungs or peripheral
interstitial tissue, for supervising transfusions and per-
fusions on operated patients and, again, examination of
the circulation in the kidneys, the brain, a limb or other
part of the body excluded from or during and following
surgical intervention, have resulted in the measurement
and study of the variations of the impedance Z = V) —
V/l, in which Vy, — Vy is the voltage picked up be-
tween two electrodes M and N, and I the current in-
jected between two other electrodes A and B. The elec-
trodes used for this purpose may be applied to different
parts of the body: head, neck, thorax, abdomen, limbs.

The measurement of the differential of the impe-
dance with respect to time dZ/dt is also utilized, being
applicable for example to the examination of the con-
traction of the cardiac muscle and to the recognition of
the reciprocal actions of the P (auricle) waves and the
QRS (ventricle) complexes.

However, these methods have a number of apprecia-
ble disadvantages which may be imputed first of all to
the difficulty of obtaining good contacts between elec-
trodes and skin. In addition because of the difficulties
of positioning these electrodes, the contact resistance
is variable and the effect of the variations of contact re-
sistance therefore, may, being superimposed on the in-
fluence of the parameters of internal origin which it is
desired to study, make the measurements suspect. Fur-
thermore, the necessary use of large electrode devices
involves the exploration of over-extensive areas, thus
rendering the examination unselective. To sum up, de-
spite the advantages of this process, in that it avoids the
use of methods of investigation involving blood letting,
thus eliminating the danger, the measurement of the
impedance is lacking in precision, the ratio of signal to
noise is often very poor and, in certain cases, such as
the study of cardiac output, for example, the results are
masked by the coupled effect of respiration.

SUMMARY OF THE INVENTION

The principle object of the present invention is an im-
provement to the process of investigating physiological
phenomena based upon the impedance variations rela-
tive to the variations of the electrical resistivity of a
predetermined volume of the body and to devices for
carrying out the process. The invention is characterized
in that the patient is subjected to an electro-magnetic
field having a frequency between 10kHz and 100MHz
or more, the source of which is localized relative to the
part of the body to be examined and the frequency is
regulated to define the precise volume of the part of the
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2

body to be examined. At least one component of the
electro-magnetic field in the vicinity of the volume is
picked up for calculating an impedance function, the
values of which are registered in order to ascertain the
rate of propagation.

This improvement to the conventional investigation
process has, as its principal advantage, great precision
in carrying out the investigation by virtue of the preci-
sion with which a narrow volume can be selected in a
direction indicated by positions of the source and the
field pick-ups, the depth of the zones affected by the
radiation being determined by simple control of the ra-
diation frequency. Furthermore, the four relatively
large electrodes applied to the skin in the earlier proc-
esses are eliminated. A process is then obtained involv-
ing great precision in the measurements, a better signal
to noise ratio permitting the use of simple and miniatur-
izable devices, very precise localization of the area to
be studied and easier separation of the various com-
bined effects: pulmonary or cardiac, for éexample. Since
there is no danger to the patient, the process may be
applied in the continuous supervision of any seriously
affected patient.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the invention may readily be carried
into practice, one embodiment will now be described
in detail, by way of example, with reference to the ac-
companying drawings in which:

FIG. 1 is a diagrammatic representation of the elec-
tromagnetic radiation source;

FIG. 2 is a diagrammatic representation of the field
pick-up and calculating devices and devices registering
variations in the calculated impedance functions, and

FIGS. 3 - 12 are diagrams of the localization of the
emitter source and of the field pick-ups relative to the
surface of the body.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The emitter device of electro-magnetic radiation is
shown diagrammatically in the figures in the form of an
electric current source 1 which may be of any desired
type, and a search coil 2 having one or more turns fed
by the source 1. v

The resultant magnetic dipole, which could also be
replaced by any other electro-magnetic source such as
an electric dipole, for example, may be used in various
ways.

According to one method of use, the electro-
magnetic source represented by the search coil 2, may
be placed in a plane perpendicular to the surface of the
body 12 (FIG. 3) and at a predetermined distance r.
The dipole may be provided, if desired, with a conven-
tional capacitor (not shown). A current I of sufficient
strength and predetermied frequency w/2, in which w
is the pulsation, flows through the search coil 2, the
current being supplied by the source 1. In the vicinity
of the surface of the skin, the module of surface impe-
dance is measured, which is the ratio | E/H | of the am-
plitude of the components, tangential to the skin, of the
electro-magnetic field produced by the dipole: the elec-
trical component E contained in the plane of the emit-
ter search coil and magnetic component H perpendicu-
lar to this plane. In selecting a frequency range between
10kHz and 100MHz or more, measurements of the am-
plitudes of the components E and H of the electro-



3,789,834

3

magentic field produced by the dipole have a rather
long period relative to the emission frequency, these
measurements therefore only requiring very simple de-
vices. The measurements may be considered as instan-
taneous with regard to the physiological variations of
the inner parameters of the body, since these varia-
tions, if they are periodic, have frequencies often lower
than a hertz and never greater than a few hundred
hertz.

It will be noted that if the body to be studied were a
homogeneous medium, it would even be possible then,
in addition, to express its electrical resistivity p by the
equation:

pﬁ-(ﬁ;ﬁf (E/H)? 1

5

5

4

The emission frequency w/27 employed may be se-
lected as desired within a suitable range. It is known
that the depth of penetration p of an electro-magnetic
radiation within a resistance conducting medium p, in
which the displacement currents are negligible com-
pared with the conducting currents, (this is the case
here with sufficient approximation) is given by the con-
ventional equation:

4 =\/27/Ma—‘” 2

The following table, given by way of example, shows
the depth of penetration as a function of the frequency
in a medium of resistivity assumed homogeneous equal

to 0.7 ohms x metres which is of the order of magnitude
of the resistivity of the physiological serum:

:w/2:350 kHz:700 kHz:1.4 MHz:2.8 MHz:5.6 MHz:11.2 MHz:22.4 MHz:

P

7#072093500m :35.3 cm:25 cm  :17.7cm:12.5cm 8.8 cm

admitting that the physiological media have magnetic
permeability u, equal to that of a vacuum, and that the
emission frequency is sufficiently high for the body of
the subject to be considered as an unbounded semis-
pace.

In view of the fact, however, that the resistivity of the
body is not homogeneous, the same equation is used to
define an apparent resistivity pa, this time a frequency
function, since the penetration of the electromagnetic
radiation in the conducting body is deeper, the lower
the frequency; and it will be noted that the fact that the
body of the subject occupies only a limited portion of
space results, however, in a sufficient approximation to
the emission frequencies used.

For measuring the amplitude of the electrical field E,
it is only necessary to obtain the difference of potential
V between two small electrodes separated by a distance
! in simple contact with the skin. E is deduced there-
from by the equation E = V/I. These electrodes are
shown diagrammatically in FIG. 2 by the element 3
symbolizing any electrical pick-up. It will be noted that,
contrary to previous processes, no precaution has to be
taken, since the electrodes are used only for the mea-
surement and this in practice does not depend on the
resistance between electrodes, provided that the elec-
trodes are connected to a high input impedance mea-
surement chain, a feature which is traditional. The
measurement of the amplitude of the magnetic field
uses a series pick-up 4 which may be an induction pick-
up formed by a small coil, the turns of which are in the
plane of the emitter search coil.

The two pick-ups 3 and 4 are connected respectively
to the amplification and filtering circuits 5 and 6 which
transmit the resultant amplified values to the calculator
7. The latter obtains the quotient | E/H | and, if desired,
the calculation, making it possible to establish, practi-
cally at any moment, the apparent resistivity according
1o the equation (1). There is no fundamental difference
between the use of the surface impedance or the appar-
ent resistivity, The frequency of the signal, at the fre-
quency of the physiological variations of the inner re-
sistivity, is relatively low compared with the frequency
w/2m of the emitter dipole. The signal is finally directed
towards a registering measuring device or indicator 8.
If desired, there may be used, in addition, at the output
of the calculator 7, a differentiator 9 to obtain the value
of d | E/H |/dt or of pa/dt which may itself be registered
by the register 8.
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The use of a frequency selected as desired from any
values of the order of frequencies in the table, or possi-
bly higher or lower than the frequencies, thus makes it
possible to obtain a depth of investigation as a function
of the desired objective. The successive or simuita-
neous use of several frequencies even makes it possible
to obtain an actual probe of the resistivity of the inter-
ior of the body at various depths. As the surface imped-
ances or current resistances obtained are applied sub-
stantially within a narrow radius of action around a line
perpendicular to the plane of the skin rising from the
field measurement area, the line constituting the princi-
ple axis of symmetry of the phenomena of penetration
in the conducting body, a measurement is obtained
which relates to a substantially reduced volume of the
studied organism, thus representing a very important
advantage of the present invention.

By way of example, an order of magnitude of the pos-
sible features of the device for carrying out the inven-
tion is as follows: ’

Emitter search coil having only one turn.

Radius of the emitter search coil : 10 cm.

Effective current strength in the search coil : 1 amp.

Emission frequencies: 350 kHz to 22.4 MHz, from
octave to octave.

Distance of the emitter from the skin : 1 metre.

Strength of the magnetic field, at a point disposed in
the plane of the emitter winding, in the air, at one
metre from the emitter : 2.5 X 107 A/m.

Electric field intensity in the air at 1 metre from the
emitter, in the plane of the winding, for 2.8 MHz : 0.55
mV/cm.

Distance between receiving electrodes : 1 cm.

Number of turns on the magnetic pick-up : [0.

Diameter of one turn of the pick-up : 1 cm.

Inductance of the pick-up : 1.6 X 107¢ henry.

Agreed capacity of the pick-up : 2 X 107? farad.

Resonance frequency of the pick-up : 2.8 MHz.

Damping resistance of the pick-up : 28 ohms.

Excess voltage of the pick-up : 1.

Sensitivity of the pick-up to resonance : 0.017V/A/m.

It will be noted that, although the emitter has been
described as a magnetic dipole formed schematically
by a search coil, it is clear that, without changing the
invention, this emitter could be an electrical dipole or
any other antenna capable of providing, on the surface
of the subject’s skin, a system of waves, in the vicinity
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of the measurement point, capable of assimilation with
plane waves at right angles thereto. With regard to the
magnetic pick-up, it is described as a simple coil but is
obvious that it could be replaced by any other magnetic
pick-up of comparable performance, without changing
anything pertaining to the invention.

According to one variation of the invention, and
without modifying the apparatus, it would be sufficient
to register only one of the two components E or H, by
means of the corresponding pick-up 3 as shown in FIG.
5, or 4 as shown in FIG. 4, using amplifiers 5 or 6 of
FIG. 2, connected to the register 8, directly or after
passing to the differentiator 9.

According to another method of using the electro-
magnetic source, as shown in FIG. 6, a search. coil may
be used, fed with current of a predetermined fre-
quency, but located this time on the surface of the
body, its center being at a distance r from the pick-ups,
r being of the order of a few centimeters in excess of
50 centimeters, the search coil 2 having a diameter ap-
preciably smaller than the distance r. The pick-ups are
used to measure the radial magnetic component Hx rel-
ative to the emitter search coil and the transverse elec-
tric component Ey.

The thus modified device no longer corresponds to a
system permitting measurements practically under con-
ditions of plane waves at right angles thereto. However,
the results in surface impedance, Ey/Hx or the appar-
ent resistivity may be utilized according to formula (1),
although these values have not exactly the same ratios
as the internal electrical resistivities of the body, as in
the case of the first device described. However, the
rates of propagation of the surface impedance or of ap-
parent resistivity are always significant of the physio-
logical phenomena to be observed.

A particular feature of the device is that it eliminates
locating the emitter at a distance from the body and
thus obtains the advantage of executing the measure-
ments with a very compact device which can even be
left on the subject of the experiment.

According to another variation, as shown in FIG. 7,
the afore-mentioned device is provided with an addi-
tional magnetic pick-up 10 for measuring the compo-
nent Hz perpendicular to the skin. In this manner, si-
multaneous measurements of the amplitude of the Hx
and Hz components of the electro-magnetic field are
effected by means of magnetic pick-ups 4 and 10, to
register the variations of the ratio Hx/Hz ', or an appar-
ent resistance according to the equation:

wr?
pa = ..LL.'L__

9<gg)2'

Another variation as shown in FIG. 8 consists of the
emitter search coil of the device of the first variation,
applying it to the skin, and associating therewith only
one magnetic pick-up 10, situated in the center or near
the center of the emitter search coil having radius a, the
axis of the pick-up being practically the same as the
axis of the coil 2, FIG. 1. '

The pick-up 10 is connected to an amplification and
filtering  chain 11, then directly to the measurement
registering apparatus 8. In this manner a voltage pro-
portional to the variations of the field amplitude Hz in
the center of the search coil is registered. If the coil is
in series, it is possible in addition to calculate immedi-
ately either the mutual impedance Z of the two dipoles,

3

20

25

30

35

40

45

50

55

60

65

6

emitter 2 and receiver 4, relative to their mutual impe-
dance Z, in the vacuum:

z 2a
Zl=H (52
zol ‘ ( I ) @
or an apparent resistivity expressed by:
C apw
pa=H 5
pa z( ) )

by means of the calculator 7.

Other variations may comprise using, with the emit-
ter search coil 2 on the skin and only one of the three
pick-ups 4 as shown in FIG. 9, or 10 as shown in FIG.
10 or 3 as shown in FIG. 11, of the components Hx, Hz
or Ey, located at a distance in the order of only a few
centimeters up to 50 centimeters or more from the cen-
ter of the emitter coil which still has a diameter appre-
ciably smaller than the space between said coil and the
pick-up and equal for example, to one third of the dis-
tance r. The fields can be registered directly or calcu-
lated by using the mutual impedance between the emit-
ter and receiver relative to the mutual impedance in a
vacuum, or an apparent resistivity, according to the fol-
lowing equations in which H, and E, are the compo-
nents of the field in the air, instead of measuring it, but
in the absence of the subject of the experiment and of
any conducting body:

VA milz
=\ (6)
Zyl 1H,
and
Hz rz,u,ow>
={—1 (— 7
pa H, ( 18 D
for Figure 1$
7 |Zz| |Hx
—=l7 @®
Zol |Ho
and : .
Hx\2 2’1,0W
pa (Ho) ( 6 ) ©
for Figure 9
e 5 £ .
Zo E,
and
Ey r2p,(,W)
=t 11
pa=g- (2 (1)
for FIG. 11. o

The two dipoles, emitter 2 and receiver 4, as shown
in FIG. 12 may also be arranged on the same axis, the
planes of the windings, parallel with each other, being
perpendicular to the plane of the skin and as close as
possible to this plane, the distance between the emitter
and the receiver increasing from a few centimeters to
50 centimeters or more.

The component of the magnetic field parallel to the
skin is measured, directly in this case, or a mutual im-
pedance between the emitter and the receiver, relative
to their mutual impedance in vacuum, expressed by

. _z;l Hx
B

Hx 12
Ho
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Finally, instead of considering the measurements of
the amplitudes of electromagnetic fields, it would also
be possible, according to the same processes and de-
vices, to consider phase-shift measurements of the vari-

ous components relative to the emission current or to 5
separate their component in phase and their compo-
nent squared relative to the same emission current.

It is obvious that the calculator 7 and the differenti-:
ator 9 may be of any desired type and that they make
it possible to perform the stated functions, as also their 10
various differential quotients, the registration of which

facilitates examination of the variations of the physio-
logical phenomena concerned.

I claim:

1. A method investigating physiological phenomena 15
of a portion of a body based upon the variation of the
impedance or resistivity of the body comprising

a. positioning a source of electromagnetic energy rel-
ative to the portion of the body;

b. applying an electromagnetic field to the body such 20
that the field is localized to the portion of the body;

c. regulating the frequency of the electromagnetic
field to control the depth of penetration into the
portion of the body;

d. measuring at least one component of the electro- 25
magnetic field at the surface of the portion of the
body; and

e. using the measured component of the electromag-
netic field to determine the impedance or resistiv-
ity of the body.

2. The method of claim 1 further including differenti-
ating the measured component of an impedance func-
tion thereof to obtain the impedance or resistivity.

3. The method of claim 1 wherein the electromag-
netic field is applied using a magnetic dipole formed by 35
a search coil through which a current of a given fre-
quency w/2m flows, and wherein the plane of the search
coil is perpendicular to the portion of the body to be
examined and wherein the calculation of the values of
the impedance function is effected by the measurement 40
of the amplitude of the electrical component E con-
tained in the plane of the emitter coil and by the mea-
surement of the amplitude of the magnetic component
H perpendicular to this plane on the surface of the skin
at right angles to the coil or in its. immediate vicinity, 45
the value of the function being equal to JgE| orto
H

30

50

in which u, is the magnetic permeability of the vacuum,
w the pulsation and pa the apparent electrical resistiv-
ity of the body, and wherein the field E is measured
using two fine adjacent electrodes in simple contact
with the skin and the field H is measured using a coil
located on the skin perpendicular to the source and in ¢,
the plane thereof.

4. The method of claim 3 wherein the depth of inves-'
tigation in the resistivity medium

- 65
2pa
p=

oW

p,ow

p= or

8

is regulated by selecting a particular frequency.

5. The method of claim 1, wherein the electromag-
netic field is applied using a magnetic dipole compris-
ing a search coil fed by a current of predetermined fre-
quency, the coil resting on the surface of the body to
be examined wherein the axis of a pick-up for measur-
ing the magnetic field and the straight line joining the
points for the application of electrodes for measuring
the electrical field are perpendicular to the axis of the
source, and located externally of the search coil
wherein the pick-ups are arranged to measure the am-
plitude of the radial magnetic component Hx relative
to the emitter search coil and the amplitude of the
transverse electrical component Ey, and in that the -

value of the function
1 ) Ey)2
(ILOW (Hx
is determined.”

Ey
Hx
6. The method of claim 1, wherein the amplitude of
the field components Ex and Hz of the electromagnetic
field, perpendicular to the skin, are measured and the
value of the function

or

Hx o pewrt
Hz 9(Hx)?

is determined in which r is the distance from the receiv-
ers to the center of the dipole, and wherein electromag-
netic field is applied by a search coil resting on the sur-
face of the skin, the component Hz being in the plane
of the search coil and the component Hx having its axis
perpendicular to the axis of the search coil.

7. The method of claim 1 wherein the magnetic field
is applied using a dipole formed by a search coil,
through which the strong current I flows, the dipole
being in contact with the skin, and wherein the ampli-
tude of the magnetic field Hz is measured by means of
a pick-up formed by a coil having the same axis as the
search coil and wherein the values of the mutual impe-
dance function |Z/Zo|= [H/Hz| (2a/l)
are determined in which Zo is the mutual impedance in
a vacuum.

8. The method of claim 5 wherein the value of the
function pa = |Hzl (a®* o w/3 1) is determined.

9. The method of claim 5, wherein the values of any
one of the functions:

_g_ — 51.5 d a= r2 ‘V)
Z) |H| Ho( 18

Z| |Hx|’ Hx rm,w
A=l () (%)
Z| |Ey d g EX 2 W)
Z) [E| " PT (

are determined and wherein Ho and Eo are the fields
of the diple in a vacuum.

10. The method of claim 1, wherein the amplitude of
the Hx field is measured by using a pick-up coaxial with
a search coil of the dipole located near the skin for ap-
plying the electromagnetic field, the plane of the search
coil being perpendicular to the surface of the skin and
wherein the value of lZ/Zo = |Hx/Hol is determined.

11. The method of claim 1, wherein the phase shift
of the various components relative to the emission cur-
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rent is measured. of the electromagnetic field and their squared compo-
12. The method of claim 1, wherein the components nents are measured relative to the emission current.
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-Column 4, line 10: the correct formula is: p = ,/%l'_.
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2
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Claim 8, correct the equation to read: P2 = |He| a;%gi——
line 50, 2
Claim 9/ correct the equation to read: f)a = Egt (f Eow )
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derivative of the measured component to obtain the impedance or resistivity
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