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(57) Abstract: Apparamus and methods are provided for mon-
itoring cardiac output using bioelectrical impedance techniques
in which three orthogonal pairs of sense electrodes (18a-18e) are
placed in the trachea or esophagus in the vicinity of the aorta,
while an excitation current is injected into the intervening tissue
mass via a current electrode (20), so that bioelectrical impedance
measurements based on the voltage drop sensed by the sense
electrodes reflect voltage changes induced primarily by blood flow
dynamics. Methods are provided for computing cardiac output
from bioelectrical impedance values using a multi-parameter
algorithm derived using stepwise multiple linear regression or
other optimization techniques. Apparatus and methods are also
provided so that the measured cardiac output may be used to
control administration of intravenous fluids or medication 1o an
organism or to optimize a heart rate controlled by a pacemaker.
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APPARATUS AND METHODS OF BIOELECTRICAL
IMPEDANCE ANALYSIS OF BLOOD FLOW

Field Of The Invention

The present invention relates generally to
apparatus and methods for non-invasively measuring
cardiac output and, more particularly, to apparatus and
methods for measuring cardiac output using

bioelectrical impedance analysis techniques.

Backdground Qf The Invention

Knowledge of cardiac output is crucial in the
care cf critically ill patients, as well as patients
with chronic heart disease requiring monitoring of
medication. For many years the standard of cardiac
output measurement has been pulmonary artery
catheterization. Previously known catheterization
techniques, as described, for example, in U.S. Patent
Nos. 3,915,155, 3,726,269 and 3,651,318, involve
periodic injection into the patient’s bloodstream of a
bolus of saline, during which thermodilution
measurements are performed to determine cardiac output.
Such techniques cannot generally be used for continuous
monitoring. Moreover, such catheterization techniques

pose significant risk to the patient, including
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malignant arrhythmias, pulmonary artery rupture, and in
rare cases, death.

Consequently, for mary vears work has been
underway to develop less invasive apparatus and methods
for monitoring¢ cardiac cutput. For example, as an
alternative to catheterization methods, Doppler
ultrasound techniques have been adapted o measure the
velocity of blood flow. If the diameter of a vessel,
its flow profile, and the angle of the ultresound beam
relative to Zhe vessel can be determined, Doppler
ultrasound measurements of the ascending aorte, either
externally (from the suprasternal notch) or internally
(from within the tracheai can be used as a measure of
cardiec output.

U.S. Patent 4,671,295 describes an example of
such methods and apparatus, wherein arn ultrasound
transducer is mounted on the tip of an endotracheal
tube so that Doppler measurements of blood flow from a
point (pulse wave mode) or path (continuous wave mode)
along the ultrasound beam can be measured. The method
described in the patent requires multiple measurements
within the blood vessel, a priori knowledge of the
biood flow pattern and cross-sectional area of the
}essel, and the relative angulation of the blood
vessel. In addition, the measurement 1is highly
dependent upon the exact placement of the transducer.
These drawbacks have resulted in the slow adoption of
Dopp.er ultrasound cardiac output techniques.

A yet further technique which the pricr art
has sought to apply to the measurement of cardiac
output is biocelectrical impedance analyvsis (“BIA”).

BIA has recently gained wide use as a method for
measuring body composition and physiological metrics.
BIA involves passing a low level electrical alternating

currert {(“AC”) through body tissues between multiple
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electrodes, measuring the voltage difference between
multiple locations on the tissue, and then calculating
the electricel impedance (electrical resistance plus
reactance) of the stimulated tissue.

Generally, BIA apparatus employ two current
electrodes to conduct a low level excitation current
through body tissue. As current flows in the tissue, &
potential difference develops across the tissue which
is proportional tc the value of the AC current enc tae
tissve impedance. The tissue impedance may be
calculated by dispcsing two sense electrodes between
the current electrodes and measuring the voltage
difference between the two sense electrodes.

Current fZlows predominantly through body
materials with high conductivity, such as blood. Less
current flows through muscle, which has an intermediate
conductivity, while the conductivity of fat, air and
bone is much lower than that of either blood or muscle.
Because the resistance to current flow is a function of
the conductivity and cross-sectional area of the
conducting volume, volumes having a larger cross-
sectional area have lower electrical resistance.

It is also known that the impedance oZ the

-concucting volume and the measured medium metrics _

(i.e., static parameters such as fat or water content,
and dynamic metrics, such as blood flow) are dependant
upon the placement of the electrodes and the conducting
path between the electrodes. Thus, the greater the
distance between the electrocdes, the more likely that
extraneous variables will affect the measurement.
Previously known BIA methods generally
correlate the measured voltage drop between the sense
electrodes to tissue impedance using relatively simple
algorithms based on simplified models of body

structure, for example, by assuring that the body is
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composed of simple cylindrical resistive volumes.
Temporal cyclical variations in the body impedance are
then assumed to result from pnysiological events such
as blood flow and breathing.

Measurements of the electrical impedance, and
particularly, the time-varying nature of electrical
impedance, may therefore provide a non-invasive
indicator of physiological events. Various algorithms
have been developed to isolate spvecific physiological
parameters, such as cardiac output, from the measured
bioelectrical impedance, as described, for example, in
W.G. Kubicek, et al., “Development And Evaluation Of An
Impedance Cardiac Output System,” Aerospace Medicine,
Vol. 37, pp. 1208-1212 (1966) and U.S. Patent
No. 3,340,862, which is incorporated herein by

reference.

Despite the application of BIA methods for
measuring cardiac output, no simple continuous BIA -
based cardiac output measurement device has gained
widespread acceptance. Many existing BIA devices use
external or internal electrodes to measure
bioelectrical impedance for :arge volumes, for example,
the whole body or thoracic segments. Because the
excitation current diffuses throughout the entire _
volume, making use of any and all conductive paths,
differences between individual patients, and even for
the same patient over time, may inhibi% standardizing
the BIA metrics.

Moreover, it is known that while BIA
measurements of cardiac output provide good correlation
for normal patients and those hemodynamically stable
patients, there is poorer correlation for critically
ill patients and patients in heart failure, as
described, for example, in R. J. Detemeter et al., “The

Use Cf Noninvasive Bioelectric Impedance To Determine
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Cardiac Output: Factors Affecting Its Accuracy,” Am. J.
Noninvasive Cardiol., Vel. 2, pp. 112-118 (1988).

An example oI an attempt to overcome the
variabilities encountered when taking bioelectrical
impedance measurements across large volumes is
descriped, for example, in U.S. Patent No. 4,870,578.
That patent describes BIA apparatus for monitoring
cardiac output by using external electrodes that
measure the electrical resistance oZ a segment of the
thorax and includes circultry to account for
respiratory-induced voltage changes. As acknowledged
in that patent, the respiratory-induced voltage changes
are typ:ically much greater than the cardiac-induced
voltage changes.

Other devices that attempt to account for the
effect of non-cardiac physiological events on
bicelectrical impedance include arranging multiple
electrodes on esophageal catheters to measure thoracic
bioelectric impedance, as described, for example, 1in
U.S. Patent Nos. 4,852,580 and 4,836,214. Both patents
describe multi-electrode arrays inserted into the
esophagus to provide an impedance measurement
reflecting ktlood Zlow in the descending aorta. It may
be difficuit for such devices to provide- true isolation
of cardiac-induced voltage changes from those induced
by other physiological events. In addition, these
systems do not ensure that the multiple electrodes make
positive contact with the esophageal wall.

BIA measurements have also been emplioyed to
provide a metric of cardiac output by measuring
physiologic effects other than blood flow. For
example, U.S. Patent No. 4,953,556 describes a BIA
arrangement including an internal electrode mounted on
an esophageal catheter and an external electrode which

1s disposed above the apex of the heart. The apparatus

PCT/US00/32792
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described in that patent attempts to use BIA
measurements to determine cardiac wall motion and lung
motion, from which an estimate of cardiac output and
pulmenary activity can be obtainec.

BIA measurements taken across small vclumes,
such as just the ascending aorta, are typically highly
dependent on the position and orientation of the
electrodes that are used to measure the impedance. For
example, a pair of electrodes positioned orthogonally
to the flow will provide radically different
measurements than a pair of electrodes that are pliaced
parallel to the direction of flow. Given the complex
curvature of the aorta, it can be very difficult to
align and orient a pair of electrodes to provide useful
BIA measurements.

In view of the foregoing, it would be
desirable to provide apparatus and methods for
accurately, non-invasively and continuously measuring
cardiac output using BIA techniques.

It further would be desirable to provide
apparatus and methods for measuring cardiac output in
critically ill petients using BIA techniques that
overcome the inaccuracies arising from measuring
voltage changes across whole body or large volume
thoracic segments.

It also would be desirable to provide
apparatus and methods for measuring cardiec output
using BIA techniques that are less dependert on the
precise positioning and orientaticn of the electrodes
than previously known BIA cardiac output measurement
devices and methods.

It also would be desirable to provide
inexpensive apparatus and methods for measuring cardiac

output using BIA techniques that overcome the drawbacks
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of previously known BIA cardiac output measurement
devices and methods.
It would further be desirable to provide
apparatus and methods for contiruously monitoring
S cardiac output so as to permit the measured cardiac
output to be employed as a me:tric for controlling and

maintaining other aspects of a patient’s hezlth.

Summary Of The Invention

In view of the foregoirg, it is an object of

10 this invention to provide apparatus and methods for
accurately, non-invasively and cortinuously measuring
cardiac output using BIA techniques.

It is another object of this invention to
provide apparatus and methods for measuring cardiac

15 output in critically ill patients using BIA techniques
that overcome the inaccuracies arising from measuring
voltage changes across the whole body or large volume
thoracic segments.

It also is an object of the present invention

20 to provide apparatus and methods for measuring cardiac
output using BIA techniques that are less dependent on
the precise positioning and orientation of the

__electrodes than previously known BIA cardiac output
measurement devices and methods.

25 It is yet another object of the present
invention to provide inexpensive apparatus and methods
for measuring cardiac output using BIA techniques that
overcome the drawbacks of previously known BIA cardiac
output measurement devices and methods.

30 It is still another object of this invention
to provide apparatus and methods for continuously
monitoring cardiac output that permit the measured

cardiac output to be employed as a metric for



WO 01/41638 PCT/US00/32792

10

15

20

25

30

35

controlling and maintaining other aspects of a
patient’s health.

These and other objects of the invention are
accomplished in accordance with the principles of the
invertion by providing BIA cardiac output monitoring
apparatus adapted to e disposed within a patient’'s
trachea or esophagus in close relation to the aorta to
acquire cardiac output information. Preferred
embodimer:ts of the apparatus cf the present invention
include: 1) multiple sense electrodes coniigured to be
placed in the patient’s trachea or esophagus in the
vicinity of the aorta, wherein the sense electrodes are
arranged in pairs along three orthogonal axes; and 2) a
current electrode and a ground electrode disposed
within the patient’s trachea or esophagus.

In accordance with the principles of the
invention, current conducted between the current
electrode and the ground electrode flows throughout the
intervening thoracic mass, and passes preferentially
through blood because of its high conductivity,
relative to other body materials. The sense electrodes
primarily sense the voltage drop in the blood in the
aorta. Because the impedance of the klood in the aorta
changes with the-volume of blood flowing through thne
aorta, the measured voltage drop between the sense
electrodes varies with blood flow. Time-varying
differences in the sensed voltage, therefore, primarily
are caused by blood flow dynamics, rather than
respiratory or non-cardiac related physiclogical
effects.

Measuring the impedance along three
orthogonal axes enables a three-dimensional impedance
field to be computed, which in turn is used to compute
a stroke volume. Use of three-dimensional BIA

measurements and algorithms provides a degree of
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of the sense electrodes.

Methods in accordance w-th the present
invention overcome the inaccuracies of the gross
physiologic models employed in previously known BIA
cardiac methods, by avoiding the simplifiea algorithms
for the ventricular stroke volume based on whole thorax
BIA measurements. In particular, the methods of the
present invention employ multiple linear regression or
other optimization techniques such as adaptive
filtering or neural networks to cerive a multi-
parameter algorithm that relates irpedance measurements
made in the vicinity of the aorta along three
orthogonal axes to ventricular stroke volume. This
multi-parameter algorithm provides an accurate metric
for stroke volume that is substantially invariant to
the position and orientation of the sense electrodes.

In further aspects of the present invention,
apparatus for monitoring a patient’s cardiac output may
be used to control administration of intravenous fluids
and medication to a patient or to optimize heart rate

fcr those patients having pacemakers.

Brief Description Of The Drawings

Further features of the invention, its nature
and various advantages will be more apparent from the
accompanying drawings and the following detailed
description of the preferred embodiments:

FIGS. 1A and 1B are idealized models cf the
volumes upon which previously known bioelectrical
impedance algorithms are based;

FIGS. 2A and 2B are a vertical frontal view
of the upper portion of a human body and a front view
of the ascending aorta, the esophagus and the trachea,

respectively;
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FIG. 3 shows a first embodiment of the
apparatus of the present invention for endotracheal
use, inclucing three orthogonal pairs of sense
electrodes for making a three-dimensional impedance
measurement;

FIC. 4 is a flowchart of a method used in
accordance with the principles cf the present inventicn
to derive a multi-parameter algcrithm relating
impedance measurements to ventricular stroke volume;

FIG. 5 shows a second embodimert cf the
apparatus oZ the present invention for esophageal use;

FIGS. 6A and 6B are, respectively, schematic
diagrams showing systems for administering fluids or
medication to a patient and for controlling heart rate
for patients having pacemakers, respectively,
constructed in accordance with the principles of the
present invention; and

FIG. 7 is a graph showing results obtained
using apparatus and methods in accordance with the

present invention in animals.

Detailed Description Of The Iavention

The present invention relates generally to

" BIA apparatus for use in measuring cardiac output in

patients, including critically ill and heart-diseased
patients, as well as patients undergoing elective
surgery. The apparatus and methods of the present
invention overcome drawbacks observed in previously
known attempts to use whole body or large volume
thoracic BIA measurements to measure cardiac output, by
providing apparatus and methods that are not based upon
the gross modeling of physiological events implicit in
such previously known BIA measurement technigues.
Additionally, the BIA measurement apparatus and methods

of the present invention are easier to use and provide
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greater invariance to placement and orientation of
electrodes than previously known BIA mezsurement
apparatus and techniques.

In a firs- embcdiment of the apparatus and
methods of the present inventior, three orthogonal
pairs of sense electrodes disposed on an endotracheal
tube are used to measure a three-dimensional impedance
field. The electrodes are placec in contact with a
patient’s airway {e.g., trachea and/or bronchus) in
close relation to the aorta, so that changes 1in
biceiectrical impedance can be closeiy correlated to
cardiac events, without significant effects due to non-
cardiac physiologic events. Excitation AC current is
injected into the body between a current electrods and
a ground electrode disposed along the endotracheal
tube. A second embodiment uses a similar arrangement
of electrodes disposed along an esophageal tube or
esophageal stethoscope.

In both embodiments, a three~dimensional
biocelectrical impecance field is computed from the
voltage drop measured betweer the pairs of sensec
electrodes. The bioelectrical impedance 1s in turn
correlated to blood flow through the ascending aorta.
Because the ascending -aorta has-no other branches other
than the coronary arteries, blood flow through the
ascending aorta may be closely correlated to cardiac
output.

It is knowr in the medical literature that
BTIA measurements of cardiac output in general show gooc
ccrrelation for normal patients and hemodynamically
stable patients, but much poorer correlation for
critically ill patients, and patients in heart failure,
as discussed in the above-mentionec Detemeter paper.

It has been discovered that the reason for this poorer

correlation in the latter cases is that the theoretical
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basis underlying the use of whole body or large vclume
thorecic measurements may be incorrect.
While the present invention finds ready
appiicationr in monitoring cardiac output in critically-
5 1ill and heart diseased patients, it may be
advantageously used for all intubated patients,
including peciatric cases. For example, apparatus
constructed in accordance with the present invention
may be readily employed in asymptomatic patients
10 undergoing elective surgery. As many as 95% of post-
operative deaths in the latter population result from
hermodynamic failure.

Previously known techniques derive the
equation for ventricular stroke volume (“SV”) from the
15 assumction that a time-varying column of blood, in
parallel with the other conducting material in the
thorax, changes from zero to the full stroke volume
during the cardiac cycle. The column of blood is
assumed to be the length between the electrodes used to
20 obtain the BIA measurements, with effects on the BIA
measurements due to respiration accounted for, for
example, as discussed in the aforementionec U.S. Patent
No. 4,870,578.

FIG. 1A iTlustrates a typical previously

25 known BIA algorithm. Cardiac output is estimated from
the bioclectrical impedance measurement I{t), where it
is assumed that changes in the bicelectrical impedance
coincidental with the heart electrical activity (as
represented by an electrocardiocrarcn output) are the

30 result of blood flow F(t). A transfer function T(t) 1is
then based upon empirical formulae derived from
measurements taken on healthy, hemodynamically stable

subjects. The biocelectrical impedance I(t) is then

computed as:
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I(t) = F(T)*T(t) (1)

It has been determined, however, that the
foregoing assumption regarding the column of blood
ignores the branched, multiple and complex paths
present in the arterial system. Moreover, the
distribution of blood and fluids betweer. different
physiologic “compartments” ir the idealized thoracic or
whole body mcdel ancd body regions are different in
normal and critically ill patients.

FIG. 1B illustrates that the thoracic
approach to BIA measurement must account for transfer
functions appropriate to each of the mul:ziple blood
flow paths thkrough the volume, so that bioelectrical

impedance I (t) should be computed as:
I(t) = X Fy(t)*T;(t)*w; (2)

where W; are weights corresponding to a priori
knowledge of the relative distribution of flow through
the various segments of the volume, e.c¢c., the aorta,
and arterial segments and other fluid chambers.
Moreover, the weights W; may be different for different
patients, may be digferent—%or chronically i11 as
opposed to healthy subjects, and may be variable even
within a given patient, e.g., due to changes in heart
rate.

It has been discovered, nowever, that
equation (1) may be used accurately for any patient
provided that the transfer function T(t) is correlated
to measured blood flow (e.g., using a flow meter) so
that the effect of the distribution weights W; can be
essentially eliminated. Accordingly, applicant has
concluded that BIA measurements should be taken very
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close to a major blood vessel or artery, so that
between the electrodes of the BIA apparstus there are
few or no branching vessels or adjacent vessels. The
present invention therefore invecives the use of 3IA
measurements in the vicinity of blood vessels meeting
the foregcing requirements, especially the ascending
aorta.

Referrin¢g to FIG. 2A, the upper portion of a
human body 100 is shown in outlire with the
corresponding locatiors of aorta 101, esophagus 102,
trachea 103, and bronchi 104a and 104b (all shown in
dotted line) and suprasternal notch 105. These
internal vessels and organs are more clearly depicted
in FIG. 2B. With reference to rIGS. 2A and 2B, the
outflow tract of the left ventricle of the heart 1is
ascending acrta 10la. Segment 10l1b of the artery (tne
aortic arch) passes in front of right bronchus 104a, in
front of trachea 103 and then arches behind left
bronchus 104b into the descending aorta 10lc, which
leads towards the lower part of the body.

Since ascending aorta 10la passes in close
proximity to bronchi 104z and 104b and trachea 103, it
is possible to obtain a BIA measuremert across
ascending aorta—10la, with relatively little —
intervening tissue, by positioning sense electrodes at
this location. AC voltage applied to the patient’s
tissue by current electrodes, positionec in proximity
to the patient’s ascending aorta, causes an AC current
to flow in the patient’s tissue. The measured voltage
difference between the sense electrodes is then
employed to compute tissue impedance. Because the
first branches from the aorta (other than the coronary
arteries) are from aortic arch 10l1b, downstream of the

measurement location, the measurement of blood flow



WO 01/41638

10

15

20

25

30

35

..1_5_

from ascending aorta 10la accurately measures the
volume of blood ejected from the left ventricle.

In previously-known BIA measurement systems,
the orientation of electrodes on or near the aorta are
expectecd to have a large effect on both the magnitude
and the type of signal produced by the sense
electrodes. For exampie, experiments using a rigid
plastic pipe have shown that eiectrodes placed
orthogonal to flow generate a signal that varies
linearly with flow in the pipe, while electrodes placed
parallel to filow detect changes in flow and the
presence or absence oZ turbulence. As will of course
be appreciated, the intra-thoracic aorta is not a
straight rigid pipe. As can be seen in FIGS. 22
and 2B, the aorta in the region of interest makes a
complex (i.e. more than 180 degree) turn. Since the
orientation of the electrodes with respect to flow is
important, and it is difficult to identify the exact
orientation of an electrode with respect to the aorta,
previously-known BIA methods are believed not to
produce reliable or reproducible results.

In accordance with the principles of the
present invention, the impact of electrode orientation
on BIA measurement -apparatus and methods -is reduced_by
measuring a three-dimensional impedance field, and
using algorithms that relate the three-dimensional
impecance field to cardiac outpu:t. Measurement of the
three-dimensional impedance field is acccmplished using
three orthogonal pairs of sense electrocdes positioned
near the aorta, as discussec in detail hereinbelow.

It will be understcod by one skilled in the
art that as used herein, the three orthogonal pairs of
sense electrodes are substantially orthogonal, but need
not be precisely orthogonzl in a mathemztical sense.

Considerable variation from a precise orthogonal

PCT/US00/32792
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relationship between the pairs of the electrodes is

acceptable, and will provide clinically useful results.

Referring now to FIG. 3, a first embodiment

of z BIA measurement device built in accordance with

the principles of the present invention is described.

Measurement apparatus 10 includes endotracheal tube 12,

including inflatable cuff 16 disposed near a distel end

of endotracheal tube 12, and a lumen for ventilating

the patient. Additionally, endctracheal tube 12

includes shaft electrode 14, which serves as an

electrical grcund electrode for measurement

apparatus 10. Sense electrodes 18a-13e are mounted or

inflatable cuff 16 to form three orthogonal pairs of

sense electrodes. Additionally, current electrode 20

is mounted on inflatable cuff 16.
All of the electrodes, including shaft

electrode 14, sense electrodes 18a-18e, and current

electrode 20 are connected via cable 22 and

connector 24 to impedance recorder 110. Cable 22 may

comprise a shielded cable containing multiple

conductors or a ribbon cable, and may be disposed

within endctracheal tube 12, parallel to endctracheal

tube 12, or wrapped around endotracheal tube 12.

Measurement appvaratus 10 also includes digital -

sampler 112, and computer 114.

Sense electrodes 18a-18e, current

electrode 20, and shaft electrode 14 are preferably

composed of a conductive silver ink, printed or silk

screened onto a polyethylene backing. Sense

electrodes 18z2-18e and current electrode 20 are

preferably each émm square, while shaft electrode 14

preferably comprises a 15mm wide band disposed on the

shaft of endotracheal tube 12. All of the electrodes

have a smooth surface,

tracheal mucosa.

and are atraumatic to the



WO 01/41638 ) PCT/US00/32792

10

15

20

25

30

35

- 17 -

The interior of inflatable cuff 16 is in
fluid communication with insufflation port 28 via
lumen 30 of endctracheal tube 12. When inflated,
inflatable cuff 16 retains endotrachcal tube 12 in
position within the patient’s airway, and provides &
substantially airtight seal, thereby preventing
inadvertent movement of the endotracheal tube.
Inflatable cuff 16 also urges sense electrodes 18a-18e
and current electrode 20 into contact with the interior
wall cf the trachea. Inflatable cuff 16 may be
inflated using conventional inflation means (i.e., a
gas filied syringe) connected to insufflation port 28
via lumen 30.. Alternatively, inflatable cuff 16 may be
replaced by another suitable type of expandable member
for urging the sense electrodes against the interior
wall of the patient’s airway, such as an expanding
mandrel, or other mechanical arrangement.

The proximal end of endotracheal tube 12,
i.e., the end manipulated by the clinician, may include
reference marks 32 on the circumference of the tube
that reflect the circumferential orientation of
endotracheal tube 12 within the patient’s trachea. The
reference marks may be used to assist in placement of
the sense electrodes and current electrode.— .
Endotracheal tube 12 may also include a depth marker
(not shown) to assist in determining the proper depth
of placement.

In use, endotracheal tube 12 is inserted into
the patient through the cral or nasal cavity, past the
epigiottis and into the trachea in accordance with
standard intubation practice. Alternetively, access to
the trachea may be had through a surgical opening at
the suprasternal notch by conventional tracheotomy.

Endotracheal tube 12 is positioned so that

inflatable cuff 16 is located near the aorta, and



WO 01/41638

n

10

15

20

25

30

_18_

inflatable cuff 16 is inflated, causing sense
electrodes 18a-18e and current electrode 20 to contact
the tracheal mucosa. Shaft electrode 14 contacts the
oral mucocsa several centimeters above the aorta, and
serves as a ground electrode.

An alternating current, preferably a
sinusoidal current having a predetermined frequency, :is
applied between current electrode 20 anc¢ shaft
electrode 14 by impedance recorder 110. The
alternating current preferably has an amplitude of
acproximately 2 mA, and a frequency in the range
of 5 KHz te 1 MHZ, typically 100 KHz. It should be
noted thet at frequencies below 1 KHz, cardiac
stimulation can occur.

Signals indicative of a drop in voltage
between the two electrodes of each of the orthogonal
pairs of electrodes are received at impedance
recorder 110. The first orthogonal pair of electrodes
comprises sense electrodes 18a and 18b, the second
orthogonal pair of electrodes comprises sense
electrodes 18c and 18d, and the third orthogonal pair
comprises sense electrodes 18a anc 1l8e.

These impedance signals ares digitally sampled
at fixed intervals, preferably approximately 400 _
samples per second, by digital samplier 112. The
digital samples are provided to computer 114, which may
record the samples, display graphs of the samples,
apply algorithms in accordance with the principles of
the present invention to determine cardiac output, and
apply any additional algorithms to the digital samgles.

Impedance recorder 110, digital sampler, and
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