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METHOD AND APPARATUS FOR
DETERMINING CARDIAC OUTPUT

This Application claims benefit, of Provisional Applica-
tion No. 60/161,120 filed Oct. 22, 1999.

BACKGROUND OF THE INVENTION

1. Ficld of the Invention

The present invention pertains to a method and apparatus
for determining the cardiac output of a patient, and, more
particularly, to a method of determining cardiac output by
analyzing the effect that an induced change in the patient’s
arterial oxygen concentration has on their oxygen uptake
and fractional arterial oxygen concentration, and to an
apparatus for use in implementing such a method.

2. Description of the Related Art

The are several generally accepted techniques for mea-
suring cardiac output (CO), which is the total volumetric
flow of blood through the heart, and, thus, through the body
at any given time. These techniques include: thermodilution,
dye dilution, the direct Fick method, and partial CO,
rebreathing. Thermodilution involves injecting cold saline
directly into the right atrium of the heart and measuring the
temperature change downstream in the pulmonary artery
using a temperature sensor placed in this artery. Cardiac
output is determined based on this temperature change. Dye
dilution is similar to thermodiluation except that a dye,
rather than cold saline, is injected into the art. The amount
of dye collected downstream is measured to determine the
patient’s cardiac output.

According to the direct Fick method, either the content of
oxygen (0O.) or the content of carbon dioxide (CO,) in both
the arterial blood and mixed venous blood are measured.
The Fick equation, written for oxygen, is: CO=0,, uptake/
(the content of O, in arterial blood—the content of O, in
mixed venous blood). The Fick equation, written for carbon
dioxide, is: CO=CO, excreted/(the content of CO, in
mixed venous blood—the content of CO, in arterial blood).
As noted above, the direct Fick method requires obtaining a
mixed venous blood sample, which is only available in the
pulmonary artery. See FIG. 1.

It can thus be appreciated that thermodilution, dye
dilution, and the direct Fick method for determining cardiac
output all require insertion of a catheter into the patient at,
near, or through the heart. More specifically, in implement-
ing these cardiac output measurements, a catheter is usually
floated through the chambers of the heart in order to insert
the saline or dye or to obtain the necessary blood sample at
the correct location. For this reason, either of the above
cardiac output measurement techniques is very invasive.
Indeed, it is known that an arrhythmia may result from the
placement of the catheter in or through the heart. Therefore,
these cardiac output measurement techniques are typically
only performed in the most critical of situations, where the
need to know the patient’s cardiac output outweighs the risk
to the patient in taking this measurement.

The partial CO, rebreathing technique for measuring
cardiac output, on the other hand, is a noninvasive approach
believed to have been developed by Novametrix Medical
Systems, Inc. of Wallingford, Conn. (Novametrix). This
method is implemented using a device referred to as a
NICO™ sensor, which is distributed by Novametrix. The
NICO sensor measures the flow of gas to and from the
patient and the CO, content in the patient’s exhaled gas.

The partial CO, rebreathing cardiac output measurement
technique is based on the CO, Fick equation in conjunction
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with what is called partial CO, rebreathing. According to
this partial CO, rebreathing technique, cardiac output is
measured by comparing the patient’s CO, excretion to the
arterial CO, content during normal breathing and during
rebreathing, in which the patient rebreathes expired gases for
a period of time. Cardiac output is determined as: CO=the
change in CO, excretion/the change in the arterial CO,
content.

Arterial CO, is typically determined from a sample of
arterial blood. However, in order to eliminate the need for a
blood sample to measure the arterial CO, content, the partial
CO, rebreathing technique substitutes end tidal CO,
(ETCO,) for the required arterial CO, measurement.
Therefore, the cardiac output equation becomes: CO=the
change in CO, excretion/the change in the ETCO,.

This partial CO, rebreathing technique, however, has
several disadvantages. Namely, the patient is preferably
intubated or breathing through a trachea tube when taking
the flow and CO, measurements to capture the total volume
of CO,. In addition, the patient must be heavily sedated or
unconscious so that he or she is not breathing spontaneously.
If the patient is breathing spontaneously, the increased CO,
level in the blood during the rebreathing phase would
automatically trigger the patient’s respiratory system to
speed up or deepen the breaths to remove the excess CO,.
It is well known that for most patient’s the level of CO,, not
the level of O,, is the mechanism for triggering ventilation.
Such rapid or deep breathing prevents an accurate determi-
nation of cardiac output under this technique. It should also
be noted that the use of end tidal CO,, as opposed the arterial
CO, content, may introduce errors in determining cardiac
output, because the are situations where the end tidal CO,
may not correlate with the arterial CO, content. The partial
CO, rebreathing cardiac output measurement technique is
also disadvantageous because it does not adequately account
for shunt blood flow, which is blood that is not oxygenated
during the respiratory cycle. This flow cannot be directly
measured, but must be estimated when using this conven-
tional cardiac output measurement technique.

SUMMARY OF THE INVENTION

Accordingly, it is an object of the present invention to
provide a method of measuring cardiac output that over-
comes the shortcomings of conventional cardiac output
measurement techniques. This object is achieved according
to one embodiment of the present invention by providing a
cardiac output measurement method that includes quantita-
tively measuring a patient’s airflow, a first parameter indica-
tive of a percent oxygen inhaled and exhaled by the patient,
and a second parameter indicative of the patient’s fractional
arterial oxygen concentration. The present method also
includes inducing a change in the patient’s arterial oxygen
concentration and repeating these measurements to monitor
the effects resulting from inducing the change in the
patient’s arterial oxygen concentration. The patient’s cardiac
output is determined based on the data collected.

It is yet another object of the present invention to provide
an apparatus for non-invasively determining the cardiac
output of a patient, including a spontaneously breathing
patient, that does not suffer from the disadvantages associ-
ated with conventional cardiac measurement systems. This
object is achieved by providing an apparatus that includes a
patient flow measuring system capable of quantitatively
measuring a patient’s airflow, i.e., the flow of gas to and
from a patient, an oxygen analyzing system adapted to
measure a first parameter indicative of a percent oxygen
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inhaled and exhaled by such a patient, and means for
measuring a second parameter indicative of the patient’s
fractional arterial oxygen concentration, such as a pulse
oximeter. A processor determines the cardiac output based
on the measured patient airflow, the first parameter, and the
second parameter. In addition, an output device outputs the
result indicative of the patient’s cardiac output.

These and other objects, features and characteristics of the
present invention, as well as the methods of operation and
functions of the related elements of structure and the com-
bination of parts and economies of manufacture, will
become more apparent upon consideration of the following
description and the appended claims with reference to the
accompanying drawings, all of which form a part of this
specification, wherein like reference numerals designate
corresponding parts in the various figures. It is to be
expressly understood, however, that the drawings are for the
purpose of illustration and description only and are not
intended as a definition of the limits of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of mammalian cardiopul-
monary system,

FIG. 2 is an oxygen-hemoglobin dissociation curve for a
human;

FIG. 3 is a graph illustrating the change in oxygen uptake
that takes place during an induced change in arterial oxygen
concentration according to the cardiac output measurement
method of the present invention;

FIG. 4 is a graph illustrating the change in arterial oxygen
saturation resulting from the induced change in arterial
oxygen concentration;

FIGS. § and 6 are graphs illustrating the change in oxygen
uptake and arterial oxygen concentration, respectively,
resulting from the induced change in arterial oxygen con-
centration including the potential effects of recirculation;

FIGS. 7 and 8 are graphs illustrating the change in oxygen
uptake and arterial oxygen concentration, respectively,
resulting from the induced change in arterial oxygen con-
centration illustrating an alternative embodiment for deter-
mining cardiac output based on these changes;

FIGS. 9 and 10 are graphs illustrating the change in
oxygen uptake and arterial oxygen concentration,
respectively, resulting from the induced change in arterial
oxygen concentration illustrating yet another alternative
embodiment for determining cardiac output based on these
changes;

FIG. 11 is a schematic diagram of a device for imple-
menting the cardiac output measurement method of the
present invention; and

FIG. 12 is a schematic diagram of the device of FIG. 11
shown in use on a patient.

DETAILED DESCRIPTION OF THE
PRESENTLY PREFERRED EMBODIMENTS OF
THE INVENTION

FIG. 1 schematically illustrates a patient’s cardiopulmo-
nary system, which is useful in understanding the cardiac
output measurement system of the present invention. The
cardiac output measurement technique of the present inven-
tion measures the output, i.e., rate of flow of blood, from the
left side of the heart. As described in detail below, the
cardiac output measurement method of the present invention
uses the transfer of oxygen from the lungs to the arteries in
order to determine cardiac output.

4

The presently preferred method of determining the car-
diac output includes the following steps, each of which is
discussed in detail below:

(1) quantitatively measuring (a) the patient’s airflow, (b)

5 a parameter indicative of the percent oxygen inhaled
and exhaled by the patient, and (c) a parameter indica-
tive of the patient’s fractional arterial oxygen concen-
tration (Xa0,);

(2) inducing a change in the patient’s arterial oxygen
concentration while taking measurements (a)—(c) set
forth in step (1) to monitor the effects of the change in
the patient’s arterial oxygen concentration; and

(3) from the data collected regarding the effect of the
change in the patient’s arterial oxygen concentration,
determining the patient’s cardiac output.

According to the present invention, the patient’s cardiac
output (CO) is determined based on the change in oxygen
uptake versus the change in fractional arterial oxygen con-
centration resulting from the induced change in the arterial
oxygen concentration. Stated another way:

10

change in the oxygen uptake (L

CO = - - —.
change in the arterial oxygen concentration

25 - . .
It is important to note that the patient’s arterial oxygen

concentration, not their carbon dioxide concentration, is
what is being manipulated in order to induce a change in the
patient’s oxygen uptake and fractional arterial oxygen con-
centration. As a result, this method can be performed on a
spontaneously breathing patient, as well as a patient who is
not spontaneously breathing. Unlike changing the patient’s
CO, concentration, changing the patient’s arterial O, con-
centration will not cause the patient to automatically attempt
to alter their breathing pattern to move the O, concentration
back to normal. Because this cardiac output measurement
technique involves inducing a change in the patient’s arterial
oxygen concentration, it is referred to as an oxygen concen-
tration modification cardiac output measurement method.

In one embodiment of the present invention, which is
described in detail below, the patient’s fractional arterial
oxygen concentration is measured non-invasively using a
conventional pulse oximeter. Thus, unlike conventional car-
diac output measurement methods, the oxygen concentration
modification cardiac output measurement method of the
present invention can be performed non-invasively on a
spontaneously breathing patient.
I. Measuring Airflow, Percent O, Inhaled/Exhaled, and the
Fractional Arterial Oxygen Concentration

According to the present invention, the patient’s quanti-
tative airflow and a parameter indicative of the percent
oxygen inhaled and exhaled by the patient are measured to
determine the patient’s oxygen uptake. Oxygen uptake is the
amount of oxygen absorbed into the blood in the lungs. It is
typically expressed in liters as VO, or in liters per minute
(lpm) as VO,. Thus, equation (1) can be rewritten as
follows:

A(VO),
A(XaO),

CO(liters) = @

, or as

60

AVO, 3)
CO(lpm) = AXaO;”

Oxygen uptake, which is measured during a breathing
cycle, is determined by measuring the volumetric airflow
Q,usien: t0 and from the patient, the %0, inhaled, and the
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%0, exhaled during that breathing cycle. Volumetric airflow
is measured using a flow meter, such as a conventional
pneumotach, that is capable of quantitatively measuring the
flow of gas to and from the patient’s airway. U.S. Pat. No.
6,017,315 to Starr et al., the contents of which are incorpo-
rated herein by reference, describes a suitable flow meter
that quantitatively measures the flow of gas to and from a
patient.

The %0, inhaled and %O, exhaled is measured using a
conventional oxygen analyzer. An example of a combination
flow sensing element and O, concentration analyzer window
suitable for use in the present invention is taught in provi-
sional U.S. Patent Application No. 60/170,918, the contents
of which are incorporated herein by reference. More
specifically, the present invention contemplates determining
the %0, inhaled by measuring the patient’s fraction of
inspired oxygen (FIO,) as a parameter indicative of the
percent oxygen inhaled and exhaled, and multiplying this
FIO, by 100, ie., %0, inhaled=FIO, (inhaled)*100. A
similar process is used to determine %0, exhaled.

Oxigen uptake, VO,, for one breath, is determined as
follows:

(VO), inhaled = f ’ (Q pariens [ %0 O2 f 100Dl 1, @

1

1 5
(VO exhaled = [ (@19 02 /100, nd )

t2

VO,=VO,inhaled—VO,exhaled,

©
where t,, is the start of inhalation, t, is the end of inhalation
or start of exhalation, and t; is the end of exhalation. Oxygen
uptake in liters per minute is then determined as:

V02=V02*F breath>

@
were fp,... 15 the frequency of breaths, i.e., breaths per
minute.

There are a variety of parameters indicative of fractional
arterial oxygen concentration, XaQ,, of a patient that can be
measured and used in the cardiac output determination
method. One embodiment of the present invention contem-
plates measuring at least one the following blood gas
constituents, Sa0,, Pa0,, and CaQ, as the parameter indica-
tive of the patient’s fractional arterial oxygen concentration
XaO,. These parameters are measured from an arterial blood
sample or using a continuously indwelling catheter. It is
preferable for one or more of these constituents to be
measured continuously, for example, using an indwelling
catheter so that the effects of the induced change in arterial
oxygen concentration on the oxygen uptake and fractional
arterial oxygen concentration can be monitored on a sub-
stantially continuous basis. This is especially important
because of the relatively short duration of the effects of the
induced change in arterial oxygen concentration resulting
from the oxygen concentration modification step.

The present invention also contemplates measuring the
pulse oximetry oxygen saturation level (SpO,) of the patient
as the parameter indicative of the fractional arterial oxygen
concentration XaO,. This measurement is advantageous in
that the SpO, can be measured non-invasively using a
conventional pulse oximeter. It can also be taken on a
generally continuous basis to closely monitor the effects of
the induced oxygen concentration modification on the
patient’s actual fractional arterial oxygen concentration.

Although the SpO, level can be taken from almost any
location on the patient, such as the finger or ear, in a
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6

preferred embodiment, the SpO, is measured across the
nasal septum. This location is especially desirable because it
represents a relatively direct flow from the carotid artery, as
shown in FIG. 1.

Depending on which parameter, SpO,, Sa0,, PaO,, or
Ca0.,, indicative of fractional arterial oxygen concentration
Xa0, is measured, a conversion may be required in order to
arrive at the patient’s actual fractional arterial oxygen con-
centration XaO,. The only parameter indicative of fractional
arterial oxygen concentration XaQO, that does not have to be
converted in order to arrive at the patient’s fractional arterial
oxygen concentration XaQ, is the arterial oxygen content
measurement CaQ,, because CaQ, is a direct measurement
of the fractional arterial oxygen concentration. Thus, CaO,=
Xa0,, and no conversion is necessary.

Oxygen saturation, SaO,, on the other hand, is not a direct
measurement of the fractional arterial oxygen concentration
Xa0,. If Sa0, is the measured parameter, a conversion is
needed, so that the measured SaO, can be used as the
fractional arterial oxygen concentration XaO,. For a normal
adult, there is a linear relation between SaO,, and CaO, and,
hence, between SaQ, and XaO,. More specifically, the
following relationship is known:

Vol %0,=(Hb concentration)(O, saturation (Sa0,))(O, carrying
capacity of Hb),

where, for a normal adult, the O, carrying capacity of
hemoglobin (Hb) is approximately 1.34 mlO,/gmHb, and
the Hb concentration is approximately 15 gmHb/100
mlblood. Thus, for a normal adult:

15gmHb  SaOy
~ T00mlbood “ 100 ©

1.34mlO;
gmHb ~

Vol % Oy ©))

XaOz = —5

Equation (9) can be simplified as:
Xa0,=Sa0,*k (10)

where, for a normal adult:

(15)(1.34)
(100)(100)"

an

Of course, the values for Hb concentration (15 gmHb) and
O, carrying capacity of Hb (1.34 mlO,) can differ depending
on the individual. Therefore, if the Hb concentration and O,
carrying capacity of Hb for an individual are known, a more
exact relationship (k value) between SaO, and XaO, can be
determined. The present invention contemplates that the
values for Hb concentration and/or O, carrying capacity of
Hb can be directly input by the user, automatically input
from measurements taken by a co-oximeter or other equiva-
lent device via a communication link with such a device,
manually or automatically selected from a range of values
based on information about the patient, or a default value
can be used.

There is also a known relationship, albeit nonlinear,
between PaO, and SaO,. This nonlinear relationship is
graphically depicted in FIG. 2, which is referred to as an
oxygen-hemoglobin dissociation curve 10. If PaQ, is the
measured parameter, it must first be converted to an SaO,
using the dissociation curve, which can be accomplished
using any conventional technique. Thereafter, the conver-
sion factor k for SaO, must be used to arrive at the patient’s
fractional arterial oxygen concentration XaO, as discussed
above.
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Apatient’s Sa0,, Pa0,, or CaO, can only be measured by
sampling the patient’s arterial blood or using a continuously
indwelling catheter, either of which is a relatively invasive
procedure. SpO,, on the other hand, which is an estimation
of Sa0,, is measured non-invasively. Therefore, measuring
the patient’s SpO, has the advantage of being fast, easy, and
non-invasive. If SpO, is taken as the measured parameter, it
is considered an approximation of Sa0,, i.e., SpO,~Sa0,.
Thus, the conversion factor k is applied to the measured
SpO, to arrive at the patient’s fractional arterial oxygen
concentration Xa0,, i.e., Xa0,=SpO,*k.

II. Inducing a Change in Arterial Oxygen Concentration

The present technique for determining a patient’s cardiac
output involves inducing a change the patient’s arterial
oxygen concentration. This can be done in a variety of ways,
several of which are discussed below, so long as there is a
measurable difference between the patient’s baseline arterial
oxygen concentration and the patient’s arterial oxygen con-
centration following the induced change therein. Because
the goal of this process is to force a change in the patient’s
arterial oxygen concentration, this step in the cardiac output
measurement process of the present invention is referred to
herein as the “oxXygen concentration modification step.”

It should be noted that the arterial oxygen concentration
can either be increased or decreased depending on the
condition of the patient. For example, a generally healthy
patient has an oxygen saturation level of approximately
98%. As a result, there is very little room to improve
oxygenation, e.g., up to 99%. Therefore, the present inven-
tion contemplates reducing the patient’s oxygen saturation
as one technique for inducing a change in the patient’s
arterial oxygen concentration, especially in those patients
with a relatively high baseline SaO,.

Reducing the patient’s oxygen saturation can be accom-
plished by reducing the fraction of inspired oxygen (FIO,)
in the patient’s inhaled gas. This can be accomplished, for
example, by increasing the concentration of other inhaled
gas constituents, such as nitrogen, which as the effect of
lowering the patient’s arterial oxygen saturation. In one
embodiment of the present invention, the patient breathes
nitrogen for one or more breaths, thereby reducing their
arterial oxygen concentration. This technique is particularly
suited for patients with a relatively high baseline oxygen
concentration.

As noted above, changing the patient’s arterial oxygen
concentration can also be accomplished by increasing the
fraction of inspired oxygen in the inhaled gas. This can be
accomplished, for example, by adding supplemental oxygen
to the patient’s inhaled gas, and, therefore, is particularly
suited for patients with a relatively low baseline oxygen
concentration.

The present invention also contemplates changing the
patient’s arterial oxygen concentration by having the patient
rebreathe expired gas. However, because this will raise the
patient’s CO, level, this technique is best used on non-
spontaneously breathing patients, where increased levels of
CO,, will not cause unusual breathing patterns. For a non-
spontaneously breathing patient, the present invention also
contemplates changing the arterial oxygen concentration by
momentarily pausing the ventilator used to provide the
patient’s breathing.

Rebreathing expired gas can be used to change the
patient’s arterial oxygen concentration in a spontaneously
breathing patient if steps are taken to minimize the increase
in the patient’s CO, level. For example, the carbon dioxide
CO, is preferably is removed from the rebreathed gas so that
the patient does not dramatically alter their breathing pattern
due to rebreathing of exhaled carbon dioxide.
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An exemplary embodiment of the present invention con-
templates using a conventional CO, “scrubbing” technique
for removing the CO, from the gas rebreathed by the patient.
This is accomplished, for example, by placing a CO, scrub-
ber in the rebreathing circuit or by passing the patient’s
exhaled gas through a CO, scrubber before it is returned to
the patient. In either case, the rebreathed gas will have a
lower oxygen concentration, thereby accomplishing the goal
of changing the patient’s arterial oxygen concentration with-
out having the patient breathing CO,, which will likely
trigger a relatively rapid increase in the patient’s breath rate.
III. Determining Cardiac Output

The present invention contemplates several techniques for
calculating cardiac output based on the changes in oxygen
uptake and the change in fractional arterial oxygen concen-
tration resulting from the induced change in arterial oxygen
concentration. Each of these techniques is discussed in turn
below.

A. Technique 1—Calculating Cardiac Output Based on
the Area Under the Curves

It is well known that the rate of flow (Q) of a fluid, which
is typically expressed in liters per minute (Ipm), is defined
as:

v (12)

where V is volume and t is time. For a given period of time,
t, to t,, the rate of flow of fluid during that period is

a
determined as follows:

v (13)
T -,

The following relationships are also known:

14

VO,
XHEOZ =

, or

~ Xa0,’

15

Substituting equation (14) into equation (13) yields:

VO,
T XaO, (1, — 1)

16
0 (16)

Equation (16), however, cannot be used to determine a
patient’s cardiac output because it does not take into con-
sideration the fact that in the pulmonary system, the venus
blood contains a predetermined level of oxygen before it is
oxygenated in the lungs. In addition, this equation does not
take into consideration blood that is shunted across the lungs
and does not get oxygenated during a breathing cycle.

The present invention takes these items into consideration
and accounts for their effect by, in essence, determining the
baseline oxygen concentration and oxygen uptake for the
patient, then executing the oxygen concentration modifica-
tion step, in which the patient’s fractional arterial oxygen
concentration is changed from the baseline value. The
present invention determines cardiac output by monitoring
the arterial oxygen concentration and oxygen uptake during
this oxygen concentration modification step and by compar-
ing the changes in the arterial oxygen concentration and
oxygen uptake to the baseline levels.

FIG. 3 is a graph that illustrates the change in a patient’s
oxygen uptake, VO,, that takes place during the oxygen
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concentration modification step, in which a change in the
arterial oxygen concentration, Xa0,, is induced using any of
the above-described techniques. More specifically, FIG. 3
illustrates the change in oxygen uptake that takes place by
having the patient take one breath, i.e., from time t, to t5, that
is relatively devoid of oxygen. It should be noted that the
change in oxygen uptake is illustrated in a step fashion
because oxygen uptake is measured and calculated on a
breath-by-breath basis. As shown in FIG. 3, it takes several
breaths for the patient’s oxygen uptake to stabilize back to
its baseline level. Area A in FIG. 3 represents the change in
the oxygen uptake AVO, of the patient that occurs as a result
of oxygen concentration modification step.

FIG. 4 illustrates the change in arterial oxygen saturation
Sa0, resulting from the induced change in arterial oxygen
concentration, which, in this embodiment, involves having
the patient take one breath that is devoid of oxygen. Area B
in FIG. 4 represents the change in arterial oxygen concen-
tration AXaO, that occurs as a result of oxygen concentra-
tion modification step. These changes are measured and used
to calculate cardiac output as follows:

. AvVO,
T AXaO, = (1, — 1)

an

where:
AVO,=VO0; pasciine

(18)

{19

_VOZ afier oxygen conceniration modification
AXa0;=X80; pasciine=X802 afier oxygen concentration modificasion

It can be appreciated from FIGS. 3 and 4 that although the
patient takes only one breath that is devoid of oxygen, the
patient’s oxygen uptake will shift from its baseline level for
several breaths. i.e., from time t, to time t,. Therefore, the
present invention contemplates summing the oxygen uptake
that occurs for each breath over the entire time, t, to t,, that
the oxygen uptake is shifted from baseline, which, in effect,
amounts to determining the area A under the curve, which is
why this technique is referred to in the section heading as
“Calculating Cardiac Output Based on the Area Under the
Curves.”

The patient’s arterial oxygen concentration will also shift
from its baseline level for a period of time t_ to t,. Therefore,
the present invention contemplates finding the average arte-
rial oxygen concentration resulting from the oxygen con-
centration modification step. It should be noted that the
change in arterial oxygen concentration does not coincide
with the start of the oxygen concentration modification step,
ie., t=t,, because it takes some time for the change in
inspired oxygen level to affect the patient’s arterial oxygen
concentration. Thus, equation (19) for the present invention
is rewritten as:

Z AVO,

T AXaO; = (to — 1)

(20)

Equation (20) can be written in greater detail as:

g (VO2pasetine — VO2 after oxygen concentration modification ),b e

Q=
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- Sp 02 after oxygen concentration modification
(ta = 1)

fd [SPOZ basetine
1,

c

drx(t, — 1)

5

10

where:

s 22
(Q pasient [TO2 / 100])d .

2
VO = [ (Qpui[ %03 1001 -
53

b

FIGS. § and 6 are similar to FIGS. 3 and 4, respectively,
except that FIGS. 5 and 6 take into consideration a scenario
in which the patient’s blood begins to recirculate at time x
during the oxygen concentration modification step. It can be
appreciated from FIG. §, that the patient’s oxygen uptake
may increase above baseline and then eventually return to its
baseline level at time t,;. It this situation, the only area of
interest is the area under the baseline, i.e., area A,. That is,
the effects of recirculatation, and, hence, area A, should be
ignored in solving equation (21). For this reason, the present
invention contemplates extrapolating to determine the base-
line crossing point, which corresponds to point t,, in equation
(21). Thus, the change in oxygen uptake resulting from the
oxygen concentration modification step, in this situation,
will take into consideration the sum of areas A; and A, for
purpose of solving equation (21), ignoring area A, above the
baseline.

FIG. 6 illustrates that a second drop in the patient’s
arterial oxygen saturation will occur at time x due to the
recirculation of the relatively oxygen poor blood. If this
second drop, which is represented by area B,, is minimal, it
can be ignored for purposes of determining the time period
t, to t, Thus, the time period t, to t,, associated with arecas
B,, and B, are used to solve equation (21).

However, if this second drop is not minimal, the time
period t_ to t,; associated with area B,, alone is used for
solving equation (21). The location of time t,, is determined
using any conventional extrapolation technique. Of course,
the present invention contemplates using suitable program-
ming or other means for deciding when the effect of
recirculation, and, hence the size of area B, is above the
predetermined minimal threshold and must be accounted for
in solving equation (21).

B. Technique 2—Calculating Cardiac Output Based on
the Slopes of the Curves

FIGS. 7 and 8, like FIGS. 3 and 4, illustrate the changes
in the patient’s oxygen uptake and arterial oxygen
saturation, respectively, resulting from the oxygen concen-
tration modification step. From FIG. 7, it can be appreciated
that the change in oxygen uptake that takes place during the
first breath of the oxygen concentration modification step
can be defined in terms of its slope as:

Ay _y2-yi (23)

_ VO,(13) — VO, (1)

AVO, =
2 Ax Xy —X] 3—1 ?

recall from above that t; corresponds to the start of inspi-
ration and that t; corresponds to the end of expiration, and
where VO,(t,) and VO,(t;) are the oxygen uptakes at times
t; and t5, respectively. It can be further appreciated that
equation (23) defines the slope of dashed line C in FIG. 7.

From FIG. 8, it can be appreciated that that the change in
fractional arterial oxygen concentration that takes place

2D
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during the same time period t;—t; can also be defined in
terms of its slope as:

Xa0;(ts) — XaO;(z
AXaO, = o 2(;)_[461 2(4)’

24

where, ts—t,=t;-t,, and where Xa0,(t5) and Xa0,(t,) are the
arterial oxygen concentration at times t5 and t,, respectively.
It can be further appreciated that equation (24) defines the
slope of dashed line D in FIG. 8. Therefore, this cardiac
output determination technique is referred to in the imme-
diately preceding section heading as the “Slopes of the
Curve” technique. From equation (15) it is known that:

AVO,
T AXaO,’

(25)

AV

Substituting equations (23) and (24) in to equation (25)
yields:

(26)

AV = [Voz(fs) - VOZ(II)][

Is — Iy :|
I3—1 '

XaO;(15) — XaO(1y)

From equations (13) and (26), the patient’s cardiac output Q
in liters per minute is defined as:

Is—1y 27
XaOx(15) — XaOx(14) ]

_ AV _ [V02(1‘3) - VOz(l‘l):H
T - (n—n)

It can be appreciated that determining cardiac output
based on the slopes of lines C and D is advantageous in that
the effects of recirculation, if any, do not influence the
determination of cardiac output.

C. Technique 3—Calculating Cardiac Output Based on
the Magnitude of the Curves

Yet another technique for determining cardiac output
involves comparing the magnitude of the change in oxygen
uptake with the magnitude of the change in arterial oxygen
concentration resulting from the oxygen concentration
modification step. FIGS. 9 and 10 illustrate the changes in
the patient’s oxygen uptake and arterial oxygen saturation,
respectively, resulting from the oxygen concentration modi-
fication step. From FIG. 9, it can be appreciated that there is
a relatively large initial drop in oxygen uptake at the start of
the oxygen concentration modification step, i.e., from time
t; to t3. The magnitude of this drop can be determined from
the output of the flow sensor and the oxygen analyzer using
any conventional technique. From FIG. 10, it can be appre-
ciated that there is corresponding drop in arterial oxygen
saturation. Although, as noted above, this drop in arterial
oxygen concentration is delayed in time from the initial drop
in oxygen uptake. This drop begins at time t, and reaches a
maximum difference from the initial baseline level at time
t,,- The value of the fractional arterial oxygen concentration
at t,,, Xa0,(t,,), can be determined using any conventional
technique.

As a side note, it is worth remembering that the oxygen
concentration modification step also contemplates increas-
ing the patient’s arterial oxygen in some situations. In which
case, the change in oxygen uptake will be in the positive
direction, opposite that shown in FIGS. 3, 5, 7, and 9.
Similarly, the change in the fractional arterial oxygen con-
centration will also be in the positive direction, opposite that
shown in FIGS. 4, 6, 8, and 10. The techniques for deter-
mining cardiac output discussed herein are equally appli-
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cable where the oxygen concentration modification step in
performed by increasing the patient’s arterial oxygen.

Referring again to FIGS. 9 and 10, one embodiment of the
present invention contemplates comparing the magnitude of
the change in oxygen uptake from time t; to t; with the
magnitude of the change in arterial oxygen concentration
from time t_ to t,, so that the patient’s cardiac output is
defined as:

AVO,(Magnitude 1 to 13)
Cco = n-1 _ AVO,(Magnitude 7; to 73)

XaO,(Magnitude 1. to 1,,)  AXaO,(Magnitude 7, to 1)’

(28)

It can be appreciated that equation (28) represents a direct
calculation for cardiac output because the units represented
by the numerator are, for example, liters/second or liters/
minute, and the denominator is unitless.

Another embodiment of the present invention contem-
plates determining cardiac output based on the time period
t. to t,, where t_ to t=t; to t;, so that

AVO,(Magnitude 1y to 13) (29)

-1 AV O,(Magnitude 7; to 73)

CO = = .
AXaO,(Magnitude 7. to z,)  AXaO,Magnitude 7. to )

As with equation (28), equation (29) also represents a direct
calculation for cardiac output because the unit represented
by the numerator are, for example, liters/second or liters/
minute, and the denominator is unitless. In these
embodiments, the change in magnitude of the oxygen uptake
and fractional arterial oxygen concentration are monitored
during the oxygen modification step, which is why this
technique is referred to in the preceding section heading as
the “Magnitude of the Curve” technique.

Technique 4—Calculating Cardiac Output Based on the
Volume of Blood Flow

It is known that the volume of blood flowing through the
heart during a breathing cycle is defined as:

3 AVOZ
Vitood = ——dr.
n AXaO,

(30)

and the flow of blood, i.e., cardiac output, in liters per
minute, for example, it defined as:

Viiood (31)

Oblood = P

It can be appreciated that equation (30) can be substituted
into equation (31) to determine the cardiac output.

One embodiment of the present invention contemplates
determining the baseline oxygen uptake and baseline arterial
oxygen concentration before performing the oxygen con-
centration modification step so that the changes in oxygen
uptake and baseline arterial oxygen concentration resulting
from the oxygen concentration modification step can be
compared to this baseline. It is to be understood, however,
that in an alternative embodiment of the present invention,
the baseline oxygen uptake and baseline arterial oxygen
concentration are established after the effects of the oxygen
concentration modification step; namely, after the patient’s
cardiopulmonary system has returned to a steady state
following the oxygen concentration modification step.

FIGS. 11 and 12 schematically illustrate an exemplary
embodiment of a cardiac output measurement device 30
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used to implement the above-described cardiac output mea-
surement method. Cardiac output measurement device 30
includes a patient flow measurement system 32 for quanti-
tatively measuring the flow of gas to and from the patient
and an oxygen analyzer 34 that measures the patient’s
fraction of inspired oxygen (FIO,). Patient flow measure-
ment system 32 includes a flow sensor 33, also referred to
as a flow element, that creates a pressure differential for
measuring the flow of gas passing through the flow element.
Oxygen analyzer 34 includes an oxygen analyzing element
35, which is essentially an airway adapter optical window
and an O, transducer having phototransmitter and
photodector, that is used to measure the amount of oxygen
passing in front of the optical window. Flow sensor 33 and
oxygen analyzing element 35 are preferably located proxi-
mate to the patient’s airway. The outputs of the patient flow
and oxygen analyzing systems are provided to a micropro-
cessor 36 for calculating the patient’s oxygen uptake.

Cardiac output measurement device 30 includes means 38
for detecting a parameter indicative of the fractional arterial
oxygen concentration, XaO,, of a patient. As noted above,
this parameter is any one of either SpO,, Sa0,, Pa0,, or
Ca0,. An example of a sensor that measures SpO, is a
conventional pulse oximeter, and a sensor that measures
Sa0,, Pa0O,, or Ca0O, is a continuous indwelling catheter.
Depending on the parameter measured, a conversion to
XaO, may be necessary. This can be done, for example, by
microprocessor 36. In the embodiment illustrated in FIG. 12,
the pulse oximeter includes a pulse oximeter sensor 39 in
contact with the patient to measure the oxygen saturation
SpO, of patient 37.

The present invention contemplates that cardiac output
measurement device 30 includes an input/output interface 40
for communicating with the user. For example, a display or
other indicator may be provided that notifies the user when
to induce that change in arterial oxygen concentration, as
well as outputs the cardiac measurement result. A commu-
nication link 42 can also be provided for downloading or
receiving information and commands to or from a remote
location.

One embodiment of the present invention contemplates
that one or more of the patient flow measurement system, the
oxygen analyzing system, and the fractional arterial oxygen
concentration measuring system can be implemented in a
separate, stand-alone, module with the output of each being
provided to processor 36. This enables different types of
patient flow, oxygen analyzing, and arterial oxygen concen-
tration measuring systems to be used with a common cardiac
output determination module. One benefit being that exist-
ing patient flow sensors, oxygen analyzers, and arterial
oxXygen concentration measuring systems, such as a conven-
tional pulse oximeter, can be used to provide the required
inputs to the cardiac output module.

However, the present invention also contemplates that
patient flow measuring system, the oxygen analyzing
system, and arterial oxygen concentration measuring
system, or any combination thereof, can be integrated into a
single housing 43, as shown, for example, in FIG. 12. In this
embodiment, the measuring elements of each system, such
as the flow element 33, the airway adapter and O, transducer
35, and the pulse oximeter sensor 39, provide inputs, e.g.,
electronic, optical, pneumatic, or otherwise, to one or more
processing systems in housing 43.

Also necessary for purposes of the present invention, as
shown in FIG. 12, is a device or technique, generally
indicated at 50, for inducing a change in the patient’s arterial
oxygen concentration. In the illustrated exemplary
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embodiment, device 50 is a rebreathing system that captures
the patient’s expired gas in a collection reservoir 52. A valve
54 controls the flow of gas, so that when the cardiac output
system is not actuated, the patient’s airway communicates
with ambient atmosphere or a conventional ventilator or
pressure support system (not shown). In this embodiment,
when the cardiac output is to be measured, valve 54 is
controlled manually or via processor 36, to cause the
patient’s exhaled gas passed to reservoir 52 where it is
collected. Because the gas collected in reservoir 52 has been
exhaled by the patient, its oxygen concentration is signifi-
cantly reduced.

In a further embodiment of the present invention, a device
56 for removing CO, is included in rebreathing system 50,
so that the spontaneously breathing patient does not
rebreathe significant amounts of CO,,. In a preferred embodi-
ment of the present invention, device 56 is a CO, scrubber
that removes CO, from the gas passing therethrough. As
noted above, for a non-spontaneously breathing patient, CO,
removal device 56 is optional, because their breathing
pattern is controlled by the ventilator regardless of the CO,
levels inhaled by the patient.

Although the invention has been described in detail for
the purpose of illustration based on what is currently con-
sidered to be the most practical and preferred embodiments,
it is to be understood that such detail is solely for that
purpose and that the invention is not limited to the disclosed
embodiments, but, on the contrary, is intended to cover
modifications and equivalent arrangements that are within
the spirit and scope of the appended claims.

What is claimed is:

1. A method for measuring cardiac output comprising:

(1) quantitatively measuring a patient’s airflow, a first
parameter indicative of a percent oxygen inhaled and
exhaled by such a patient, and a second parameter
indicative of such a patient’s fractional arterial oxygen
concentration,

(2) inducing a change in such a patient’s arterial oxygen
concentration;

(3) repeating the airflow, the first parameter and the
second parameter measurements set forth in step (1);
and

(4) determining the patient’s cardiac output based on the
airflow, the first parameter, and the second parameter
information collected in steps (1) and (3).

2. The method according to claim 1, wherein the second
parameter indicative of fractional arterial oxygen concen-
tration is one of Sa0,, PaO,, CaO, or SpO.,.

3. The method according to claim 1, wherein measuring
the airflow includes providing a flow sensor proximate to
such a patient’s airway, wherein the flow sensor outputs a
flow signal indicative of a flow of breathing to or from such
a patient.

4. The method according to claim 1, wherein measuring
the first parameter includes providing an oxygen analyzing
element proximate to such a patient’s airway, wherein the
oxygen analyzing element outputs an oxygen concentration
signal indicative of an amount of oxygen in gas passing
through the oxygen sensor.

5. The method according to claim 1, wherein measuring
the second parameter includes providing a pulse oximeter
sensor in contact with such a patient, wherein the pulse
oximeter sensor output a signal indicative of an oxygen
saturation SaO, of such a patient.

6. The method according to claim 1, wherein inducing a
change in such a patient’s arterial oxygen concentration
includes introducing a non-oxygen breathing gas into a
stream of gas to be inhaled by such a patient.
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7. The method according to claim 1, wherein inducing a
change in such a patient’s arterial oxygen concentration
includes rebreathing gas exhaled by such a patient.
8. The method according to claim 7, wherein rebreathing
includes removing carbon dioxide CO, from the exhaled gas
before the exhaled gas is rebreathed.
9. The method according to claim 1, wherein determining
the patient’s cardiac output includes:
determining a deviation of such a patient’s oxygen uptake
from a baseline oxygen uptake level occurring respon-
sive to the induced change in such a patient’s arterial
oxygen concentration in step (2);

determining a deviation of such a patient’s arterial oxygen
concentration from a baseline arterial oxygen concen-
tration level occurring responsive to the induced
change in such a patient’s arterial oxygen concentration
in step (2); and

comparing the deviation in oxygen uptake to the deviation

in arterial oxygen concentration.

10. The method according to claim 9, wherein determin-
ing the deviation of such a patient’s oxygen uptake includes
determining an effective area between the baseline oxygen
uptake level and an oxygen uptake curve occurring respon-
sive to the execution of step (2), and wherein determining
the deviation of such a patient’s arterial oxygen concentra-
tion includes determining an effective areca between the
baseline arterial oxygen concentration level and an arterial
oXygen concentration curve occurring responsive to the
execution of step (2).

11. The method according to claim 9, wherein determin-
ing the deviation of such a patient’s oxygen uptake includes
determining a slope of a line extending between the baseline
oxygen uptake level and a point on an oxygen uptake curve
occurring responsive to the execution of step (2), and
wherein determining the deviation of such a patient’s arterial
oxygen concentration includes determining a slope of a line
extending between the baseline arterial oxygen concentra-
tion level and a point on an arterial oxygen concentration
curve occurring responsive to the execution of step (2).

12. The method according to claim 9, wherein determin-
ing the deviation of such a patient’s oxygen uptake includes
determining a magnitude between the baseline oxygen
uptake level and a point on an oxygen uptake curve occur-
ring responsive to the execution of step (2), and wherein
determining the deviation of such a patient’s arterial oxygen
concentration includes determining a magnitude between
the baseline arterial oxygen concentration level and a point
on an arterial oxygen concentration curve occurring respon-
sive to the execution of step (2).

13. The method according to claim 1, further comprising
outputting, in human perceivable form, an indication of the
cardiac output determined in step (4).

14. An apparatus for measuring cardiac output compris-
ing:

a patient flow measuring system adapted to quantitatively

measuring a patient’s airflow;

an oxygen analyzing system adapted to measure a first

parameter indicative of a percent oxygen inhaled and
exhaled by such a patient;

means for measuring a second parameter indicative of

such a patient’s fractional arterial oxygen concentra-
tion;

means for inducing a change in such a patient’s arterial

oxygen concentration;
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a processor adapted to determine such a patient’s cardiac
output based on the output of the measured airflow, the
first parameter, and the second parameter; and

outputting means for outputting a result indicative of such
a patient’s cardiac output in human perceivable form.

15. The apparatus according to claim 14, wherein the
means for measuring the second parameter is a pulse oxim-
etry system including a pulse oximeter sensor in contact
with such a patient.

16. The apparatus according to claim 14, wherein the
second parameter indicative of fractional arterial oxygen
concentration is one of Sa0,, PaO,, Ca0, or SpO,.

17. The apparatus according to claim 14, wherein the
patient flow measuring system includes a flow sensor dis-
posed proximate to such a patient’s airway such that gas
inhaled and exhaled by the patient passes through the flow
Sensor.

18. The apparatus according to claim 14, wherein the
oxygen analyzing system includes and oxygen analyzing
element comprising (a) an airway adapter having an optical
window and (b) an oxygen transducer having an photoemit-
ter and a photodetector, and wherein the oxygen analyzing
element is disposed proximate to such a patient’s airway
such that gas inhaled and exhaled by such a patient passes
in front of the optical window.

19. The apparatus according to claim 14, wherein the
means for inducing a change in such a patient’s arterial
oxygen concentration comprises a system for introducing a
non-oxygen breathing gas into a stream of gas to be inhaled
by such a patient.

20. The apparatus according to claim 14, wherein the
means for inducing a change in such a patient’s arterial
oxygen concentration comprises a rebreathing system for
causing such a patient to rebreathe gas exhaled by such a
patient.

21. The apparatus according to claim 20, wherein the
rebreathing system further comprises means for removing
carbon dioxide CO, from the exhaled gas before the exhaled
gas is rebreathed.

22. The apparatus according to claim 14, wherein the
processor determines:

(2) a deviation of such a patient’s oxygen uptake from a
baseline oxygen uptake level occurring responsive to
an induced a change in such a patient’s arterial oxygen
concentration;

(b) a deviation of such a patient’s arterial oxygen con-
centration from a baseline arterial oxygen concentra-
tion level occurring responsive to an induced a change
in such a patient’s arterial oxygen concentration; and

(¢) compares the deviation in oxygen uptake to the
deviation in arterial oxygen concentration.

23. The apparatus according to claim 22, wherein the
processor determines the deviation of such a patient’s oxy-
gen uptake by determining an effective area between the
baseline oxygen uptake level and an oxygen uptake curve
occurring responsive to the induced change in such a
patient’s arterial oxygen concentration, and determines a
deviation of such a patient’s arterial oxygen concentration
by determining an effective area between the baseline arte-
rial oxygen concentration level and an arterial oxygen
concentration curve occurring responsive to the induced
change in such a patient’s arterial oxygen concentration.

24. The apparatus according to claim 22, wherein the
processor determines the deviation of such a patient’s oxy-
gen uptake by determining a slope of a line extending
between the baseline oxygen uptake level and a point on an
oxygen uptake curve occurring responsive to the induced
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change in such a patient’s arterial oxygen concentration, and
determines the deviation of such a patient’s arterial oxygen
concentration by determining a slope of a line extending
between the baseline arterial oxygen concentration level and

a point on an arterial oXygen concentration curve occurring 5

responsive to the induced change in such a patient’s arterial
oxygen concentration.

25. The apparatus according to claim 22, wherein the
processor determines the deviation of such a patient’s oxy-
gen uptake by determining a magnitude between the base-

18

line oxygen uptake level and a point on an oxygen uptake
curve occurring responsive to the induced change in such a
patient’s arterial oxygen concentration, and determines the
deviation of such a patient’s arterial oxygen concentration
by determining a magnitude between the baseline arterial
oxygen concentration level and a point on an arterial oxygen
concentration curve occurring responsive to the induced
change in such a patient’s arterial oxygen concentration.
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