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(57) Abstract: The present invention provides a method for
continuous and non-invasive determination of the effective
lung volume, the cardiac output, and/or the carbon dioxide
content of venous blood of a subject (3). The method com-
prises the steps of, during a sequence of respiratory cycles,
measuring the inspiratory and expiratory flow to and from
the subject, and the carbon dioxide content of at least the ex-
piration gas. In each respiratory cycle, a first parameter (AF 4-
CO2) related to the fraction of alveolar carbon dioxide [F s-
CO,] of the subject, a second parameter (CaCO,) related to
the carbon dioxide content of the arterial blood [CaCO,] of
the subject, and a third parameter (VTCO,) related to carbon
dioxide elimination [VCO.] of the subject are determined
based on the measured inspiratory flow, expiratory flow and
carbon dioxide content. The effective lung volume, the cardi-
ac output, and/or the carbon dioxide content of venous blood
of the subject is then determined based on the correlation of
the first, second and third parameters in the sequence of res-
piratory cycles, preferably by solving an overdetermined sys-
tem of capnodynamic equations.
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METHOD FOR CONTINUOUS AND NON-INVASIVE DETERMINATION OF
EFFECTIVE LUNG VOLUME AND CARDIAC OUTPUT

TECHNICAL FIELD

The present invention relates to a method, a computer program and a device for
determining physiological parameters related to the effective lung volume, the
cardiac output, and/or the carbon dioxide content of venous blood of a subject. In
particular, the invention relates to non-invasive and continuous determination of
such parameters during ventilatory treatment of a patient, based on measured
inspiratory and expiratory flows, and carbon dioxide content of expiration gases.

BACKGROUND

Cardiac output (CO) is the rate at which blood is pumped by the heart to the organs
of the body. A parameter that is closely related to cardiac output is pulmonary
capillary blood flow (PCBF), i.e. the alveolar blood flow. The effective (non-shunt)
pulmonary capillary blood flow equals the cardiac output in case of no or neglected
cardiac shunt flow. Cardiac output and effective pulmonary capillary blood flow are

important measures of cardiovascular stability.

Effective lung volume (ELV) is normally defined as the volume of the lung that takes

part in gas exchange, and so is an important measure of the lung function.

Monitoring parameters related to cardiac output and effective lung volume is
important when the cardiovascular stability and/or the lung function is potentially
threatened, such as during surgery and in critically ill patients. For example, it is
often desired to monitor the effective lung volume and sometimes also cardiac
output during ventilatory treatment of a patient.

There are several solutions according to prior art for non-invasive determination of
parameters relating to cardiac output and/or effective lung volume. Some of these
solutions make use of various variations of the carbon dioxide Fick method where
the cardiac output of a patient is determined using the following basic relationship:
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Q = Veoz / (CvCO, —CaCoy),

where Q is cardiac output or pulmonary capillary blood flow, V¢ is the volume of
carbon dioxide excreted from the body of a patient during respiration (carbon dioxide
elimination), CvCO, is carbon dioxide content of the venous blood of the patient,

and CaCO; is the carbon dioxide content of the arterial blood of the patient.

Typically, a differential form of the carbon dioxide Fick equation is used to non-
invasively determine the cardiac output of the patient. Differential Fick techniques
are based on the premise that cardiac output and effective pulmonary blood flow
can be estimated based on the changes of other measurable parameters when a
change in the effective ventilation of the patient occurs. During mechanical
ventilation of a patient, such a change in effective ventilation may be effectuated e.g.
by varying the degree of rebreathing of expiration gases or by changing the tidal
volume, the respiratory rate or the so called insp-hold pause between inspiratory
phases and expiratory phases.

EP1257201 discloses an apparatus for non-invasively measuring pulmonary
capillary blood flow and cardiac output using known rebreathing techniques. In one
embodiment, data on carbon dioxide elimination (VCO,) and data on carbon dioxide
content of the arterial blood of the patient (CaCO.) are obtained and a correlation
coefficient between the carbon dioxide elimination data and the data on the carbon
dioxide content is determined. This correlation coefficient is then used to calculate at
least one of the mixed venous carbon dioxide content, the pulmonary capillary blood
flow, and the cardiac output.

US7699788 and W02006047212 disclose methods for non-invasively estimating
functional residual capacity or effective lung volume by obtaining carbon dioxide and
flow measurements at or near the mouth of a patient. The measurements are
obtained during baseline breathing and during and shortly after inducement of a
change in the subject’s effective ventilation. The obtained measurements are
evaluated to determine the amount of time required for exhaled carbon dioxide

levels to return to normal - effectively an evaluation of carbon dioxide "washout"
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from the subject's lungs. Conversely, carbon dioxide and flow measurements may
be evaluated to determine the amount of time it takes carbon dioxide to "wash in," or
reach peak levels within, the lungs of the subject following the change in the
subject's effective ventilation. Measures of the effective lung volume of the patient
are then determined from relationships between parameters relating to carbon
dioxide elimination and parameters relating to the carbon dioxide content of the
arterial blood.

US6217524 describes a method of continuously, non-invasively delermining the
cardiac output of a patient. The method includes intermittently measuring the
cardiac oulput, the volume of carbon dioxide exhaled by the patlient per breath, and
determining the arterial-vencus gradient of the patient or a similar substantially
constant valueg by dividing the volume of carbon dioxide exhaled by the measured
cardiac oulput. The arterial-venous gradient or similar substantially constant value
may then be employed o determine the cardiac cuiput of the patient on a breath-by-
breath basis. The carbon dioxide slimination, which is non-invasively measured as
the volume of carbon dioxide exhaled by the palient per breath, is divided by the
arterial-venous gradient or the substantially constant value to determine the cardiac
cutput. The method may also include generating a signal 1o compensats for any
non-metabolic changes in the carbon dioxide slimination, arterial-venous gradient,
or other respiratory or blood gas profile measurements that may be caused by a
change in ventilgtion or breathing of the patient.

Gedeon et al., “Pulmonary blood flow (cardiac output) and volume determined from
a short breath hold using the differential Flick method”, J. CLIN. MONIT. 17:313-321
(2002), describes a non-invasive method for determining the effective lung volume
of a subject using breath-holding techniques. Gedeon et al. also describes
equations that relate the pulmonary capillary blood flow of the subject to the
subject’s effective lung volume. The method is believed to provide inaccurate data
as it is based on the assumption that CO, inflow may not be significantly affected by
breath-holding, while breath-holding will cause a change in partial pressure of
carbon dioxide. This assumption is inconsistent with the Fick equation, in which
carbon dioxide elimination changes linearly with the partial pressure of carbon
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dioxide while the pulmonary capillary blood flow and the carbon dioxide content of
the venous blood (CyCO,) remain constant.

Peyton et al., “Noninvasive, automated and continuous cardiac output monitoring by
pulmonary capnodynamics: breath-by-breath comparison with ultrasonic flow
probe”, Anesthesiology 2006 Jul; 105(1):72—-80, describes a technique termed the
capnodynamic method for breath-to-breath measurement of pulmonary blood flow
from lung carbon dioxide mass balance, using measured carbon dioxide elimination
and end-tidal concentration. Here, a capnodynamic equation is used to eliminate the
parameter relating to carbon dioxide content of the venous blood of the patient
(C,COy) in order to obtain resulting equations from which the effective lung volume
and the cardiac output can be derived iteratively. To obtain the resulting equations
from which the effective lung volume and the cardiac output can be derived,
measurements must be made during two substantially equal breaths (two
hyperventilated or two hypoventilated breaths) and during two transient breaths (one
hyperventilated breath and one hypoventilated breath). This makes the method
proposed by Peyton et al. dependent on a certain ventilation pattern.

SUMMARY OF THE INVENTION

It is an object of the invention to enable non-invasive determination of parameters

relating to the cardiac output and/or the effective lung volume of a subject.

It is a further object of the invention is to enable simultaneous determination of
parameters relating to both the cardiac output and the effective lung volume of a
subject.

Yet another object of the invention is to provide a method for continuous monitoring
of parameters relating to cardiac output and effective lung volume of a subject
undergoing ventilatory treatment, which method is not limited to a certain ventilation
pattern.

These and other objects are achieved by a non-invasive method for determining at
least one physiological parameter related to the effective lung volume (ELV), the
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cardiac output (CO), and/or the carbon dioxide content of venous blood (CvCO,) of
the subject. The method comprises the steps of, during a sequence of respiratory
cycles, measuring both an inspiratory flow of inspiration gas inhaled by the subject
and an expiratory flow of expiration gas exhaled by the subject, and measuring the
carbon dioxide (CO,) content of at least the expiration gas. The method further
comprises the steps of determining, for each respiratory cycle in the sequence of
respiratory cycles, a first parameter related to the fraction of alveolar carbon dioxide
(FACOy) of the subject, a second parameter related to the carbon dioxide content of
the arterial blood (CaCQO,) of the subject, and a third parameter related to carbon
dioxide elimination (VCO,) of the subject, based on the measured inspiratory flow,
expiratory flow and carbon dioxide content. The at least one physiological parameter
is then determined based on the correlation of said first, second and third
parameters in the sequence of respiratory cycles, typically by solving an
overdetermined system of capnodynamic equations, as described below.

In situations where the inspiration gas inhaled by the subject comprises non-
negligible amounts of carbon dioxide, e.g. during full or partial rebreathing of
expiration gases, the method preferably comprises the steps of measuring also the
carbon dioxide content of the inspiration gas, and to take this content into account in
the determination of the first, second and third parameters related to FA,CO,, CaCO,

and VCO,, respectively.

The proposed method is based on a mathematical model describing the dynamics of
ventilation and perfusion of a lung. In a preferred embodiment of the invention, the
method employs a capnodynamic equation describing how the fraction of alveolar
carbon dioxide, FACO,, varies from one respiratory cycle to the next. The
capnodynamic equation may be based on a single-compartment lung model or a
multi-compartment lung model. In one exemplary embodiment of the invention, the

following capnodynamic equation for a single-compartment lung model is used:
V-AFACO,=At-Q-(CvCO,-CaCO,)-VTCO,, (Eg. 1)

where V is the effective lung volume of the subject during the respiratory cycle, AFACO, is 1l
change in volume fraction of alveolar carbon dioxide of the subject during the respiratory cy:
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At is the time between two subsequent expirations and so the duration (in time) of a respirat
cycle, Q is the effective or non-shunted pulmonary capillary blood flow (PCBF) of the subjec
during the respiratory cycle, CvCO, is the carbon dioxide content of venous blood of the
subject during the respiratory cycle, CaCO, is the carbon dioxide content of arterial blood of
the subject during the respiratory cycle, and VTCO. is the tidal volume elimination of carbor
dioxide of the subject, i.e. the volume of carbon dioxide eliminated by the subject during the
respiratory cycle.

By measuring the inspiratory and expiratory flows and the carbon dioxide content of the
expiration gas during a respiratory cycle, the parameters AF,CO,, CaCO, and VTCO, can |
calculated for that respiratory cycle. By calculating these parameters during a sequence of
respiratory cycles, each having a predetermined or measurable duration (At), the unknown
physiological parameters V, Q and CvCO,, corresponding to the effective lung volume, the
effective pulmonary capillary blood flow, and the carbon dioxide content of venous blood of
subject, respectively, can all be determined simultaneously based on the correlation of the
parameters AF,CO,, CaCO, and VTCO, in the different respiratory cycles of the analysed
sequence of respiratory cycles. That all of said physiological parameters can be determined
simultaneously means that they can all be determined by finding the solution to a single sys
of capnodynamic equations describing the relationships between said physiological parame
and said first, second and third parameters, as described in greater detail below.

The sequence of respiratory cycles analysed to determine the physiological parameters V, (
and CvCO, should comprise more than three, preferably at least five, and even more
preferably at least ten respiratory cycles. Calculating the values of the parameters AF,CO,,
CaCO, and VTCO, and inserting the parameter values together with the duration of the
respiratory cycle (At) into the above equation (Eq. 1) for each respiratory cycle yields an
overdetermined system of equations comprising one equation for each respiratory cycle in tl
analysed sequence of respiratory cycles. This overdetermined system of equations can ther
be solved with respect to the unknown physiological parameters V, Q and CvCO,, e.g. using
the method of least squares or any other method suitable for finding an approximate solutiol
an overdetermined system of equations. The solution depends on the correlation between tt
parameters AF,CO,, CaCO, and VTCO. in the different respiratory cycles.
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As understood by the skilled person, the above described calculation relies on the
assumption that the physiological parameters V, Q and CvCO are substantially
constant, or at least that they do not vary too much, during the sequence of
analysed respiratory cycles. It should thus be noted that the calculated values of the
physiological parameters V, Q and CvCO, can be said to represent mean values
during the analysed sequence of respiratory cycles.

By replacing the parameter values of AFACO,, CaCO,, VTCO, and At for the
“oldest” respiratory cycle in the overdetermined system of equations with
corresponding parameter values for the most recent respiratory cycle, the effective
lung volume, the effective pulmonary capillary blood flow and the carbon dioxide
content of venous blood of the subject can be continuously monitored in an effective

and reliable manner.

An advantage with the proposed method is that it can be used to determine
parameters relating to the effective lung volume, the cardiac output, and the carbon
dioxide content of venous blood of the subject simultaneously in an efficient and
reliable manner, as they are all given by the solution to a single system of equations.

Another advantage is that the proposed method can be used for any given
sequence of respiratory cycles as long as the carbon dioxide content in the
expiration gas exhaled by the subject varies slightly during the analysed sequence
of respiratory cycles. The method does not require any particular breaths in the
analysed sequence of respiratory cycles to be identified and compared with each
other. Instead, the method treats all breaths (i.e. respiratory cycles) equally and
provides updated values for the physiological parameters V, Q and CvCO, for each
respiratory cycle, no matter any change in the effective ventilation of the patient.
Thus, the method is independent of the ventilation pattern of the subject.

Preferably, the carbon dioxide content in the expiration gas exhaled by the subject
during the analyzed sequence of respiratory cycles should vary with at least 0,5%,
and preferably between 0,5-1%. The required variation in carbon dioxide content of
the expiration gas during the analysed sequence of respiratory cycles may occur
naturally during supported ventilation of a spontaneously breathing subject.
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However, there may be a desire to actively induce a variation in carbon dioxide
content of the expiration gas over time by introducing a change in the effective
ventilation of the subject. Such a change in effective ventilation may be effectuated
e.g. by varying the degree of rebreathing of expiration gases exhaled by the subject
or by changing the tidal volume, the respiratory rate or the inspiratory pause (often
called insp-hold pause) between inspiratory phases and expiratory phases.

If the method is used to continuously monitor physiological parameters of a patient
undergoing ventilatory treatment where changes in the effective ventilation are
introduced to actively vary the carbon dioxide content in the expiration gas exhaled
by the patient, the changes in ventilation are preferably effectuated such that the
patient is alternately subjected to hyperventilation and hypoventilation in a manner
making the mean ventilation over time correspond to an optimal degree of
ventilation of the patient. Preferably, the effective ventilation is changed such that
the variation in carbon dioxide content in the expiration gas exhaled by the subject is
0,5-1% during the sequence of analysed respiratory cycles.

In a refined embodiment of the invention, known variations in the subject’s effective
lung volume during the analysed sequence of respiratory cycles may be used to
obtain an updated value of the effective lung volume of the subject, which reflects
the current effective lung volume of the subject more accurately than the value
determined from the correlation analysis. This updated or “current” value of the
effective lung volume may be determined based on the differences between the
volume of inspired and expired gas in the respiratory cycles of the analysed
sequence of respiratory cycles, and the parameter related to the effective lung

volume determined from the correlation analysis.

Yet another advantage with the proposed method is that a priori information
providing an a priori value of one or more of the physiological parameters V, Q and
CvCO, may be used to obtain more accurate measures of the unknown quantities.
The a priori information may originate from other methods for measuring these
physiological parameters, including but not limited to blood gas measurements
providing an a priori value of the carbon dioxide content of venous blood (CvCO,) of
the subject, a wash-out procedure providing an a priori value of the effective lung
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volume (V) of the subject, and obtaining the body weight and measuring the heart
rate of the subject to provide an a priori value of the cardiac output or effective
pulmonary capillary blood flow (Q) of the subject. The a priori information may be
used to set a start value for one or more of the parameters V, Q and CvCO,, or to
lock one or two of the parameters to known and fix values. In another embodiment,
the above discussed overdetermined system of equations is expanded with
additional equations comprising a priori values of one or more of the parameters V,
Q and CvCO,, as discussed in greater detail in the detailed description following
hereinafter.

Preferably, the method further involves a step of calculating an error indicative of the
uncertainty in the determination of the physiological parameters. As long as the
measurable and/or known data (AFACO2, CaCO2, VTCO,, At, and any additional a
priori values of V, Q and CvCOy) are consistent with the mathematical model used,
the error will be small. If however, the measurable and/or known data are
inconsistent with the model, the error becomes big. In case of a big error, an alarm
signal indicating that the mathematical model is currently unreliable may be
generated. Preferably, the error is calculated continuously, i.e. on a breath-by-breath
basis, and the alarm signal is generated if the uncertainty exceeds a predetermined
threshold value.

According to another aspect of the invention, a device capable of performing the
above method is provided. To this end, the device comprises at least one flow
sensor for measuring, during a sequence of respiratory cycles of a subject, both an
inspiratory flow of inspiration gas inhaled by the subject and an expiratory flow of
expiration gas exhaled by the subject. It also comprises at least one gas analyser for
measuring the carbon dioxide content of at least the expiration gas exhaled by the
subject in each respiratory cycle of the analysed sequence. Furthermore, the device
comprises a control unit configured to determine, in each respiratory cycle in the
sequence of respiratory cycles, a first parameter related to carbon dioxide
elimination (VCO.) of the subject, a second parameter related to the carbon dioxide
content of the arterial blood (CaCO,) of the subject, and a third parameter related to
the fraction of alveolar carbon dioxide (FACO,) of the subject, based on the
measured inspiratory flow, expiratory flow and carbon dioxide content. The control
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unit is further configured to determine the at least one physiological parameter
related to the effective lung volume, the cardiac output, and/or the carbon dioxide
content of venous blood of the subject based on the correlation of said first, second
and third parameters in the sequence of respiratory cycles.

Although the device may be a stand-alone device exclusively used for monitoring
physiological parameters related to the effective lung volume, the cardiac output,
and/or the carbon dioxide content of venous blood of a subject, the above described
functionality is particularly intended to be incorporated into a breathing apparatus for
providing breathing assist to a patient undergoing ventilatory treatment, such as a

ventilator or an anaesthesia machine.

Preferably, such a breathing apparatus is equipped with a flow sensor and a gas
analyser arranged in or close to a Y-piece connecting an inspiratory branch and an
expiratory branch of the breathing apparatus with the patient. The flow sensor may
be configured to measure the inspiratory and expiratory flow to and from the patient
continuously to obtain a continuous flow curve representing the flow of gas into and
out of the airways of the patient over time. Likewise, the gas analyser may be
configured to measure the carbon dioxide content in the inspiration gas and the
expiration gas continuously to obtain a continuous CO, fraction curve representing
the carbon dioxide content inhaled and exhaled by the patient over time. A control
unit of the breathing apparatus may be configured to use the flow and carbon
dioxide content measurements to determine the first, second and third parameters
related to F,CO,, CaCO, and VCO,, respectively, for each respiratory cycle in the
analysed sequence of respiratory cycles, and to determine the at least one
physiological parameter related to the effective lung volume, the cardiac output,
and/or the carbon dioxide content of venous blood of the subject based on the
correlation of said first, second and third parameters in the sequence of respiratory
cycles.

The control unit of the breathing apparatus is further configured to control the
ventilation provided to the patient by the breathing apparatus, and is preferably
configured introduce a change in the effective ventilation of the patient to ensure
that the carbon dioxide content of the expiration gas varies with at least 0,5% and

10
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preferably between 0,5% and 1% during the analysed sequence of respiratory
cycles.

The control unit is preferably operable to cause the breathing apparatus to apply a
ventilation pattern to the patient comprising a sequence of hyperventilated breaths
followed by a sequence of hypoventilated breaths. This ventilation pattern may be
applied to the patient during the entire ventilatory treatment, meaning that the
patient is always either hyperventilated or hypoventilated. The sequences of
hyperventilated and hypoventilated breaths are preferably controlled such that the
total ventilation over time corresponds to a desired, optimal ventilation of the patient.
In one embodiment, the control unit is operable to cause a change in the duration of
the insp-hold-pause between inspiration phases and expiration phases to make the
breathing apparatus switch between hyperventilation and hypoventilation.

In other embodiments, to make the breathing apparatus switch between
hyperventilation and hypoventilation, the control unit may be operable to cause a
change in one or more of the tidal volume of breathing gas delivered to the patient
during inspiration, the respiratory rate, and the degree of rebreathing of expiration
gases exhaled by the patient.

The logic required to enable the device (a stand-alone device or a breathing
apparatus) to carry out the method is preferably implemented by means of software.
Thus, according to another aspect of the invention, a computer program for
determining at least one physiological parameter related to the effective lung
volume, the cardiac output, and/or the carbon dioxide content of venous blood of a
subject is provided. The computer program comprises computer readable code
which, when executed by a processor of a device configured as described above,
causes the device to carry out the inventive method.

Installing such a computer program on existing breathing apparatuses equipped with
means for measuring the flow of inspiration and expiration gases and the carbon
dioxide content of expiration gases allows existing breathing apparatuses to carry

out the inventive method.

11
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention 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.

Fig. 1 illustrates a device in form of a breathing apparatus according to an

exemplary embodiment of the invention.

Fig. 2 is a flowchart illustrating the basic principles of the invention.

Figs. 3A and 3B illustrate a visualization of a solution to an overdetermined equation
system which is solved to determine the unknown physiological parameters

according to an embodiment of the invention.

DETAILED DESCRIPTION

Fig. 1 illustrates a device 1 for continuous and non-invasive determination of one or
more physiological parameters related to the effective lung volume (ELV), the
cardiac output, and/or the carbon dioxide content of venous blood (CvCO,) of a
subject 3, according to an exemplary embodiment of the invention.

In this embodiment, the device 1 is a breathing apparatus, such as a ventilator or an
anaesthesia machine, for providing breathing assist to the subject 3. The breathing
apparatus comprises a control unit 5 for controlling the ventilation of the subject
based on preset parameters and measurements obtained by various sensors of the
breathing apparatus. Furthermore, the breathing apparatus comprises an inspiratory
branch 7 for conveying inspiration gases to the subject 3 and an expiration branch 9
for conveying expiration gases away from the patient. The inspiratory and expiratory
branches are connected to a patient connector 11 via a Y-piece 13.

A flow sensor 15 and a gas analyser 17 are arranged in the Y-piece 13 and
operable to measure the flows and the carbon dioxide (CO,) content, respectively,
of the inspiration and expiration gases to and from the subject 3. The control unit 5

12
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is configured to determine the physiological parameter(s) based on the
measurements obtained by the flow sensor 15 and the gas analyser 17. To this end,
the control unit 5 comprises a non-volatile memory 19 storing a computer program
that causes the control unit 5 to calculate the physiological parameter(s) according
to the principles described below, when executed by a processing unit 21 of the
control unit 5. Unless stated otherwise, all steps of the inventive method described
hereinafter are performed by the control unit 5 of the device 1 through execution of a

computer program.

Fig. 2 illustrates the basic principles of the proposed method for continuous and
non-invasive determination of the one or more physiological parameters. In the
description of the inventive method following hereinafter, simultaneous reference will

be made to the breathing apparatus in Fig. 1.

Each step of the method illustrated in Fig. 2 is performed once for each respiratory
cycle of the subject 3. A respiratory cycle comprises an inspiration phase and an
expiration phase and the time or duration of a respiratory cycle is typically defined
as the time between the end of an expiration phase and the end of the next
expiration phase. The duration of the respiratory cycles may vary depending on the
mode of ventilation and/or the ventilation pattern provided by the breathing
apparatus.

In a first step, S1, the inspiratory flow and the expiratory flow, as well as the carbon
dioxide content of at least the expiration gas but preferably also the inspiration gas
are measured by the flow sensor 15 and the gas analyser 17.

In a second step, S2, a first parameter related to the fraction of alveolar carbon
dioxide (FACO,) of the subject 3, a second parameter related to the carbon dioxide
content of the arterial blood (CaCO,) of the subject 3, and a third parameter related
to carbon dioxide elimination (VCO,) of the subject 3, are determined based on the
measurements received from the flow sensor 15 and the gas analyser 17.

In a third and last step, S3, the at least one physiological parameter related to the
effective lung volume, the cardiac output, and/or the carbon dioxide content of
venous blood of the subject 3 is determined based on the correlation of the first,
second and third parameters determined in step S2 in a sequence of N respiratory

13
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cycles. The sequence of respiratory cycles is preferably but not necessarily a
sequence of consecutive respiratory cycles comprising the last completed
respiratory cycle and the N-1 immediately preceding respiratory cycles.

The number of respiratory cycles, N, in the sequence on which the correlation
analysis is performed is preferably fixed. When using a preferred mathematical
model described in more detail below, the number of respiratory cycles in the
analysed sequence should be more than three, preferably five or more, and even
more preferably ten or more. By analysing more than three respiratory cycles, all
three parameters related to the effective lung volume, the cardiac output, and the
carbon dioxide content of venous blood of the subject 3 can be determined from the
relationships between the three dimensional data points defined by the values of the
first, second and third parameter in each respiratory cycle.

The first parameter determined in step S2 and related to the fraction of alveolar
carbon dioxide is preferably the change in volume fraction of alveolar carbon dioxide
of the subject during the respiratory cycle, i.e. the difference in volume fraction of
alveolar carbon dioxide (AFACO,) between the current respiratory cycle and the
preceding respiratory cycle. This parameter may be estimated from the measured
fraction of carbon dioxide in the expiration gas, e.g. as the difference between the
end-tidal carbon dioxide fractions (FetCO,) in the current previous respiratory cycle
and the previous respiratory cycle.

The second parameter determined in step S2 and related to the carbon dioxide
content of the arterial blood is preferably the carbon dioxide content of the arterial
blood (CaCO,) itself, measured in [MLcoz gas/Loiood]- AS well known in the art, CaCO,
can be calculated from a CO, dissociation curve function for the solubility of carbon
dioxide in arterial blood. CaCO, is assumed to depend on the partial pressure of
carbon dioxide in the arterial blood (PaCO,), which may be approximated as the
partial alveolar pressure of carbon dioxide (PACO.), which in turn can be derived
from the fraction of alveolar carbon dioxide (FACO,) and the barometric pressure
(PaCO,=P,-FACO,). The dissociation curve function can then be determined e.g.
using equations 6 and 8 in Capek JM, Roy RJ, “Noninvasive measurement of
cardiac output using partial CO2 rebreathing”, IEEE Trans Biomed Eng 1988; 35:
653-61.
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The third parameter determined in step S2 and related to carbon dioxide elimination
is preferably the tidal elimination of carbon dioxide (VTCO,), measured in
[MLcoz,gas]- This parameter may be derived from the measured inspiratory and
expiratory flows and the measured carbon dioxide content of the inspiratory and
expiratory gas by integrating the flow curve (0(t)) obtained by means of the flow
sensor 15, and the carbon dioxide fraction curve (FCO,(t)) obtained by means of the
gas analyser 17, during the respiratory cycle. The tidal elimination of carbon dioxide
may hence be calculated as:

VTCO,= f** 0(t)-FCO,(t) dt,
ee-At

where t,. is the point in time where the expiration phase ends (the end-expiratory
time) and Atis the duration of the respiratory cycle. The flow curve @(t) is here
defined as positive in the direction of expiratory flow. Unless the subject is ventilated
using rebreathing techniques or by means of a breathing apparatus having a
significant dead volume, the carbon dioxide content in the inspiration gas is very low
and can be ignored. In this case, it is not necessary to measure the carbon dioxide
content of the inspiration gas inhaled by the subject.

To determine the unknown physiological parameters related to the effective lung
volume, the cardiac output, and/or the carbon dioxide content of venous blood of the
subject, the method preferably employs the following capnodynamic equation for a
single-chamber lung model, which describes how the fraction of alveolar carbon
dioxide (FACO2) varies from one respiratory cycle to the next:

V-AFACO,=At-Q-(CvCO,-CaCO,)-VTCOy, (Eq. 1)

where V is the effective lung volume of the subject during the respiratory cycle,
AFACO, is the change in volume fraction of alveolar carbon dioxide of the subject
during the respiratory cycle, At is the time between two subsequent expirations and
so the duration (in time) of a respiratory cycle, Q is the effective pulmonary capillary
blood flow (PCBF) of the subject during the respiratory cycle, CvCO, is the carbon
dioxide content of venous blood of the subject during the respiratory cycle, CaCO, is
the carbon dioxide content of arterial blood of the subject during the respiratory
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cycle, and VTCO:. is the tidal volume elimination of carbon dioxide of the subject, i.e.
the volume of carbon dioxide eliminated by the subject during the respiratory cycle.

Introducing an index ‘K’ indicating the number of the respiratory cycle in the
analysed sequence of respirator cycles, and rearranging Equation 1 such that the
unknown parameters are gathered on the left-hand side of the equation yields:

V-AFACO,* - Q- CvCO,- At + Q-CaCO¥ - At'= -vTCOS (Eq. 2)

Writing this equation in matrix form for the respiratory cycles k=1, 2,...,N in the
analysed sequence of respiratory cycles yields:

AFACO} -At'  CaCO}at! -VTCO,
: : s Y :

AF,COK -att  cacok-att [- |Q-CvCO,| =|-vTCOX (Eq.3)
: : : Q :

AFACOY AN cacO) atM -VTCO)

When the analysed sequence of respiratory cycles N comprises more than three
breaths (i.e when N>3), this becomes an overdetermined system of equations and
the unknown parameter triplet {V, Q-CvCO,, Q} and hence the physiological
parameters V, Q, and CvCO; relating to the effective lung volume, the cardiac
output, and the carbon dioxide content of venous blood of the subject, respectively,
can be determined by finding an approximate solution to the overdetermined system
of equation. As well known in the art, the approximate solution to an overdetermined
system of equations can be calculated in different ways, e.g. using the method of
least squares. No matter which method is used, the solution to the overdetermined
system of equations will depend on the correlation of the parameters AF,CO,,
CaCO; and VTCO; in the respiratory cycles of the analyses sequence of respiratory
cycles.

This system of equations (Eq. 3) may be rewritten as A-x, = a, where

AFACOS -At'  CaCOl-at’ -VTCO}
: : : Vv :
A =|AFACO5 -at* CaCOkatt| xa = |QCVCO,|, and a = [-vTCOY
: : : Q :
AFACOY AN cacof-aty -vTCcOY
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An approximate solution for the parameter triplet {V, Q-CvCO,, Q} can then be
determined by minimizing the error |A-xA-a|. Using the method of least squares, the

solution may be calculated as:

Xa= (AT-A)'1-AT-a (Eq. 4)

In another embodiment, the basic capnodynamic equation (Eg. 1) may be modified
by dividing each term thereof with the duration of the respiratory cycle, At, to obtain

the following adjusted capnodynamic equation:
V-(AFACO,/AHK - Q-:CvCO, + Q-CaCO'§= -(VTCO/ADK k=1,2, ...,N (Eqg. 5)

Writing this equation in matrix form for the respiratory cycles k=1, 2,...,N in the
analysed sequence of respiratory cycles yields:

AFACOMAt" -1 CaCOj VTCO/AL
: : : V :
AFACOX/AtY -1 cacOk|-[Q-CvCO, | =] -vTCO/Atk (Eq. 6)
: : : Q :
LAFACOQ/AtN -1 CaCoy A L—VTCO?/AtN
A | 3 .

Using the method of least squares, the optimal solution to this overdetermined
system of equations (Eqg. 6) can be calculated as:

%a= (AT-A) " AT-a (Eq. 7)

In the case where the duration, At, of the analysed respiratory cycles varies, the
division by At implies a re-weighting of the contribution of the respective respiratory
cycle to the overall solution. This means that % (Eqg. 7) will differ slightly from xa

(Eq. 4) if At varies in the analysed sequence of respiratory cycles.

Thus, in order to ensure that all respiratory cycles in the analysed sequence, N, of
respiratory cycles is given equal weight, the basic capnodynamic equation (Eq. 1) is
advantageous compared to the modified capnodynamic equation (EqQ. 5).

17



WO 2013/141766 PCT/SE2012/050312

10

15

20

25

30

For each respiratory cycle, the parameter triplet {AFACO2/At, CaCO2, VTCO2/At}
define a data point in a three dimensional space spanned by said parameter triplet,
and the solution to the overdetermined system of equations can be visualized in
form of a plane that is fitted to the data points from the analysed sequence of
respiratory cycles in this three dimensional space. Such a plane 23 is illustrated in
Figs. 3A and 3B, wherein the data points defined by the parameter triplet
{AFACO2/At, CaCO2, VTCO2/At} for each respiratory cycle is represented by a
circle. Fig. 3A illustrates a perspective view of the plane 23, and Fig. 3B illustrates a
cross-sectional view of the plane 23 in said three dimensional space. The unknown
physiological parameters V and Q define the normal direction to the plane in the
three dimensional space, and the parameter Q-CvCO, defines the translation of the
plane along the VTCO2/At axis. The unknown physiological parameters V, Q and
CvCO, can hence be said to be determined by fitting a plane to a plurality of 3D
data points, where each data point is given by the values of the parameter triplet
{AFACO2/At, CaCO2, VTCO2/At } for a respective respiratory cycle in the analysed

sequence, N, of respiratory cycles.

In order to obtain a more accurate value of the current effective lung volume of the
subject, the model may be adjusted to take known variations in the subject’s
effective lung volume during the analysed sequence of respiratory cycles into
account. The control unit 5 is preferably configured to calculate the volume of
inspiration gas inhaled by the subject 3 in each inspiration phase and the volume of
expiration gas exhaled by the subject in each expiration phase. This may be
achieved by integrating the inspiration and expiration flows measured by the flow
sensor 15. Thereby, a difference AV between the inhaled gas volume, VTi, and the
exhaled gas volume, VTe, for each respiratory cycle can be determined as AV=VTi—
VTe. Then, for a given respiratory cycle nin the sequence of analysed respiratory
cycles, the end-expiratory lung volume of that respiratory cycle can be expressed
as:

V=V S AV (Eq. 8)

where V" is the end-expiratory lung volume of the subject in respiratory cycle n, V is
the end-expiratory lung volume of the subject in the respiratory cycle immediately

preceding the analysed sequence of respiratory cycles, and AV is the difference in
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end-expiratory volume between a respiratory cycle jand an immediately preceding
respiratory cycle.

Thus, all end-expiratory lung volumes in the analysed sequence of respiratory
cycles can be expressed as parts of an unknown end-expiratory volume V of the
respiratory cycle immediately preceding the analysed sequence. By inserting V" in
the basic capnodynamic equation (Eqg. 1), the right-hand side of Equation 2 can be
expressed as follows:

VTCO$ = -VTCOR+AFACOS 3L, AV! + AV"FACO3” (EQ. 9)

In this way, a fast update of the current effective lung volume of the subject (i.e. the
effective lung volume of the latest respiratory cycle, corresponding to respiratory
cycle number N in the analysed sequence of respiratory cycles) can be obtained by
calculating the effective lung volume V" of the last respiratory cycle in the analysed
sequence of respiratory cycles from the approximate value of the effective lung
volume V obtained by solving the above overdetermined system of equations (Eq. 3
or Eq. 6). The effective lung volume V" of the most recent respiratory cycle can then
be determined as:

V=V 3R AV (Eq. 10)

The approximation of the effective lung volume V obtained by solving the above
overdetermined system of equations (Eq. 3 or Eq. 6) must be interpreted as “the
best mean value” of the effective lung volume of the subject during the analysed
sequence of respiratory cycles 1 to N. Using the proposed addition of taking known
variations in the subject’s effective lung volume into account (Equations 8-10)
means that the unknown physiological parameters Q and CvCO:. relating to the
cardiac output and the carbon dioxide content of venous blood of the subject,
respectively, are assumed to be substantially constant during the analysed
sequence of respiratory cycles, while the effective lung volume V of the subject is
allowed to vary from breath to breath (i.e. from one respiratory cycle to another).

In the above example of compensation for variations in effective lung volume, the
approximation of the effective lung volume V obtained by solving the
overdetermined system of equations (Eq. 3 or Eq. 6) is assumed to correspond to
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the effective lung volume of the subject in the respiratory cycle immediately
preceding the analysed sequence of respiratory cycles. Of course, it is also possible
to assume that the calculated approximation V corresponds to the effective lung
volume of the last respiratory cycle in the sequence of analysed respiratory cycles,
and to count “backwards” to determine the effective lung volume of each respiratory
cycle in the analysed sequence taking the difference between the volumes of
inhaled inspiration gas and exhaled expiration gas into account. As understood by
the skilled person, this requires the expression for VTCO, (Eq. 9) to be modified
accordingly.

In order to calculate more accurate approximations of the physiological parameters
V, Q and CvCO,, the mathematical model may be adjusted by incorporation of a
priori information on one or more of these physiological parameters. The a priori
information may comprise one or more values of one or more of the physiological
parameters. Such values may be obtained through other methods of measurement,
by estimating the values based on physiological information about the subject, or
from the analysis of one or more sequences of respiratory cycles preceding the
sequence of respiratory cycles to be analysed using the method described herein.

For example, an a priori value of the carbon dioxide content of venous blood
(CvCO,) of the subject may be obtained from blood gas measurements, as well
known in the art. An a priori value of the effective pulmonary capillary blood flow of
the subject 3 may be estimated based on the body weight and the heart rate of the
subject, as suggested e.g. by Jegier et al. in Br Heart J. 1963 July; 25(4): 425—430.
A priori values of the physiological parameters may be provided to the control unit
15 of the device 1 through user input on a user interface of the device 1 (not shown).
An a priori value of the effective lung volume (V) of the subject can be determined
from a wash-out process, as also well known in the art. To this end, the control unit
15 of the device in Fig. 1 may be adapted to effectuate a wash-out process
according to prior art for determining the effective lung volume V of the subject 3,
prior to determination of the physiological parameters V, Q and CvCO, by means of
the method described herein.

The a priori information may be incorporated into the mathematical model by
expanding the above described system of equations through addition of one
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equation for each unknown parameter V, Q and CvCO.. For example, the system of

equations can be written as:

V-AFACO,X - Q-CvCO,- AtK + Q-CaCOk - at'=-vTCOK, k=1,2...N (Eq. 2)

V- Wi =Vapriori "Wy (EQ- 1 1)
(Q-CVCO,)  Wy=Q-CVCOp i * W2 (Eq. 12)
Q- W3=Qapriori " Ws, (EQ- 13)

where wy, w, and w; are weighting coefficients that give different weights to the
additional equations (Eq. 11 to Eq. 13) dependent on the size of the coefficients in
relation to the norm of the matrix A (or A) as defined above. The additional

equations can be re-written on matrix form as:

wy O 0 V Vapriori "Wy
0 wy -CvCOz, 0 W2 | [QCVCO,[= 0 (Eq. 14)
0 0 W3 Q Qapriori "W3

B Xc b

The total system of equations is then given by:

[5] %= (3] (Eq. 15)

v el
c

which can be solved with respect to the parameter triplet {V, Q-CvCO,, Q}, e.g.
using the method of least squares:

Xc= (CT-C)'1-CT-c (Eq. 16)

Preferably, the method further comprises the step of calculating an error indicating
the uncertainty in the determination of the one or more physiological parameters.
Using the basic capnodynamic model (Eq. 1) described above as an example, the
error, Ea, can be determined as the error in the best fit of (x¢) to the model:

Ea= (Axc-a) -(Axc -a), (Eq. 17)
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An error, Exracop, that is easier to interpret can be determined by normalising
Equation 3 with V. In this way, the system of equations Ax/V=a/V becomes
dimensionless and contains terms that should balance the change in volume fraction

of alveolar carbon dioxide (AFACO,) of the subject during the respiratory cycles:

Esraco,= (A'XS -a)T ' (A'XCV _a), (Eq. 18)

In another embodiment, an error can be determined for the expanded
capnodynamic model (Eqg. 15) comprising the additional “a priori” equations (Eq. 11-
13):

Ec= (Cxc-¢) - (Cxc -0), (Eq. 19)

As long as the values of the input parameters (AFACO,, VTCO,, At, CaCO,) and any
additional a priori values of V, CvCO, or Q fit well to the proposed lung model, the
error will be small. If the error is big, however, this indicates that the model is not
optimally adapted to the prevailing circumstances. For example, a big error may be
an indication that some of the unknown physiological parameters that are assumed
to be substantially constant during the analysed sequence of respiratory cycles
(CvCO,, Q and in some embodiments also V) actually varies. A big error may also
be an indication that the flow sensor 15 or gas analyser 17 malfunctions, or that
some other requirement that must be fulfilled in order for the model to properly
reflect the reality is not fulfilled. If the calculated error exceeds a predetermined
threshold value, an alarm signal indicating that the model is currently inconsistent
with observed data may be generated and provided visually or aurally to an operator
of the device 1 serving to monitor the physiological parameters of the subject 3.

It should be appreciated that the error as calculated according to any of the above
described principles, just like the determined values of physiological parameters V,
CvCO, and Q, will depend on the correlation between the data points defined by the
values of AFACO,, VTCO, and CaCO:. in the respiratory cycles of the analysed

sequence of respiratory cycles.

With reference again made to Fig. 1, the control unit 5 of the breathing apparatus is
preferably operable to change the effective ventilation of the subject 3 during the
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sequence of analysed respiratory cycles so as to cause a change in the carbon
dioxide content in the expiration gas exhaled by the subject of at least 0,5% during
said sequence. A change in carbon dioxide content in the expiration gas means that
some or all of the parameters FACO2, CaCO2, At and VTCO2 varies during the
analysed sequence of respiratory cycles, which is a requirement in order to solve
the above discussed overdetermined systems of equations with respect to the
unknown physiological parameters. Preferably, the control unit is configured to
cause a change in carbon dioxide content in the expiration gas of 0,5%-1% during
the analysed sequence of respiratory cycles.

An advantage with the inventive method as compared to other methods for
determining effective lung volume, cardiac output or carbon dioxide content of
venous blood of a subject is that it is independent of the type of change in
ventilation, and independent of the ventilation pattern provided to the subject. The
following is a list of non-exclusive examples of how the change in effective

ventilation of the subject may be effectuated by the control unit 5:

1) by varying the tidal volume delivered to the subject 3

2) by varying the respiratory rate of the subject 3

3) by varying the so called insp-hold pause between inspiratory phases and
expiratory phases,

4) by varying the degree of rebreathing of expiration gases exhaled by the subject
3 by means of partial rebreathing through a so called NICO loop (NICO — Non-
Invasive Cardiac Output)

5) by varying the degree of rebreathing of expiration gases exhaled by the subject
3 by means of partial rebreathing through the inspiratory branch 7 of the
breathing apparatus

An advantage with the techniques 3 to 5 is that the expiration phase of the
respiratory cycle is unaffected using these techniques, which is particularly
advantageous as the inventive method relies on measurements of the CO, content
in expiration gas exhaled by the subject and so requires sampling of the CO
content during the expiratory phases. An advantage with the techniques 1-3 is that
most breathing apparatuses (e.g. ventilators) of today can be adapted to carry out
the techniques merely by updating the software controlling the operation of the
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breathing apparatus. The techniques 4-5, on the other hand, typically require use of
hardware components not normally included in breathing apparatuses.

As previously mentioned, the control unit 5 is preferably configured to continuously
monitor the physiological parameters V, CvCO; and Q of the subject 3 during the
respiratory treatment provided by the breathing apparatus, which may require a
repetitive change in the effective ventilation of the subject in order for the carbon
dioxide content in the expiration gas to change during each analysed sequence of
respiratory cycles. In order to achieve a desired total ventilation of the subject, the
control unit 5 is preferably configured to vary the effective ventilation of the subject 3
such that the subject is alternately subjected to hyperventilation and hypoventilation
in a manner making the mean ventilation over time correspond to an optimal degree
of ventilation of the patient. This means that a change in the effective ventilation of
the subject is always directly followed by a change in the “opposite direction” — there
is no baseline ventilation (i.e. “normal” ventilation) of the subject in between the
hyperventilation phases and the hypoventilation phases.

To this end, the control unit 5 may be configured to determine, based on ventilation
parameters input to the breathing apparatus by an operator and indicating a desired
baseline ventilation to be provided to the subject, an optimal ventilation pattern in
form of a sequence of hyperventilated and hypoventilated breaths, which ventilation
pattern gives the same effect in terms of ventilation as the desired baseline
ventilation. For example, the ventilation parameters input by the operator may
comprise a parameter indicating a desired minute ventilation of the subject, whereby
the control unit may be configured to determine a sequence of hyperventilated and
hypoventilated breaths together resulting in said desired minute ventilation. The
sequence of hyperventilated and hypoventilated breaths is then continuously
repeated throughout the ventilatory treatment, meaning that a new sequence starts
directly after the last breath of a previous sequence.

An example of a ventilation pattern that has been found suitable when the analysed
sequence of respiratory cycles comprises ten breaths (i.e. N=10) is a ventilation
pattern comprising continuous alternations between five hypoventilated breaths and
five hypoventilated breaths. In a preferred embodiment, this ventilation pattern is
generated by changing the duration of the insp-hold-pause between inspiratory
phases and expiratory phases. For five breaths, the insp-hold-pause is shortened
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compared to a “normal” insp-hold-pause that would result in a desired baseline
ventilation of the subject, so as to deliver five hyperventilated breaths to the subject,
and for the following five breaths the insp-hold-pause is prolonged compared to said
“normal” insp-hold-pause, so as to deliver five hypoventilated breaths. This pattern
may be repeated as long as there is a desire to monitor the physiological
parameters using the inventive method described herein. As mentioned above, the
durations of the “shortened” and “prolonged” insp-hold-pauses are preferably
selected to make the minute ventilation of the subject correspond to the minute
ventilation that would have been obtained using the desired baseline ventilation.
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CLAIMS

1. A non-invasive method for determining at least one physiological parameter (V,
Q, CvCO:y,) related to the effective lung volume, the cardiac output, and/or the
carbon dioxide content of venous blood of a subject (3), the method comprising the
steps of, during a sequence of respiratory cycles:

- measuring an inspiratory flow of inspiration gas inhaled by the subject and an
expiratory flow of expiration gas exhaled by the subject, and

- measuring the carbon dioxide content of at least the expiration gas,

characterised in that the method further comprises the steps of:

- determining, for each respiratory cycle in the sequence of respiratory cycles, a first
parameter (AFACO2) related to the fraction of alveolar carbon dioxide [FACO,] of the
subject, a second parameter (CaCO,) related to the carbon dioxide content of the
arterial blood [CaCO,] of the subject, and a third parameter (VTCO,) related to
carbon dioxide elimination [VCO;] of the subject, based on the measured inspiratory
flow, expiratory flow and carbon dioxide content, and

- determining said at least one physiological parameter (V, Q, CvCO,) based on the
correlation of the first (AFACO2), second (CaCQO,) and third (VTCO,) parameters in

the sequence of respiratory cycles.

2. The method according to claim 1, wherein the step of determining said at least

one physiological parameter (V, Q, CvCO,) involves simultaneous determination of
a physiological parameter (V) related to the effective lung volume of the subject and
a physiological parameter (Q) related to the cardiac output of the subject, based on

said correlation.

3. The method according to claim 1, wherein the step of determining said at least
one physiological parameter (V, Q, CvCO,) involves simultaneous determination of
a physiological parameter (V) related to the effective lung volume of the subject, a
physiological parameter (Q) related to the cardiac output of the subject, and a
physiological parameter (CvCO2) related the carbon dioxide content of venous
blood of the subject, based on said correlation.
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4. The method according to any of the preceding claims, further comprising the
steps of:

- for each respiratory cycle in the sequence of respiratory cycles, inserting the
determined values of the first (AFACO2), second (CaCO,) and third (VTCO.,)
parameters into a capnodynamic equation describing a relationship between
parameters relating to effective lung volume, cardiac output, carbon dioxide content
of venous blood, fraction of alveolar carbon dioxide, carbon dioxide content of
arterial blood and carbon dioxide elimination of a subject, so as to form an
overdetermined system of equations, and

- determining the at least one physiological parameter (V, Q, CvCO,) by finding an
approximate solution to said overdetermined system of equations.

5. The method according to claim 4, wherein said capnodynamic equation is:
V-AFACO,=At-Q-(CvCO,-CaCO,)-VTCO,,

where V is the effective lung volume during the respiratory cycle, AFACO, is the
change in volume fraction of alveolar carbon dioxide during the respiratory cycle, At
is the duration in time of the respiratory cycle, Q is the effective pulmonary capillary
blood flow [PCBF] during the respiratory cycle, CvCO, is the carbon dioxide content
of venous blood during the respiratory cycle, CaCO, is the carbon dioxide content of
arterial blood during the respiratory cycle, and VTCO, is the tidal volume elimination
of carbon dioxide during the respiratory cycle.

6. The method according to any of the preceding claims, wherein the at least one
physiological parameter (V, Q, CvCQy,) is determined on a breath-by-breath basis
by, for each respiratory cycle, replacing the values of the first (AF,CO2), second
(CaCO:y,) and third (VTCO,) parameters obtained during the oldest respiratory cycle
in the sequence of respiratory cycles with the values obtained during the most
recent respiratory cycle.

7. The method according to any of the preceding claims, wherein at least a
physiological parameter (V) related to the effective lung volume of the subject 3 is
determined, further comprising the steps of:

- calculating the difference in volume (AV) of inspired and expired gas in each

respiratory cycle from the measured inspiratory and expiratory flows, and
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- determining an updated value of a current effective lung volume (V") of the subject

based on the determined physiological parameter (V) and said differences (AV).

8. The method according to any of the preceding claims, further comprising the
steps of obtaining, prior to determination of the at least one physiological parameter,
a priori information comprising at least one value of at least one of said physiological
parameters (V, Q, CvCO,) using another method for determination of at least one of
said physiological parameters, and using said a priori information in the
determination of the at least one physiological parameter (V, Q, CvCO,).

9. The method according to any of the preceding claims, further comprising the
steps of determining an error in the determination of the at least one physiological
parameter (V, Q, CvCO,) based on the correlation of the first (AF,CO2), second
(CaCO:,) and third (VTCO,) parameters in the sequence of respiratory cycles, and
generating an alarm signal if the error indicates that the correlation is weak.

10. A computer program for non-invasive determination of at least one physiological
parameter (V, Q, CvCO,) related to the effective lung volume, the cardiac output,
and/or the carbon dioxide content of venous blood of a subject (3) by means of a
device (1) comprising at least one flow sensor (15) for measuring an inspiratory flow
of inspiration gas inhaled by the subject and an expiratory flow of expiration gas
exhaled by the subject, at least one gas analyser (17) for measuring the carbon
dioxide content of at least the expiration gas exhaled by the subject, and a
processing unit (21),

characterised in that the computer program comprises computer readable code
which, when executed by said processing unit (21), causes the device (1) to carry
out the method according to any of the preceding claims.

11. A device (1) for non-invasive determination of at least one physiological
parameter (V, Q, CvCO,) related to the effective lung volume, the cardiac output,
and/or the carbon dioxide content of venous blood of a subject (3), the device
comprising: comprising the steps of, during a sequence of respiratory cycles:

- at least one flow sensor (15) for measuring an inspiratory flow of inspiration gas
inhaled by the subject and an expiratory flow of expiration gas exhaled by the
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subject, and

- at least one gas analyser (17) for measuring the carbon dioxide content of at least
the expiration gas,

characterised in that the device further comprises a control unit (5) configured to:

- determine, for each respiratory cycle in the sequence of respiratory cycles, a first
parameter (AFACO2) related to the fraction of alveolar carbon dioxide [FACO,] of the
subject, a second parameter (CaCO,) related to the carbon dioxide content of the
arterial blood [CaCO,] of the subject, and a third parameter (VTCO,) related to
carbon dioxide elimination [VCO,] of the subject, based on the measured inspiratory
flow, expiratory flow and carbon dioxide content, and

- determining said at least one physiological parameter (V, Q, CvCO,) based on the
correlation of the first (AFACO2), second (CaCQO,) and third (VTCO,) parameters in

the sequence of respiratory cycles.

12. The device (1) according to claim 11, wherein said control unit (5) comprises a
memory (19) storing the computer program according to claim 10, and a processing
unit (21) for executing the computer program to cause the device (1) to carry out the
method according to any of the claims 1-10.

13. The device (1) according to claim 11 or 12, wherein said device (1) is a
breathing apparatus for ventilatory treatment of the subject (3), such as a ventilator

or an anaesthesia machine.

14. The device (1) according to claim 13, wherein the control unit (5) is operable to
cause a change in the effective ventilation of the subject (3) such that the carbon
dioxide content of the expiration gas exhaled by the subject varies with 0,5%-1%
during said sequence of respiratory cycles.

15. The device (1) according to claim 14, wherein the control unit (5) is configured to
change the effective ventilation of the subject (3) such that the breathing apparatus
delivers a ventilation pattern with alternating sequences of hyperventilated and
hypoventilated breaths to the subject (3).
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