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(57) Abstract: The present disclosure relates to a method for determination of cardiac output or EPBF of a mechanically ventilated
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DETERMINATION OF CARDIAC OUTPUT OR EFFECTIVE PULMONARY
BLOOD FLOOW DURING MECHANICAL VENTILATION

TECHNICAL FIELD

The present disclosure relates to a method, a computer program and a system for
determination of cardiac output or effective pulmonary blood flow of a mechanically

ventilated subject.

BACKGROUND

Monitoring of cardiac output and EPBF (effective pulmonary blood flow) is important
when the cardiovascular stability of a subject is potentially threatened, e.g. during
surgery or in critically ill patients. Therefore, it is often desired to monitor the cardiac

output and/or the EPBF of mechanically ventilated patients.

Most non-invasive respiratory based methods for determination of cardiac output or
EPBF are based on some form of the basic physiological principle known as the
Fick principle. According to the Fick equation, the cardiac output of a patient may be

determined using the following basic relationship:

~ VCO2
- (cvco2-caco2)

Eq. 1

where Q is cardiac output, VCO2 is the volume of carbon dioxide excreted from the
body of a patient during respiration (carbon dioxide elimination), CvCO2 is the
carbon dioxide concentration in venous blood of the patient, and CaCO2 is the

carbon dioxide concentration in arterial blood of the patient.
As well known in the art, EPBF is directly derivable from the cardiac output as:

Q- (1-fs)=EPBF Eq. 2
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where fs is the pulmonary shunt fraction.

Most methods for cardiac output or EPBF determination employ differential Fick
techniques based on the premise that cardiac output and EPBF can be estimated
from measurable changes in CO2 elimination (VCO2) and partial pressure of CO2 of
expired alveolar gas (PACO2). The measurable changes in VCO2 are normally
introduced by changing the effective ventilation of the patient, meaning that the
cardiac output or the EPBF of the mechanically ventilated subject is determined
from an analysed sequence of breaths during which the effective ventilation of the
patient is changed to cause a change in VCO2. The calculations for determination of
cardiac output or EPBF and the ventilation pattern employed to cause the change in
VCO2 may vary. Examples of calculations and ventilation patterns employed in prior
art are described in e.g. WO 2006/119546, US7135001, W(Q2013/141766,
EP2799008 and PCT/SE2015/051357.

One problem associated with these methods is that they are based on the
assumption that the perfusion of the mechanically ventilated patient is constant
during the analysed sequence of breaths, i.e. the sequence of breaths during which
the flow and CO2 measurements used for cardiac output or EPBF determination are
obtained. This assumption is often incorrect since the perfusion depends in part on
the pressure in the thorax cavity, which in turn varies with the airway pressure of the
patient. For example, in cases where the change in effective ventilation of the
patient is effectuated by varying the duration of the expiratory phase of the breaths
delivered to the patient by the ventilator, e.g. by varying the duration of the
expiratory pause, the airway pressure during breaths of prolonged expiration is often
somewhat lower than the airway pressure during breaths having shorter expiration
phases. Therefore, the perfusion may be higher for breaths of prolonged expiration
compared to breaths having shorter expiration phases. This increase in perfusion
typically causes an increase in the level of CO2 in the lungs of the patient, which
increase is not accounted for in the calculations of the cardiac output or EPBF, and

so introduces a substantial error in the determination of cardiac output or EPBF.
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Consequently, there is a need for a more precise method for cardiac output or EPBF

determination.

SUMMARY OF THE DISCLOSURE

It is an object of this disclosure to provide for improved determination of the cardiac

output or EBPF of a mechanically ventilated subject.

In particular, it is an object of this disclosure to provide for improvements within the
field of respiratory based determination of the cardiac output or EPBF of

mechanically ventilated subjects.

This object is achieved according to one aspect of the present disclosure by a
method for determination of cardiac output or EPBF of a mechanically ventilated
subject, comprising the steps of introducing a change in the effective ventilation of
the subject, measuring expiratory flow and CO2 during a sequence of analysed
breaths during which the effective ventilation of the subject varies, and determining
the cardiac output or EPBF of the subject using the flow and CO2 measurements.
The method further comprises the steps of measuring also a relative variation in
cardiac output or EPBF during the sequence of analysed breaths, and using the

relative variation in the determination of cardiac output or EPBF.

By taking into account relative variations in the cardiac output or EPBF during the
sequence of analysed breaths, the accuracy in the determination of (absolute)

cardiac output or EPBF from measured flow and CO2 content can be increased.

As mentioned above, respiratory based determination of cardiac output or EPBF,
e.g. by means of a Fick based technique, requires the effective ventilation of the
subject to be changed to achieve a change in VCO2. As also mentioned above, this
change in effective ventilation may cause unpredictable changes also in cardiac
output and EPBF of the subject. By taking the relative variation in cardiac output or

EPBF during the analysed sequence of breaths into account, the change in cardiac
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output or EPBF caused by the change in effective ventilation can be compensated

for in the determination of actual cardiac output or EPBF of the ventilated subject.

The relative variation in cardiac output or EPBF may be measured by measuring a
quantity that varies in proportion to the cardiac output or EPBF of the ventilated

subject during the analysed sequence of breaths.

In one non-limiting embodiment of this disclosure, the step of measuring the relative
variation in cardiac output or EPBF involves a step of measuring an arterial pulse
pressure signal originating from the ventilated subject, allowing said relative
variation to be derived from a pulse pressure signal obtained during the sequence of
analysed breaths. The arterial pulse pressure (hereinafter referred to as pulse
pressure) signal carries information that is linearly proportional to the cardiac output
of the subject as long as the systemic vascular resistance of the subject is constant.
The systemic vascular resistance can be assumed to be substantially constant
during the relatively short sequence of analysed breaths (typically 4-12 breaths), or
changes in the systemic vascular resistance may be compensated. The pulse
pressure signal may be any of an invasive arterial pulse pressure signal obtained by
means of an artery catheter or the like, or it may be a non-invasive pulse pressure
signal obtained by means of a non-invasive pulse pressure device, such as a finger

cuff.

An advantage of determining the relative variation in cardiac output or EPBF from a
pulse pressure signal is that such signals are often readily available from
conventional hemodynamic monitors or cardiac output monitors used to monitor

hemodynamic parameters of mechanically ventilated patients.

In accordance with a non-limiting embodiment of this disclosure, the method
comprises the steps of determining, from the pulse pressure signal, an uncalibrated
measure of the cardiac output or EPBF of the ventilated subject, and using the
uncalibrated measure in the determination of the (absolute) cardiac output or EPBF
of the ventilated subject. That the measure is uncalibrated means that it varies in
proportion to the cardiac output or EPBF of the ventilated subject but is not in itself

indicative of an actual or absolute value of cardiac output or EPBF of the subject.
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This uncalibrated measure, hereinafter referred to as the uncalibrated pulse
pressure factor, PPynca, may be determined in any ways known in the art for deriving
an uncalibrated or nominal measure of cardiac output or EPBF from a pulse
pressure signal. For example, the uncalibrated pulse pressure factor may be

determined using uncalibrated pulse contour analysis.

The fact that the pulse pressure signal does not have to be calibrated is
advantageous in that the method can be performed without the need for complex
calibration techniques, such as the well-known transpulmonary thermodilution
technique employed by the PiCCO® plus system from Pulsion Medical Systems,
part of Maquet Getinge group, Munich, Germany. Furthermore, uncalibrated pulse
pressure measurement devices can be used for measuring the pulse pressure, thus
reducing the complexity and the cost of the equipment required for carrying out the

proposed method.

The determination of (absolute) cardiac output or EPBF is made in accordance with
some embodiments of this disclosure by using a Fick based technique, such as a

differential Fick technique.

Thus, according to one aspect of the present disclosure, it is proposed that an
uncalibrated method for cardiac output monitoring where the measurement signal is
proportional to the cardiac output of the ventilated subject, such as uncalibrated
pulse pressure or pulse contour analysis, is combined with a Fick based method for
determination of cardiac output or EPBF from respiratory flow and CO2 content, so

as to increase the accuracy in the cardiac output or EPBF determination.

Thus, while the above mentioned PiCCO system uses calibrated pulse pressure or
pulse contour analysis for determination of cardiac output, the proposed method
may employ uncalibrated pulse pressure analysis for measuring relative variations in
cardiac output, which variations are used to improve a Fick based method for

cardiac output or EPBF determination.

Information derived from the uncalibrated pulse pressure signal can be used in

different ways to improve the Fick based determination of cardiac output or EPBF.
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Also, the type of information derived from the uncalibrated pulse pressure signal and
used in the determination of the cardiac output or EPBF of the ventilated subject
may differ dependent on the quality of the pulse pressure signal and/or the required

accuracy in the cardiac output or EPBF determination.

In some embodiments, the relative variation in cardiac output or EPBF, derived from
the measured pulse pressure signal, can be used for post-modification of a cardiac
output or EPBF value calculated from the flow and CO2 measurements using a
conventional Fick based technique. This means that a first value of cardiac output or
EPBF, typically representing a mean value of cardiac output or EPBF during the
analysed sequence of breaths, may be calculated from the flow and CO2
measurements using any known Fick based technique, whereupon the first value is
modified based on the relative variation of cardiac output or EPBF during the
sequence of analysed breaths, as indicated by the measured pulse pressure signal.
If, for example, the pulse pressure signal indicates a substantial increase in cardiac
output or EPBF during the analysed sequence of breaths, the first value can be
slightly increased, e.g. by a fixed amount or a fixed percentage or an amount or a
percentage that is determined in dependence of the magnitude of the substantial
increase, so as to more accurately reflect the current cardiac output or EPBF of the

ventilated subject compared to said first value.

In accordance with some embodiments of this disclosure, however, data derivable
from the measured pulse pressure signal are integrated in the Fick based equations
that need to be solved in the Fick based determination of cardiac output or EPBF.
Instead of assuming constant cardiac output or EPBF for all breaths in the analysed
sequence of breaths, data indicative of the relative variation or cardiac output or
EPBF, derivable from the pulse pressure signal, may be included in said Fick based
equations which are then solved in order to obtain a more accurate cardiac output or
EPBF value taking said relative variation into account. For example, the above
mentioned uncalibrated pulse pressure factor, PP,nca, may be incorporated into the
Fick based equations to take relative variation in cardiac output or EPBF of the
ventilated subject into account in the cardiac output or EPBF determination. Besides
having the effect of improving the accuracy in cardiac output or EPBF determination,

inclusion of pulse pressure data indicative of the relative variation in cardiac output
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or EPBF into the Fick based equations may have the effect of shortening the

response time in cardiac output and EPBF determination.

In accordance with some embodiments of this disclosure, the Fick based technique
for cardiac output or EPBF determination employs a capnodynamic equation, or
rather a system of capnodynamic equations comprising one equation for each

breath in the analysed sequence of breaths.

According to one embodiment, the term related to cardiac output or EPBF in each
capnodynamic equation is replaced by a term k*PPyncq being a product of a constant
‘k” and the above mentioned uncalibrated pulse pressure factor, PPynca, which is
directly derivable from the pulse pressure signal. The term k*PP .., can be said to
constitute a variable pulse-pressure dependent measure of cardiac output or EPBF,
and the constant 'k’ can be said to constitute an unknown calibration constant
relating the uncalibrated pulse pressure factor to the actual cardiac output or EPBF
of the ventilated subject. Instead of solving the system of capnodynamic equations
with respect to cardiac output or EPBF, as made in differential Fick methods
according to prior art wherein cardiac output or EPBF is assumed to be constant
during the analysed sequence of breaths, the proposed system of capnodynamic
equations may be solved with respect to the constant ‘k’, which is assumed to
remain constant during the analysed sequence of breaths (which is true assuming
constant cardiovascular resistance). In this way, the term k*PPy..a1 Can be used as
an improved measure of (absolute) cardiac output or EPBF, taking variations in

cardiac output or EPBF during the analysed sequence of breaths into account.

According to another embodiment, the term related to cardiac output or EPBF in
each capnodynamic equation is multiplied by a “weighting factor” representing the
relative variation in the uncalibrated pulse pressure factor, PPynca. The system of
capnodynamic equations may then be solved with respect to cardiac output or
EPBF, in which case the weighting factor serves the purpose of causing the result to
depend on the relative variation in PPy,cq, @nd thus on relative variations in cardiac

output or EPBF during the analysed sequence of breaths.
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In certain embodiments of the present disclosure, the method further comprises an
alarm step, following the step of determination of cardiac output or EPBF, wherein
an alarm is generated if the determined cardiac output or EPBF value falls outside a
pre-set range. In this way, clinical personnel may be notified of unexpected
deviations in cardiac output or EPBF of the ventilated patient, thereby allowing them

to take appropriate measures in dependence of the clinical situations at hand.

The above described method is typically a computer-implemented method that is
carried out through execution of a computer program operating on a computer
system. Thus, according to another aspect of the present disclosure there is
provided a computer program for determination of cardiac output or EPBF of a
mechanically ventilated subject. The computer program comprises computer-
readable program code segments which, when executed by a processing unit, e.g. a
processor of the above mentioned control unit, causes an absolute value of cardiac
output or EPBF of a mechanically ventilated subject to be determined from
expiratory flow and CO2 measurements obtained during an analysed sequence of
breaths, and measurements indicative of a relative variation in cardiac output or

EPBF during said analysed sequence of breaths.

The computer program may comprise computer-readable code segments for
determining the cardiac output or EPBF of the ventilated subject in accordance with
any of the above described principles. The computer program may be stored in a

memory device of the above mentioned computer system.

According to yet another aspect of the present disclosure there is provided a
ventilation system configured to carry out the above described method for

determination of cardiac output or EPBF of a mechanically ventilated subject.

To this end, the system comprises a breathing apparatus, such as a ventilator or an
anaesthesia apparatus, for mechanically ventilating the subject. The breathing
apparatus is configured to introduce a change in the effective ventilation of the
ventilated subject, e.g. by changing the duration of breaths delivered to the subject.
The system further comprises a flow sensor and a CO2 sensor for measuring

expiratory flow and CO2 during a sequence of analysed breath during which the
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effective ventilation of the subject varies, and a control unit, e.g. a control computer,
configured to determine the cardiac output or EPBF of the subject using the flow and
CO2 measurements obtained by the flow sensor and the CO2 sensor during the
analysed sequence of breaths. Furthermore, the system comprises a device for
measuring a relative variation in the cardiac output or EPBF of the ventilated subject
during the analysed sequence of breaths, whereby the control unit is configured to

use also the relative variation in the cardiac output or EPBF determination.

The device for measuring the relative variation in cardiac output or EPBF is, in
accordance with certain embodiments of this disclosure, a pulse pressure device
configured to measure a pulse pressure signal indicative of the relative variation in
cardiac output or EPBF, whereby the control unit may be configured to use pulse
pressure data derived from the pulse pressure signal in the determination of cardiac
output or EPBF.

The device for measuring the relative variation in cardiac output or EPBF may
constitute an integral part of the breathing apparatus or be a separate device not
forming part of the breathing apparatus. Likewise, the control unit that determines
the cardiac output or EPBF of the ventilated subject using both the flow and CO2
measurements and the relative variations in cardiac output or EPBF may be a
control unit of the breathing apparatus or a control unit of an external monitoring
system for monitoring parameters related to the ventilated subject and/or the

operation of the breathing apparatus.

In one embodiment, the device for measuring a relative variation in the cardiac
output or EPBF of the ventilated subject is an external device not forming part of the
breathing apparatus, such as a haemodynamic monitor or cardiac output monitor,
whereas the control unit is an internal control unit of the breathing apparatus which
is configured to receive measurements of the relative variation in cardiac output or
EPBF from the external device. In accordance with some embodiments of this
disclosure, said external device is a device that is configured for uncalibrated pulse
pressure or pulse contour analysis, capable of transmitting uncalibrated pulse

pressure data indicative of the relative variation in cardiac output or EPBF to the
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breathing apparatus, for further processing by the control unit of the breathing

apparatus in accordance with any of the principles described above.

According to yet another aspect of the present disclosure there is provided a
5 ventilation system comprising a computer associated with the above described

computer program, wherein the computer program directs the computer to
determine cardiac output or EPBF of the mechanically ventilated subject from the
expiratory flow and CO2 measurements obtained during the analysed sequence of
breaths, and from the measurements indicative of the relative variation in cardiac

10  output or EPBF of the subject during said analysed sequence of breaths. In
accordance with certain embodiments of this disclosure, the computer may

constitute or form part of the control unit of the breathing apparatus.
More advantageous aspects of the proposed method, computer program and

15  system will be described in the detailed description of embodiments following

hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

20
Embodiments of this disclosure will become more fully understood from the detailed
description provided hereinafter and the accompanying drawings which are given by
way of illustration only. In the different drawings, same reference numerals
correspond to the same element.

25

Fig. 1 illustrates a system for determination of cardiac output or EPBF of a
mechanically ventilated subject, according to a first embodiment of the present

disclosure;

30 Fig. 2 illustrates a system for determination of cardiac output or EPBF of a
mechanically ventilated subject, according to a second embodiment of the present

disclosure;
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Fig. 3 is a flow chart illustrating a method for determination of cardiac output or
EPBF of a mechanically ventilated subject, according to a second embodiment of

the present disclosure.

DETAILED DESCRIPTION

Fig. 1 illustrates a system 1 for determination of cardiac output or EPBF of a
mechanically ventilated subject 3, hereinafter sometimes referred to as the patient,

according to a first non-limiting, illustrating embodiment of the present disclosure.

The system 1 comprises a breathing apparatus 5, such as a ventilator or an
anaesthesia apparatus, for providing ventilatory treatment to the patient 3. The
breathing apparatus 5 is connected to the patient 3 via an inspiratory line 7 for
supplying breathing gas to the patient 3, and an expiratory line 9 for conveying
expiration gas away from the patient 3. The inspiratory line 7 and the expiratory line
9 are connected to a common line 11, via a so called Y-piece 12, which common
line is connected to the patient 3 via a patient connector 13, such as a facemask or

an endotracheal tube.

The breathing apparatus 5 further comprises a control unit 14 for controlling the
ventilation of the patient 3 based on preset parameters and/or measurements
obtained by various sensors of the breathing apparatus. The control unit 14 controls
the ventilation of the patient 3 by controlling a pneumatic unit 15 of the breathing
apparatus 5, which pneumatic unit 15 is connected at one hand to one or more gas
sources 17, 19 and at the other hand to the inspiratory line 7 for regulating a flow
and/or pressure of breathing gas delivered to the patient 3. To this end, the
pneumatic unit 15 may comprise various gas mixing and regulating means well
known in the art of ventilation, such as gas mixing chambers, controllable gas

mixing valves and one or more controllable inspiration valves.

The control unit 14 comprises a processing unit 21 and a non-volatile memory 23
storing a computer program for determining the cardiac output or EPBF of the

patient 3 according to the principles described herein. Unless stated otherwise,
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actions and method steps described hereinafter are performed by, or caused by, the
control unit 14 of the breathing apparatus 5 upon execution by the processing unit

21 of different code segments of the computer program stored in the memory 23.

The breathing apparatus 5 further comprises at least one flow sensor 27 for
measuring at least an expiratory flow of expiration gas exhaled by the patient 3, and
at least one CO2 sensor 29 for measuring the CO2 content of at least the expiration
gas exhaled by the patient. The control unit 14 is configured to determine the
cardiac output or EPBF of the patient 3 at least partly based on flow and CO2
measurements obtained by the flow and CO2 sensor, respectively, as will be
described in more detail below. Preferably, the flow and CO2 sensors 27, 29 are

configured to measure also inspiratory flow and CO2 content.

In the illustrated embodiment, the flow sensor 27 and the CO2 sensor 29 form parts
of a capnograph 31 configured for volumetric capnography measurements. The
capnograph 31 is arranged in the proximity of the airway opening of the patient 3,
namely, in the common line 11 of the breathing circuit in which it is exposed to all
gas exhaled and inhaled by the patient 3. The capnograph 31 is connected to the
ventilator 5 via a wired or wireless connection 33, and configured to communicate
the result of the flow and CO2 measurements to the ventilator for further processing
by the processing unit 21 of the ventilator. The ventilator 5 may be configured to
generate a volumetric capnogram 35 from the flow and CO2 measurements
received from the capnograph 31, and, additionally, to display the volumetric

capnogram 35 on a display 37 of the ventilator.

The system 1 further comprises a device 39 for measuring a relative variation in
cardiac output or EPBF of the patient 3. Preferably, the device 39 is a pulse
pressure device or analyser for deriving pulse pressure data indicative of relative
variations in cardiac output or EPBF from the pulse pressure (i.e. arterial pressure)
of the patient 3. To this end, the system further comprises a pulse pressure signal
sensor 41 configured to detect a signal indicative of the pulse pressure of the patient
3. The pulse pressure signal sensor 41 may be a non-invasive pulse pressure
sensor, such as a finger cuff for pulse pressure measurement, or an invasive pulse

pressure sensor for invasive pulse pressure measurement, such as an artery
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catheter (arterial line) for pulse pressure measurement. In one embodiment, the
pulse pressure sensor 41 is an artery catheter configured for insertion into the

axillary, brachial or femoral artery of the patient 3.

In the illustrated embodiment, the pulse pressure device 39 is integrated in the
breathing apparatus 5 and connected to the pulse pressure sensor 41 via a
signalling line 42. The pulse pressure device 39 is further connected to the control
unit 14 of the breathing apparatus 5, and configured to provide the control unit with
pulse pressure data derived from the pulse pressure signal obtained by the sensor
41, for subsequent use by the control unit 14 in determination of cardiac output or
EPBF of the patient 3.

The control unit 14 is configured to determine the cardiac output or EPBF of the
patient 3 from the flow and CO2 measurements obtained by the flow and CO2
sensors 27, 29 using a non-invasive Fick method, which is adapted or
supplemented to take relative variations in cardiac output or EPBF into account by
using the pulse pressure measurements obtained by the pulse pressure sensor 41,

as will be described in more detail below.

Fick based determination of cardiac output or EPBF typically requires the level of
expired CO2 to change with at least 0.2% and preferably around 0.5% or more
during the analysed sequence of breaths. To this end, the control unit 14 is
configured to introduce a change in the effective ventilation of the patient 3 by
changing one or more breathing apparatus settings controlling the ventilation of the
patient 3, and to determine the cardiac output or EPBF of the patient based on the
flow and CO2 measurements obtained during an analysed sequence of breaths

during which the change in effective ventilation occurs.

As in most Fick based methods for cardiac output determination, the analysed
sequence of breaths may comprise any number of breaths but typically comprises 4
to 20 breaths, and preferably 4 t012 breaths. The analysed sequence of breaths
comprises at least one phase of increased ventilation and at least one phase of
decreased ventilation, wherein each phase of increased and decreased ventilation

comprises at least one breath, typically at least two breaths, and preferably two to
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six breaths. The transition from the phase of increased ventilation to the phase of
decreased ventilation, and vice versa, is effectuated by the change in effective
ventilation of the patient 3. The change in effective ventilation may be caused by the
control unit 14 in any manner known in the art, e.g. by changing the duration and/or

the tidal volume of the breaths delivered to the patient by the breathing apparatus.

Preferably, in order to determine cardiac output or EPBF continuously, the breathing
apparatus 5 is configured to ventilate the patient 3 using a cyclic ventilation pattern
comprising alternating phases of decreased and increased ventilation, wherein each
phase of decreased ventilation is immediately followed by a phase on increased
ventilation, and vice versa. Preferably, but not necessarily, the number of breaths in
each cycle of the cyclic ventilation pattern corresponds to the number of breaths in

the analysed sequence of breaths.

The pulse pressure data derived from the pulse pressure signal obtained by the
sensor 41 and used by the control unit 14 in the determination of cardiac output or
EPBF of the patient 3 may be any pulse pressure data indicative of the relative
variation of the cardiac output or EPBF of the patient 3. Preferably, the pulse
pressure data is indicative of the variation of a quantity that is directly proportional to
the cardiac output or EPBF of the patient. An advantage of the proposed concept for
cardiac output or EPBF determination is that the pulse pressure data can be derived
from an uncalibrated pressure pulse signal or, in other words, that the pulse
pressure data can be derived from the pulse pressure signal using an uncalibrated

method for pulse pressure or pulse contour analysis.

Pulse contour analysis is an indirect method for cardiac output estimation, the
original concept of which was first described by Otto Frank in 1899 as the classic
Windkessel model in “die Grundform des Arteriellen Pulses”, Zeitschrift fir Biologie
37: 483-526 (1899). Most pulse contour methods used today are derived from the
Windkessel model, including e.g. the Wesseling's ¢Z method, the Modelflow
method, the Hemac pulse contour method, the PulseCO cardiac output method, as
well as the above mentioned PiCCO method, all of which are described in further
detail in de Wilde et al., An evaluation of cardiac output by five arterial pulse contour

techniques during cardiac surgery, Anaesthesia, 2007, 62, pages 760-768.
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In order to determine an absolute value of cardiac output using any of these
methods, a nominal or uncalibrated measure of cardiac output derived from the
pulse contour analysis must be calibrated using an independent method for cardiac
output determination. Most often, an independent dilution technique, such as a
thermodilution or lithium dilution based method, is used to calibrate the uncalibrated

measure of cardiac output to obtain the absolute cardiac output value.

The uncalibrated cardiac output measure may be derived from the pulse pressure
signal in different ways, but is typically derived from the area under the systolic
portion of the arterial pulse pressure signal. Dividing the area under the systolic
portion of the pulse pressure signal by aortic impedance provides a measure of
stroke volume. Much simplified, an uncalibrated measure of cardiac output can then
be calculated as the so determined measure of stroke volume times the heart rate of
the patient, typically by first compensating in various ways for pressure dependent
non-linear changes in cross sectional area of the aorta, pressure reflections from the

periphery, the age of the patient, etc.

The pulse pressure data used in the calculations of cardiac output or EPBF
according to the principles of the present disclosure may comprise an uncalibrated
pulse pressure factor, herein referred to as PPy,ca, Which is calculated according to
any known principle for calculation of an uncalibrated measure of cardiac output
using pulse contour analysis. For example, PP,,.a may correspond to the
uncalibrated measure of cardiac output calculated in accordance with the above

described principles.

Thus, the proposed method may use an uncalibrated pulse pressure factor, PPycal,
that is derived from the pulse pressure signal and preferably from the area under the
systolic portion of the pulse pressure signal together with flow and CO2
measurements obtained during an analysed sequence of breaths in a Fick based
method for cardiac output or EPBF determination, to take relative variations in
cardiac output or EPBF during the analysed sequence of breath, as reflected by the

uncalibrated pulse pressure factor, into account in the determination.
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In some embodiments, the control unit 14 may be configured to determine a first and
approximate cardiac output or EPBF value from the flow and CO2 measurements
obtained during the analysed sequence of breaths using any known Fick based
technique, such as any of the techniques described in WO 2006/119546,
US7135001, WO2013/141766, EP2799008 or PCT/SE2015/051357, and to adjust
the approximate cardiac output or EPBF value based on any relative variation in
cardiac output or EPBF during the analysed sequence of breaths, as indicated by
uncalibrated pulse pressure factor, PP,,ca. For example, the control unit 14 may be
configured to determine a second and actual cardiac output or EPBF value by
increasing or decreasing the approximate cardiac output or EPBF value by an
amount or percentage that may be preset or selected in dependence of the
magnitude of the relative variation in cardiac output or EPBF, as indicated by the
pulse pressure signal measured during the analysed sequence of breaths. This
means that the method may involve calculation of a variable absolute value of, e.g.,

EPBF according to the principle:

EPBF = EPBF,, - f(PP Eq. 3

variable * uncal )

where EPBF 401 hence is an absolute value of EPBF calculated according to the
principles of the present disclosure, EPBFg is an EPBF value calculated using any
known Fick technique assuming constant EPBF during the analysed sequence of
breaths, and f(PPca) is any suitable function of an uncalibrated pulse pressure
factor PPyncq indicative of relative variations in cardiac output or EPBF during the

analysed sequence of breaths.

In another embodiment, the control unit 14 is configured to determine the cardiac
output or EPBF of the patient 3 using a Fick based method employing a
capnodynamic equation in which the term related to cardiac output or EPBF is
replaced by a term that is a product of a constant, k, and the pulse pressure factor
PPuncal derived from the pulse pressure measurements, which factor varies in

proportion to the cardiac output or EPBF of the patient 3.

For each breath, n, in the analysed sequence of breath, the following capnodynamic

equation applies:
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ELV - (F,CO2" —F,CO2"")= At" -EPBF" - (CvCO2 - CaCO2" ) VTCO2"
Eq. 4

where ELV is the effective lung volume of the patient during the analysed sequence
of breath (assumed to be constant), FACO2" — FACO2™" (AFACO2)is the change in
volume fraction of alveolar CO2 of the patient since the last breath, At" is the
duration of the breath, EPBF" is the effective pulmonary blood flow of the patient
during the breath, CvCO, is the carbon dioxide content of venous blood of the
patient during the analysed sequence of breaths (assumed to be constant), CaCO,
is the carbon dioxide content of arterial blood of the patient during the breath, and
VTCO:s is the tidal volume elimination of CO2 of the patient during the breath, i.e.
the volume of CO2 eliminated by the patient during the breath.

This equation is similar to equations used for determination of cardiac output or
EPBF according to prior art (cf. equation 1 in W02013/141766), with the difference
that EPBF is not treated as being constant during the analysed sequence of breaths

but rather as being allowed to vary between breaths of the analysed sequence.

The control unit 14 may be configured to use a modified version of equation 4
wherein, for each breath in the analysed sequence of breaths, EPBF is expressed in
terms of PPyncal, determined by the pulse pressure device 39 from the pulse

pressure signal obtained by the sensor 41, according to:

ELV - (F,CO2" ~F,CO2"")= At" .k -PP!, - (CvCO2 - CaCOR" - VTCO2"
Eq. 5A

In equation 5A, EPBF" in equation 4 has been replaced by a term k- PP, ., which is

a product of a constant ‘k’ and the pulse pressure factor PP . The term k-PPyqcal
can be said to constitute a variable pulse-pressure dependent measure of cardiac
output or EPBF, and the constant ‘k’ can be said to constitute a calibration constant
relating relative variations in the uncalibrated pulse pressure factor PP . to actual

variations in cardiac output or EPBF of the patient 3.

PPuncal is thus a measured quantity that may vary between consecutive breaths, and
the constant ‘k’ is determined by solving the capnodynamic equation 5 using
measurement values of F,CO2, CaCO2 and VTCO2, directly obtainable from the
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flow and CO2 measurements obtained by the flow and CO2 sensors 27, 29.
Preferably, ‘K’ is determined in accordance with the principles described in
W02013/141766, which means that the parameter triplet {ELV, k, CvCQO2} is
determined by solving or rather finding an approximate solution to an
overdetermined system of equations comprising one capnodynamic equation
corresponding to equation 5 for each breath in the analysed sequence of breaths,

e.g., by using the method of least squares.

Once the value for the constant ‘k’ has been calculated, a current value of the
variable EPBF of the patient 3 may be determined in accordance with the principles

of the present disclosure as:

EPBF arianie” = K- PPL:\:ICM Eqg. 6A
where PP} __ is the pulse pressure factor determined for the last breath, N, in the

analysed sequence of breath.

In other embodiments, the control unit 14 may be configured to use the following
modified version of equation 4 in the determination of a current value of the variable
EPBF of the patient 3:

- n
ELV - (F,CO2" - F,CO2"")= At" . EPBF - Lrueal . (CyCO2 - CaCO2")- VTCO2"

uncal

Egq. 58

where EPBFis a mean value of EPBF during the analysed sequence of breaths and
PPuncal is the mean value of PPunca during the analysed sequence of breaths. The
factor PP[ ./ PPuncal IS @ measure of the relative variation in PP.nca for each breath
n, which, when solving equation 5B with respect to ﬁ:, serves to take the
relative variation in cardiac output or EPBF during the analysed sequence of breaths
into account in the determination of EPBF . In accordance with the above described

principles for determination of the constant ‘k’, EPBF may be determined by solving
equation 5B using the method described in WO2013/141766, which means that the

parameter triplet {ELV, EPBF, CvC02} is determined by solving an overdetermined
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system of equations comprising one capnodynamic equation corresponding to

equation 5B for each breath in the analysed sequence of breaths.

The control unit 14 of the breathing apparatus 1 may be configured to determine the

value of the variable EPBF of the patient 3 to correspond to the thus determined

mean value, EPBF:

EPBF. =EPBF Eq. 6B

variable *

Although the variable EPBF value, EPBF 4.0, determined in accordance with
equation 6B represents a mean value of EPBF during the analysed sequence of
breaths, it should be noted that this is a more accurate mean value than those
determined using conventional Fick techniques in which EPBF is assumed to be

constant during the analysed sequence of breaths. To some extent, the factor
PP} /PPuncal in equation 5B may be regarded as a weighting factor for EPBF,

serving to take relative variations in cardiac output or EPBF into account in the
EPBF determination.

Furthermore, although equations 5A and 5B are similar in nature, equation 5B may
be advantageous in that a measure of the variable EPBF of the patient 3 is obtained
as a direct result of solving the system of equations. Yet further, while use of
equation 5A involves determination of a calibration constant 'k’ to be multiplied by
the uncalibrated pulse pressure factor PP, €quation 5B clearly illustrates the
advantage of the proposed method of not requiring calibration of the pulse pressure

data used in the cardiac output or EPBF determination.

As well known in the art, cardiac output relates to EPBF according to the formula:
CO-(1-f,)=EPBF Eq. 7

where CO is cardiac output and fs is the pulmonary shunt fraction, meaning that
cardiac output is directly proportional to EPBF in case of constant shunt. For the
sake of completeness, it should be mentioned that in the above calculations, the

shunt fraction is assumed to be constant during the analysed sequence of breaths. If
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s0, the pulse pressure factor PP . Will be directly proportional to both cardiac
output and EPBF, and the above calculations will provide an accurate absolute
value of the variable EPBF, EPBF 1.0, Of the patient 3. If, however, the shunt
fraction varies during the analysed sequence of breaths, the above equations may
be modified to take such variations into account. If desired, once the actual value of
EPBF, EPBF.aiabe, has been determined in accordance with equation 3, 6A or 6B,
an actual value of cardiac output can be determined from equation 7 by employing

any method known in the art for determination of the shunt fraction fs.

Fig. 2 illustrates a system 1 for determination of cardiac output or EPBF of a
mechanically ventilated patient 3, according to a second embodiment of the present

disclosure.

The system 1 is identical to the system illustrated in Fig. 1, with the exception that
the pulse pressure device 39 for obtaining and providing to the control unit 15 the
pulse pressure data indicative of the relative variation in cardiac output or EPBF of
the patient 3 is not integrated in the breathing apparatus 5. Instead, the pulse
pressure device 39 is a separate stand-alone device which is communicatively
connected to the breathing apparatus 5 via a wired or wireless signalling line 43,
and configured to transmit pulse pressure data derived from the pulse pressure
signal to the control unit 14 via the signalling line, for subsequent use of the pulse
pressure data by the control unit 14 in the determination of cardiac output or EPBF

of the patient 3, as described above with reference to Fig. 1.

The stand-alone pulse pressure device 39 may be a hemodynamic monitor or
cardiac output monitor. For example, the stand-alone pulse pressure device 39 may
be a conventional hemodynamic monitor of the type employed by the PICCO® plus
system from Pulsion Medical Systems. As mentioned above, the nominal or
uncalibrated measure of cardiac output, often referred to as PCCO, provided by the
PiCCO monitor and obtained through pulse contour analysis, is normally calibrated
using transpulmonary thermodilution technique. If the PiCCO system is not
calibrated, the PCCO values delivered by the PiCCO monitor will represent
uncalibrated measures of the cardiac output of the patient 3, which measures are

still indicative of the relative variation in cardiac output or EPBF of the patient 3 and
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s0 can be used by the control unit 14 as the uncalibrated pulse pressure factor,
PPuncal, in the determination of absolute cardiac output or EPBF, as described

above.

The stand-alone pulse pressure device 39 is seen to comprise a processing unit 45
and a memory 47 storing a computer program for calculation of an uncalibrated
measure of cardiac output or EPBF of the patient 3 based on a pulse pressure
signal obtained by the pulse pressure sensor 41, connected to the pulse pressure
device 39 via the signalling line 42. The pulse pressure device 39 is further seen to
include a display unit 48 for the display of information related to the pulse pressure
signal, the cardiac output and/or the EPBF of the patient 3. In the illustrated
scenario, a signal curve 51 representing the pulse pressure signal detected by the

pulse pressure sensor 41 is displayed on the display unit 49.

Fig. 3 is a flow chart illustrating a method for determination of cardiac output or
EPBF of a mechanically ventilated subject, according to an embodiment of the

present disclosure.

In a first step, S1, expiratory flow and CO2 as well as relative variations in cardiac
output or EPBF of the subject are measured during an analysed sequence of
breaths. As mentioned above, expiratory flow and CO2 may be measured using a
capnograph, or the like, such as the capnograph 31 schematically illustrated in Figs.
1 and 2, devised to measure flow and CO2 content of expiration gases exhaled by
the subject. Relative variations in cardiac output or EPBF may be measured by any
device capable of measuring a quantity that varies in proportion with the cardiac
output or EPBF of the patient, such as the pulse pressure device 39 schematically

illustrated in Figs. 1 and 2.

In a second step, S2, a change in the effective ventilation of the subject is
introduced in order to cause a change in the level of expired CO2, thereby allowing
the cardiac output or EPBF of the ventilated subject to be determined from the
expiratory flow and CO2 measurements using a Fick based method for cardiac
output or EPBF determination. The change in effective ventilation is introduced

during the taking of such measurements such that the level of expired CO2 varies
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during the analysed sequence of breaths. This means that measurements are
obtained both prior to and after a change in the level of expired CO2, caused by the

change in effective ventilation.

In a third step, S3, the cardiac output or EPBF of the ventilated subject is
determined from the expiratory flow and CO2 measurements and the measurements
of the relative variation in cardiac output or EPBF of the subject, obtained during the
analysed sequence of breaths. For example, a current actual value of cardiac output
or EPBF of the ventilated subject can be determined from the measurements using

any of equation 3, 6A or 6B.

In a subsequent step (not shown), the cardiac output or EPBF value determined in
step S3 may be compared with one or more threshold values, defining a
recommended and pre-set range for cardiac output or EPBF, whereupon an alarm
signal may be generated in response to the comparison should the determined

cardiac output or EPBF value fall outside the recommended range.

The method is typically computer-implemented, meaning that it is performed through
execution of a computer program. As mentioned above, the various method steps
are typically performed by, or caused by, the control unit 14 of the breathing
apparatus 5 upon execution by the processing unit 21 of different code segments of

the computer program, which may be stored in the hardware memory device 23.
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CLAIMS

. A method for determination of cardiac output or EPBF of a mechanically

ventilated subject (3), comprising the steps of:

- introducing (S2) a change in the effective ventilation of the subject (3);

- measuring (S1) expiratory flow and CO2 during a sequence of analysed
breaths during which the effective ventilation of the subject (3) varies, and

- determining (S3) the cardiac output or EPBF of the subject (3) using the flow
and CO2 measurements,

characterised by the steps of:

- measuring (S1) also a relative variation in cardiac output or EPBF during the
sequence of analysed breaths, and

- using the relative variation in said determination (S3) of cardiac output or
EPBF.

The method of claim 1, wherein the step of measuring the relative variation in
cardiac output or EPBF involves measuring a pulse pressure signal during the

sequence of analysed breaths.

The method of claim 2, further comprising the steps of determining, from the
pulse pressure signal, an uncalibrated pulse pressure factor, PP ., that varies
in proportion to the cardiac output or EPBF of the ventilated subject (3), and
using the uncalibrated pulse pressure factor in the determination of cardiac
output or EPBF.

The method of any of the preceding claims, wherein the determination of the
cardiac output or EPBF of the ventilated subject (3) is made using a Fick based

technique.

The method of claim 3 and 4, wherein the Fick based technique employs a
capnodynamic equation or a system of capnodynamic equations in which the
uncalibrated pulse pressure factor, PPyca), is incorporated to take the relative
variation in cardiac output or EPBF of the subject (3) into account in the cardiac

output or EPBF determination.
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The method of any of the preceding claims, further comprising a step of
generating an alarm if the determined cardiac output or EPBF value falls outside

a pre-set range.

A computer program for determination of cardiac output or EPBF of a
mechanically ventilated subject, comprising program code segments which,
when executed by a processing unit (21), cause the cardiac output or EPBF of
said subject to be determined using expiratory flow and CO2 measurements
obtained during an analysed sequence of breaths, characterised in that said
code segments cause the cardiac output or EPBF to be determined also using
measurements of a relative variation in cardiac output or EPBF during said

analysed sequence of breaths.

A computer program product comprising a non-volatile memory (23) storing the

computer program according to claim 7.

A system (1) operable to determine cardiac output or EPBF of a mechanically

ventilated subject (3), comprising:

- abreathing apparatus (5) for mechanically ventilating the subject (3),
configured to introduce a change in the effective ventilation of the subject (3);

- aflow sensor (27) and a CO2 sensor (29) configured to measure expiratory
flow and CO2 during a sequence of analysed breaths in which the effective
ventilation of the subject (3) varies, and

- acontrol unit (14) configured to determine the cardiac output or EPBF of the
subject using the flow and CO2 measurements obtained during said
analysed sequence of breaths,

characterised in that the system (1) further comprises a device (39) that

measures a relative variation in the cardiac output or EPBF of the ventilated

subject (3) during the analysed sequence of breaths, the control unit (14)

configured to use the relative variation in the determination of the cardiac output

or EPBF.

The system of claim 9, wherein the device (39) is a pulse pressure device

configured to measure a pulse pressure signal indicative of the relative variation
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of cardiac output or EPBF, the control unit (14) configured to use pulse pressure
data derived from the pulse pressure signal in the determination of cardiac
output or EPBF.

11. The system of claim 10, wherein the pulse pressure data comprises an

uncalibrated pulse pressure factor, PP, that varies in proportion to the
cardiac output or EPBF of the ventilated subject (3).

12. The system of any of the claims 9 to 11, wherein the control unit (14) is

configured to determine the cardiac output or EPBF of the ventilated subject (3)

using a Fick based technique.

13. The system of claims 11 and 12, wherein the control unit (14) is configured to

use a Fick based technique employing a capnodynamic equation or a system of
capnodynamic equations in which the uncalibrated pulse pressure factor, PPyqcal,
is incorporated to take the relative variation in cardiac output or EPBF of the

subject (3) into account in the cardiac output or EPBF determination.

14. The system of any of the claims 9-13, wherein the device (39) that measures the

relative variation in the cardiac output or EPBF of the ventilated subject (3) is an
external device not forming part of the breathing apparatus (5), and the control
unit (14) is an internal control unit of the breathing apparatus (5) and configured
to receive measurements of the relative variation in cardiac output or EPBF from
the external device.

15. The system of any of the claims 9-13, wherein the device (39) that measures the

relative variation in the cardiac output or EPBF of the ventilated subject (3) is at

least partly integrated in the breathing apparatus (5).
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