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SYSTEM AND METHOD FOR DETERMINING
CARBON DIOXIDE EXCRETED DURING
NON-INVASIVE VENTILATION

BACKGROUND
[0001] 1. Field of the Disclosure
[0002] The invention relates to determining the amount of

carbon dioxide, and/or some other molecular species of gas,
excreted during non-invasive ventilation.

[0003] 2. Description of the Related Art

[0004] During invasive ventilation a sealed engagement is
maintained between a respiratory circuit and the airway of the
subject by an invasive interface appliance. For example, an
endotracheal tube may maintain such a seal as pressurized gas
is delivered to mechanically ventilate the subject. In such a
configuration, determining excreted carbon dioxide or some
other molecular species (e.g., to monitor gas exchange) may
be fairly straightforward.

[0005] Innon-invasive ventilation, pressurized gas causing
mechanical ventilation is delivered to the airway of a subject
via a non-invasive interface appliance. The non-invasive
interface appliance interfaces in an unsealed manner with one
or more external orifices of the airway of the subject. For
example, a breathing mask forms a cavity that engages the
face of the subject about the nose and mouth. Because non-
invasive interface appliances allow for leakage of gas during
respiration, accurate and/or precise detection of carbon diox-
ide may be more complicated (e.g., as excreted gas escapes
through leaks).

SUMMARY

[0006] One aspect of the disclosure relates to a system
configured to determine a volume of carbon dioxide excreted
by a subject during respiration. In one embodiment, the sys-
tem comprises one or more gas parameter sensors, a carbon
dioxide sensor, and a processor. The one or more gas param-
eter sensors are configured to generate output signals convey-
ing information related to pressure and/or flow in a respira-
tory circuit. The respiratory circuit comprises a non-invasive
subject interface appliance configured to non-invasively com-
municate with the airway of a subject. The carbon dioxide
sensor is configured to generate output signals conveying
information related to the concentration of carbon dioxide
present in the respiratory circuit. The processor is configured
to execute one or more modules including a concentration
module, a leak module, and a carbon dioxide module. The
concentration module is configured to determine the concen-
tration of carbon dioxide in gas expired from the airway of the
subject during expiration based on the output signals gener-
ated by the carbon dioxide sensor. The leak module is con-
figured to estimate gas leakage from the respiratory circuit
during respiration based on the output signals generated by
the one or more gas parameters sensors. The carbon dioxide
volume module is configured to determine volumes of carbon
dioxide excreted by the subject during individual breaths
based on (i) the determination of the concentration of carbon
dioxide by the concentration module, (ii) the estimate of gas
leakage from the respiratory circuit by the leak module, and
(ii1) the output signals generated by the one or more gas
parameters sensors and the carbon dioxide sensor, wherein
the carbon dioxide volume module is configured such that the
determination of the volume of carbon dioxide excreted dur-
ing a given breath is adjusted to include an estimate of the
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carbon dioxide leaked during expiration and an estimate of
the carbon dioxide leaked during inspiration.

[0007] Another aspect of the disclosure relates to a method
of determining a volume of carbon dioxide excreted by a
subject during respiration. In one embodiment, the method
comprises generating output signals conveying information
related to pressure and/or flow in a respiratory circuit,
wherein the respiratory circuit comprises a non-invasive sub-
jectinterface appliance configured to non-invasively commu-
nicate with the airway of a subject; generating output signals
conveying information related to the concentration of carbon
dioxide present in the respiratory circuit; determining the
concentration of carbon dioxide in gas expired from the air-
way of the subject during expiration based on the output
signals conveying information related to the concentration of
carbon dioxide present in the respiratory circuit; estimating
gas leakage from the respiratory circuit during respiration
based on the output signals conveying information related to
pressure and/or flow in the respiratory circuit; and determin-
ing volumes of carbon dioxide excreted by the subject during
individual breaths based on (i) the determination of the con-
centration of carbon dioxide in gas expired from the airway of
the subject, (ii) the estimate of gas leakage from the respira-
tory circuit, and (ii1) the generated output signals, wherein
determination of the volume of carbon dioxide excreted dur-
ing a given breath is adjusted to include an estimate of the
carbon dioxide leaked during expiration and an estimate of
the carbon dioxide leaked during inspiration.

[0008] Yet another aspect of the invention relates to a sys-
tem for determining a volume of carbon dioxide excreted by
a subject during respiration. In one embodiment, the system
comprises means for generating output signals conveying
information related to pressure and/or flow in a respiratory
circuit, wherein the respiratory circuit comprises a hon-inva-
sive subject interface appliance configured to non-invasively
communicate with the airway of a subject; means for gener-
ating generate output signals conveying information related
to the concentration of carbon dioxide present in the respira-
tory circuit; means for determining the concentration of car-
bon dioxide in gas expired from the airway of the subject
during expiration based on the output signals conveying
information related to the concentration of carbon dioxide
present in the respiratory circuit; means for estimating gas
leakage from the respiratory circuit during respiration based
on the output signals conveying information related to pres-
sure and/or flow in the respiratory circuit; and means for
determining volumes of carbon dioxide excreted by the sub-
ject during individual breaths based on (i) the determination
ofthe concentration of carbon dioxide in gas expired from the
airway of the subject, (ii) the estimate of gas leakage from the
respiratory circuit, and (iii) the generated output signals,
wherein determination of the volume of carbon dioxide
excreted during a given breath is adjusted to include an esti-
mate of the carbon dioxide leaked during expiration and an
estimate of the carbon dioxide leaked during inspiration.

[0009] These and other objects, features, and characteris-
tics of the present disclosure, as well as the methods of opera-
tion and functions of the related elements of structure and the
combination of parts and economies of manufacture, will
become more apparent upon consideration of the following
description and the appended claims with reference to the
accompanying drawings, all of which form a part of this
specification, wherein like reference numerals designate cor-
responding parts in the various figures. In one embodiment,
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the structural components illustrated herein are drawn to
scale. It is to be expressly understood, however, that the
drawings are for the purpose of illustration and description
only and are not a limitation. In addition, it should be appre-
ciated that structural features shown or described in any one
embodiment herein can be used in other embodiments as
well. Itis to be expressly understood, however, that the draw-
ings are for the purpose of illustration and description only
and are not intended as a definition of limits. As used in the
specification and in the claims, the singular form of “a”, “an”,
and “the” include plural referents unless the context clearly
dictates otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 illustrates a system configured to determine
the volume of a molecular species of gas excreted by a subject
during respiration.

[0011] FIG. 2 illustrates a method of determining the vol-
ume of amolecular species of gas excreted by a subject during
respiration.

DETAILED DESCRIPTION OF THE
EXEMPLARY EMBODIMENTS

[0012] FIG. 1 illustrates a system 10 configured to perform
capnometry/capnography, and/or other compositional analy-
sis ona non-invasively ventilated subject 12. As such, system
10 determines amounts of a molecular species of gas (e.g.,
carbon dioxide, oxygen, etc.) excreted by subject 12 on a
per-breath basis. Determinations of amounts of the molecular
species of gas excreted are adjusted to reflect amounts of the
molecular species of gas leaked from the non-invasive inter-
face used to communicate with the airway of subject 12. In
one embodiment, system 10 includes one or more of a pres-
sure generator 14, electronic storage 16, a user interface 18,
one or more gas parameter sensors 20, a concentration sensor
22, a processor 24, and/or other components.

[0013] In one embodiment, pressure generator 14 is con-
figured to generate a pressurized flow of breathable gas for
delivery to the airway of subject 12. The pressure generator
14 may control one or more parameters of the pressurized
flow of breathable gas (e.g., flow rate, pressure, volume,
humidity, temperature, gas composition, etc.) for therapeutic
purposes, or for other purposes. By way of non-limiting
example, pressure generator 14 may be configured to control
the pressure of the pressurized flow of breathable gas to
provide mechanical ventilation to the subject 12 (e.g., raise
and lower pressure at the airway of subject 12 to cause gas
exchange with the lungs of subject 12). The pressure genera-
tor 14 may include a blower, a bellows, a wall gas source, a
pressurized body of gas (e.g., in a canister), and/or other
sources of pressurization.

[0014] The pressurized flow of breathable gas is delivered
to the airway of subject 12 via a subject interface 26. Subject
interface 26 is configured to communicate the pressurized
flow of breathable gas generated by pressure generator 14 to
the airway of subject 12. As such, subject interface 26
includes a conduit 28 and an interface appliance 30. Conduit
28 conveys the pressurized flow of breathable gas to interface
appliance 30, and interface appliance 30 delivers the pressur-
ized flow of breathable gas to the airway of subject 12. The
subject interface 26 is non-invasive. As such, interface appli-
ance 30 non-invasive engages subject 12 to deliver the pres-
surized flow of breathable gas. Non-invasive engagement
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includes removably engaging an area (or areas) surrounding
one or more external orifices of the airway of subject 12 (e.g,,
nostrils and/or mouth) to communicate gas between the air-
way of subject 12 and subject interface 26. Some examples of
non-invasive interface appliance 30 may include, for
example, a nasal cannula, a nasal mask, a nasal/oral mask, a
full face mask, a total face mask, or other interface appliances
that communicate a flow of gas with an airway of a subject.
Examples of an invasive interface appliance, which would not
serve as interface appliance 30 in subject interface 26, include
an endotracheal tube, laryngeal mask airway, and/or other
invasive interface appliances.

[0015] To facilitate expiration by subject 12, subject inter-
face 26 further includes an exhaust conduit 32. The exhaust
conduit 32 is configured to receive gas expired from the lungs
of subject 12, and to exhaust the expired gas (e.g., to atmo-
sphere, through a filter, etc.). In one embodiment, a valve (not
shown) selectively opens and closes exhaust conduit 32 in
time with the mechanical respiration provided by system 10.
This includes opening the valve to exhaust expired gas during
expiration and closing the valve to slow or cease exhaustion
of gas during inspiration.

[0016] Inoneembodiment, electronic storage 16 comprises
electronic storage media that electronically stores informa-
tion. The electronic storage media of electronic storage 16
may include one or both of system storage that is provided
integrally (i.e., substantially non-removable) with system 10
and/or removable storage that is removably connectable to
system 10 via, for example, a port (e.g., a USB port, a firewire
port, etc.) or adrive (e.g., adisk drive, etc.). Electronic storage
16 may include one or more of optically readable storage
media (e.g., optical disks, etc.), magnetically readable storage
media (e.g., magnetic tape, magnetic hard drive, floppy drive,
etc.), electrical charge-based storage media (e.g., EEPROM,
RAM, etc.), solid-state storage media (e.g., flash drive, etc.),
and/or other electronically readable storage media. Elec-
tronic storage 16 may store software algorithms, information
determined by processor 24, information received via user
interface 18, and/or other information that enables system 10
to function properly. Electronic storage 16 may be (in whole
or in part) a separate component within system 10, or elec-
tronic storage 16 may be provided (in whole or in part) inte-
grally with one or more other components of system 10 (e.g,,
generator 14, user interface 18, processor 24, etc.).

[0017] User interface 18 is configured to provide an inter-
face between system 10 and one or more users (e.g., subject
12, a caregiver, a researcher, a therapy decision-maker, etc.)
through which the users may provide information to and
receive information from system 10. This enables data, cues,
results, and/or instructions and any other communicable
items, collectively referred to as “information,” to be com-
municated between the users and one or more of pressure
generator 14, electronic storage 16, and/or processor 24.
Examples of interface devices suitable for inclusion in user
interface 18 include a keypad, buttons, switches, a keyboard,
knobs, levers, a display screen, a touch screen, speakers, a
microphone, an indicator light, an audible alarm, a printer, a
tactile feedback device, and/or other interface devices. In one
embodiment, user interface 18 includes a plurality of separate
interfaces. In one embodiment, user interface 18 includes at
least one interface that is provided integrally with generator
14.

[0018] It is to be understood that other communication
techniques, either hard-wired or wireless, are also contem-
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plated by the present invention as user interface 18. For
example, the present invention contemplates that user intet-
face 18 may be integrated with a removable storage interface
provided by electronic storage 16. In this example, informa-
tion may be loaded into system 10 from removable storage
(e.g., a smart card, a flash drive, a removable disk, etc.) that
enables the user(s) to customize the implementation of sys-
tem 10. Other exemplary input devices and techniques
adapted for use with system 10 as user interface 18 include,
but are not limited to, an RS-232 port, RF link, an IR link,
modem (telephone, cable or other). In short, any technique for
communicating information with system 10 is contemplated
by the present invention as user interface 18.

[0019] The gas parameter sensors 20 are configured to gen-
erate output signals conveying information related to one or
more gas parameters of the gas within subject interface 26.
The one or more gas parameters may include, for example,
flow, volume, pressure, and/or other gas parameters. The gas
parameter sensors 20 may include one or more sensors that
measure such parameters directly (e.g., through fluid com-
munication with the pressurized flow of breathable gas at
pressure generator 14 or in subject interface 26). The gas
parameter sensors 20 may include one or more sensors that
generate output signals related to one or more parameters of
the pressurized flow of breathable gas indirectly. For
example, one or more of sensors 20 may generate an output
based on an operating parameter of pressure generator 14
(e.g., a valve driver or motor current, voltage, rotational
velocity, and/or other operating parameters), and/or other
sensors. Although gas parameter sensors 20 are illustrated at
a single location at or adjacent to an interface between inter-
face appliance 30 and conduits 26 and 28, this is not intended
to be limiting. The gas parameter sensors 20 may include
sensors disposed in a plurality of locations, such as for
example, within pressure generator 14, within (or in commu-
nication with) conduit 28, within (or in communication with)
interface appliance 30, within exhaust conduit 32, and/or
other locations.

[0020] The concentration sensor 22 is configured to gener-
ate output signals conveying information related to a concen-
tration of a molecular species of gas in the gas within subject
interface 26. The molecular species of gas may be carbon
dioxide, oxygen, and/or other molecular species. The descrip-
tion herein of the molecular species of gas as being carbon
dioxide is not intended to be limiting. In the embodiment of
system 10 illustrated in FIG. 1, concentration sensor 22 is
depicted as being located at an interface between interface
appliance 30 and conduits 28 and 32. This is not intended to
be limiting. The concentration sensor 22 may be disposed at
other locations in system 10. For example, concentration
sensor 22 may be disposed inline with exhaust conduit 32.

[0021] Processor 24 is configured to provide information
processing capabilities in system 10. As such, processor 24
may include one or more of a digital processor, an analog
processor, a digital circuit designed to process information,
an analog circuit designed to process information, a state
machine, and/or other mechanisms for electronically pro-
cessing information. Although processor 24 is shown in FIG.
1 as a single entity, this is for illustrative purposes only. In
some implementations, processor 24 may include a plurality
of processing units. These processing units may be physically
located within the same device (e.g., pressure generator 14),
or processor 24 may represent processing functionality of a
plurality of devices operating in coordination. For example,
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processor 24 may represent a first processor (or processors)
within a ventilator including pressure generator 14 and a
second processor within a gas analysis device or system that
is separate from the ventilator.

[0022] As is shown in FIG. 1, processor 24 may be config-
ured to execute one or more computer program modules. The
one or more computer program modules may include one or
more of a control module 34, a volume module 36, a leak
module 38, a concentration module 40, a species volume
module 42, an expiration leak module 44, an inspiration leak
module 46, and/or other modules. Processor 24 may be con-
figured to execute modules 34,36, 38, 40,42, 44, and/or 46 by
software; hardware; firmware; some combination of soft-
ware, hardware, and/or firmware; and/or other mechanisms
for configuring processing capabilities on processor 24.
[0023] It should be appreciated that although modules 34,
36, 38, 40, 42, 44, and 46 are illustrated in FIG. 1 as being
co-located within a single processing unit, in implementa-
tions in which processor 24 includes multiple processing
units, one or more of modules 34,36, 38,40, 42, 44, and/or 46
may be located remotely from the other modules. The
description of the functionality provided by the different
modules 34, 36, 38, 40, 42, 44, and/or 46 described below is
for illustrative purposes, and is not intended to be limiting, as
any of modules 34, 36, 38, 40, 42, 44, 46, and/or 46 may
provide more or less functionality than is described. For
example, one or more of modules 34, 36, 38, 40, 42, 44,
and/or 46 may be eliminated, and some or all of its function-
ality may be provided by other ones of modules 34,36, 38,40,
42, 44, and/or 46. As another example, processor 24 may be
configured to execute one or more additional modules that
may perform some or all of the functionality attributed below
to one of modules 34, 36, 38, 40, 42, 44, and/or 46.

[0024] The control module 34 is configured to control pres-
sure generator 14 and/or the valve (not shown) controlling
flow into exhaust conduit 32 in order to mechanically venti-
late subject 12. The control module 34 is configured such that
the pressurized flow of breathable gas generated by pressure
generator 14 is provided to subject 12 in accordance with a
therapy regimen that manually affects gas exchange with the
lungs of subject 12. This include elevating pressure within
subject interface 26 to a relatively high level to cause and/or
promote inspiration, and reducing pressure within subject
interface 26 to cause and/or promote expiration.

[0025] The volume module 36 is configured to determine
volumetric measurements with respect to gas that is provided
to and/or received from interface appliance 30. Such volu-
metric measurements include volume provided to interface
appliance 30 during a breath (V,, ), and volume received from
interface appliance 30 (e.g., into exhaust conduit 32) during a
breath (T, ,). The volume module 36 is configured to deter-
mine these measurements based on the output signals gener-
ated by gas parameter sensors 20 and/or other information.
The volume module 36 is further configured to determine the
tidal volume of inspiration (VT,,,,) and the tidal volume of
expiration (VT,,,). The tidal volume of inspiration and the
tidal volume of expiration can be determined according to the
following relationship:)

VTmsp: Viim Vimp,leaé and O
VT g =V itV enp_tears @

wherein V., ;.. represents the volume of gas leaked
through subject interface 26 and/or the engagement between
interface appliance 30 and subject 12 during inspiration, and
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Vp_tear tepresents the volume of gas leaked through subject
interface 26 and/or the engagement between interface appli-
ance 30 and subject 12 during expiration. As is discussed
herein, the volume of leak during inspiration and the volume
of leak during expiration are determined by leak module 38.
[0026] The leak module 38 is configured to estimate gas
leakage from subject interface 26 during respiration. The gas
leakage from subject interface 26 includes gas leaked from
subject interface 26 and/or the interface between subject 12
and interface appliance 30. The leak module 38 is configured
to estimate gas leakage as a function of pressure in subject
interface 26 (or as a function of the output signals of gas
parameter sensors 20 conveying information about pressure).
In one embodiment, leakage is estimated in accordance with
one of the following relationships:

L=K*P; or (3)

L=K"P; )

where L represents the rate of leakage, K represents a pro-
portionality metric, and P represents pressure in subject inter-
face 26. From the rate of leakage during inspiration and the
rate of leakage during expiration, leak module 38 determines
the volume of leak during inspiration (Vy,, 1., and the
volume of leak during expiration (V.. 1..0)- Vi 700z 15 the
sum (integral) of the leak L during the inspiratory period of
the breath and V., ., is the sum (integral) of the leak flow
(L) during the expiratory phase of the breath.

[0027] The leak module 38 is further configured to deter-
mine K. The determination of K may be dynamic and ongo-
ing. In one embodiment, leak module 38 determines K for a
given breath n (K,)) as follows:

K=K, 0 (V= Vo) ®)

where K, _, represents K of the breath prior to breathn, and .
represents small constant (e.g., about 0.2), which may be
predetermined. In one embodiment, the tidal volume differ-
ence (VT,,,-VT,,) is lowpass filtered to remove breath-to-
breath volume differences. It will be appreciated that this
particular technique for determining the proportionality met-
ric K is not intended to be limiting, and the scope of this
disclosure includes other techniques for determining this
metric.

[0028] Theconcentration module 40 is configured to deter-
mine the concentration of a molecular species of gas, such as
carbon dioxide, in gas expired by subject 12. The concentra-
tion is determined based on the output signals generated by
concentration sensor 22. The concentration module may be
configured to adjust a concentration measured by concentra-
tion sensor 22 to account for a volume of subject interface 26
between concentration sensor 22 and the airway of'subject 12.
The volume of subject interface 26 between concentration
sensor 22 and the airway of subject 12 is referred to herein as
the “mask volume™ even though this volume may include
more or less volume than the volume of interface appliance
30.

[0029] If we assume that the mask volume is completely
mixed, then for the end-tidal carbon dioxide concentration as
measured at concentration sensor 22 to be within 5% of the
actual (mouth) end-tidal carbon dioxide concentration, then
the alveolar expired tidal volume must be at least three times
the mask volume. In other words, if the expired volume is not
sufficient to mix out the inspired gas stored upstream from
concentration sensor 22 at the end of inspiration, then the
end-tidal carbon dioxide concentration as measured by con-
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centration sensor 22 will not be indicative of the CO2 con-
centration of the gas at the airway of subject 12, and/or the of
the gas that leaks from subject interface 26. The ratio of mask
volume to tidal volume is analogous to the ratio of a time
constant to decay time. If a tidal volume passing through
subject interface 26 is exactly equal to the mask volume, then
the measured end-tidal carbon dioxide concentration mea-
sured at concentration sensor 22 will be 63% of the true
end-tidal carbon dioxide concentration. A tidal volume equal
to two mask volumes gives a measured end-tidal carbon diox-
ide concentration that is 86.4% of the true value and so on.
Accordingly, the end-tidal carbon dioxide concentration at
the airway of subject 12 can be determined as follows:

_ * ~[VTexp—_period/Vimask]y.
Fcoasensar=F cozmoun™(1-€ ); (6

where Fo,,.,.50- T€presents the measured concentration at
concentration sensor 22, F -, ... r€presents the concentra-
tion at the airway of subject 12, V. represents the mask
volume, and VT,,, ,.,,,.1s the volume of expired air that the
subject 12 exhales into the mask before the time when the
flow of gas as seen at the sensor reverses. This is calculated as
the sum (integral) of flow ., ., +flow,, ;. during the period
between the beginning of expiration and the time that gas flow
as measured by the sensor 20 transitions from negative to
positive flow. Flow___is the flow as measured by the sensor
during expiration and flow,,, . is the leak (L) as calculated
in equation 3 or 4 during expiration. Even though the subject
12 may continue to exhale after this time, the added flow of
gas from the ventilator into the mask changes the assumption
that all gas added to the mask volume is from the subject 12.
It will be appreciated that equation (6) models the mask
volume as a first order mixing chamber. Other approxima-
tions and/or models for simulating the mixing of carbon diox-
ide within the mask volume may be implemented without
departing from the scope of this disclosure. According to the
relationship shown in equation (6), end-tidal carbon dioxide
concentration at the airway can be determined from an end-
tidal carbon dioxide concentration measured at concentration
sensor 22 as follows:

O1CO2,0,y=€1CO 5,/ (1 T TF P Er 0 TSI, ™

where etC0O2,,,., represents end-tidal carbon dioxide con-
centration at the airway of subject 12, and etCO2_,, . repre-
sents end-tidal carbon dioxide concentration at concentration
sensor 22.

[0030] The species volume module 42 is configured to
determine one or more volumes of the molecular species of
gas, such as carbon dioxide. These volumes may include, for
example, the volume of carbon dioxide inspired during a
breath (VCO2,,.,,;,04), the volume of expired carbon dioxide
(VCO2,,,,.) the volume of excreted carbon dioxide mea-
sured by concentration sensor 22 during a breath
(VCO2,,. .crea), the total volume of excreted carbon dioxide
during a breath (VCO2), and/or other volumes.

[0031] The determination of carbon dioxide inspired dur-
ing a breath may be determined according to the following
relationship:

VCO2sspived™ Vin"FCO2 omsors ®

The determination of the volume of carbon dioxide expired
from interface appliance 30 via subject interface 26 during a
breath may be determined according to the following rela-
tionship:

Vco? V. FCO2

expired =V out sensory (9)
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The determination of the volume of excreted carbon dioxide
measured by concentration sensor 22 during a breath may be
determined according to the following relationship:

VCO2,asirea=VCO? expired™VCO2inspired- (10)

[0032] The species volume module 42 is configured such
that the determination of volume of carbon dioxide excreted
by subject 12 during a breath (VCO2) includes an adjustment
for carbon dioxide leaked during expiration, and/or an adjust-
ment for carbon dioxide leaked during a subsequent inspira-
tion. As such, species volume module 42 is configured to
determine the volume of carbon dioxide excreted during a
breath as the sum of the volume of excreted carbon dioxide
measured at the concentration sensor 22 during expiration
(VCO2,...c.o0a)s the amount of carbon dioxide lost through
leak during expiration (VCO2,,, ,,.+), and/or the amount of
carbon dioxide that was stored in the subject interface 26 that

leaks out during the subsequent inspiration (VCO2,,, ;. .2)-
This can be expressed as follows:
VCO2=VCOL, s casireat VCO2ep_teaictVCOLingy_tearc an

[0033] The expiration leak module 44 is configured to esti-
mate carbon dioxide leaked during expiration (VCO2,,,, 1,.0)-
This estimation may be implemented by species volume
module 42 to adjust the determination of total carbon dioxide
excreted during a breath (e.g., according to the relationship
set forth in equation (11)). This estimation is based on the
determination of carbon dioxide concentration by concentra-
tionmodule 40 (etCO2_,  and/oretCO2, ), estimates of
gas leakage by leak module 38, the output signals generated
by gas parameter sensors 20 and/or concentration sensor 22,
and/or other information.

[0034] In one embodiment, the volume of carbon dioxide
leaked during expiration (VCO2,_, ,,,), is assumed to be
proportional to the total expired leak volume (V,,, ;. a8
determined by leak module 38) multiplied by the end-tidal
carbon dioxide fraction as measured by the sensor 22.
Because the fraction of carbon dioxide in the mask is not at
the end-tidal concentration throughout the entire breath, the
calculation must be adjusted to account for the residual gas in
the mask at the start of expiration and the airway dead space
gas in the trachea. After this gas has been cleared from the
mask, the remainder is at the end-tidal carbon dioxide con-
centration. The volume of carbon dioxide that is leaked dur-
ing expiration is therefore the volume of gas leaked (VT,,,,
rearr) Multiplied by the end-tidal carbon dioxide fraction as
measured by the sensor 22. This amount is further reduced by
the fraction of the expired gas (VT,,,) that is not dead volume
(Vd) divided by the total expired tidal volume (VT,,, as
determined by volume module 36). The volume of exhaled
carbon dioxide passes through the portion of subject interface
26 between the airway of subject 12 and concentration sensor
22 is the sum of the volume of carbon dioxide excreted per
breath measured by concentration sensor 22 (VCO2,,_.....0)
and the measured inspired volume of carbon dioxide per
breath (VCO2,,,,,...)- The equation below gives the volume
of carbon dioxide per breath that is lost due to leak during
expiration:

VCO2,, 10ai=etCO2, o VT, 1o VTVl

sensor V Lexp_ e

VT ops (12)
where VT, , ;.. 1s the total volume that was leaked out of the
mask during expiration, VI, is the corrected expiratory
tidal volume, etCO2_,, . is the measured (non-compensated)
end tidal carbon dioxide fraction for the current breath as
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measured by the sensor, and Vd is the airway dead space
which is comprised of the mask volume and the anatomic
dead space. Note that Vd is the total airway dead space which
is the sum of the anatomic dead space (trachea, bronchioles,
etc. and the dead space caused by the mask V,, ). Alterna-
tively, if the volumetric average expired carbon dioxide frac-
tion is used in place of end tidal carbon dioxide, then the
subtraction of Vd in equation 12 is not necessary.
[0035] The inspiration leak module 46 is configured to
estimate carbon dioxide leaked during inspiration
(VCO2,,,, soa)- This estimation may be implemented by
species volume module 42 to adjust the determination of total
carbon dioxide excreted during a breath (e.g., according to the
relationship set forth in equation (11)). This estimation is
based on the determination of carbon dioxide concentration
by concentration module 40 (etCO2_,, . and/oretCO2, ),
estimates of gas leakage by leak module 38, the output signals
generated by gas parameter sensors 20 and/or concentration
sensor 22, and/or other information.
[0036] The volume of carbon dioxide that escapes through
leakage during inspiration is a fraction of the residual carbon
dioxide left in subject interface 26 between concentration
sensor 22 and the airway of subject 12. The fraction of the
leaked carbon dioxide is assumed to be proportional to the
ratio of leaked gas to total inspired tidal volume. This is
represented in the following relationship:
V€025 toat™(V Tinp teaid V linp)™

(Vrmask "€1CO2,,0, VO, ); (13)
whereVCO2,,., .., represents the volume of carbon dioxide
that is left in the mask volume (V) at the end of expiration
and the volume of carbon dioxide that enters the mask from
the pressure source during inspiration that is leaked rather
than inhaled by the patient. VT, , ;... is the volume of gas
that is leaked during inspiration, V'T;,,,, is the inspiratory tidal
volume, V. is the mask volume and etCO2, ., is the
end-tidal fraction of carbon dioxide at the mouth as calculated
in equation 7 above.
[0037] FIG. 2 illustrates a method 50 of determining a
volume of carbon dioxide excreted by a subject during respi-
ration. The operations of method 50 presented below are
intended to be illustrative. In some embodiments, method 50
may be accomplished with one or more additional operations
not described, and/or without one or more of the operations
discussed. Additionally, the order in which the operations of
method 50 are illustrated in F1G. 2 and described below is not
intended to be limiting.
[0038] In some embodiments, method 50 may be imple-
mented in one or more processing devices (e.g., a digital
processor, an analog processor, a digital circuit designed to
process information, an analog circuit designed to process
information, a state machine, and/or other mechanisms for
electronically processing information). The one or more pro-
cessing devices may include one or more devices executing
some or all of the operations of method 50 in response to
instructions stored electronically on an electronic storage
medium. The one or more processing devices may include
one or more devices configured through hardware, firmware,
and/or software to be specifically designed for execution of
one or more of the operations of method 50.
[0039] At an operation 52, output signals conveying infor-
mation related to pressure and/or flow in a respiratory circuit
are generated. The respiratory circuit includes a non-invasive
subject interface appliance. In one embodiment, the respira-
tory circuit is similar to or the same as subject interface 26



US 2013/0267863 Al

(shown in FIG. 1 and described above). In one embodiment,
operation 52 is performed by one or more gas parameter
sensors similar to or the same as gas parameter sensors 20
(shown in FIG. 1 and described above).

[0040] At an operation 54, output signals conveying infor-
mation related to the concentration of a gaseous molecular
species present in the respiratory circuit are generated. The
gaseous molecular species may be carbon dioxide. In one
embodiment, operation 54 is performed by a concentration
sensor similar to or the same as concentration sensor 22
(shown in FIG. 1 and described above).

[0041] At anoperation 56, the concentration of the gaseous
molecular species present in the respiratory circuit is deter-
mined. The concentration determined may be the concentra-
tion at a concentration sensor, at the airway of the subject,
and/or other concentrations. In one embodiment, operation
56 is performed by a concentration module similar to or the
same as concentration module 40 (shown in FIG. 1 and
described above).

[0042] At an operation 58, an amount of gas leaked from
the respiratory circuit during respiration is estimated. The
amount of gas leaked may be determined from the output
signals generated at operation 52. In one embodiment, opera-
tion 58 is performed by a leak module similar to or the same
as leak module 38 (shown in FIG. 1 and described above).
[0043] At an operation 60 a volume of the molecular spe-
cies excreted by the subject during a breath is determined. The
determination may be based on one or more of the determi-
nation of the concentration of carbon dioxide in gas expired
from the airway of the subject made at operation 56, the
estimate of gas leakage from the respiratory circuit made at
operation 58, the output signals generated at operation 52
and/or 54, and/or other information. The determination made
at operation 60 includes an adjustment for an estimate of the
molecular species leaked during expiration, and/or for an
estimate of the molecular species leaked during the subse-
quent inspiration. In one embodiment, operation 60 is per-
formed by a species volume module similar to or the same as
species volume module 42 (shown in FIG. 1 and described
above).

[0044] FIG. 3 illustrates a simulated patient interface used
in an evaluation of non-invasive ventilation mask leak com-
pensated VCO, measurement according to an embodiment of
the invention. A styrofoam mannequin head 61 to which was
glued a size large Performax mask (Philips Respironics, Mur-
raysville, Pa.) 62 was used to simulate a patient interface.
Flow through the mannequin mouth was directed to a test
lung (TTL, Michigan Instruments, Grand Rapids, Mich.)
using a 6.5 mm endotracheal tube. CO, gas was infused into
the test lung using a precision mass flow controller (Alicat
1-SLPM-D, Alicat Scientific, Tucson Ariz.). The volumetric
capnometry sensors (Flow/CO,) 63 were connected between
the vented elbow connector 64 and the exhalation port 65. The
lung was ventilated using a V60 ventilator (Respironics/Phil-
ips, Carlsbad, Calif.) set at IPAP=18 and EPAP=4 cm H,O.
Respiratory rate was set at 10 Breaths per minute. Lung
compliance was set at 50 ml/cm H,O. The exhalation port was
connected between the sensors and the hose.

[0045] CO, was infused into the test lung at 100, 150, 200,
250, 300, 350 and 400 ml/minute for 10 minutes at each
infusion rate. Flow and CO, data was collected using the
volumetric capnometer (NM3, Respironics/Philips, Walling-
ford, Conn.) interfaced to a PC. The exported waveforms
were processed using a windows program written to imple-
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ment the compensation algorithm. The resulting compen-
sated VCO, measurement was compared against the actual
CQ, infusion rate.

[0046] The average measured inspired tidal volume was
2600 ml and the average measured expired tidal volume was
87 ml, or 96.7% of the inspired gas leaked out without being
directly analyzed by the sensors.

[0047] The measured infused CO, rates were:
Average Measured CO, flow Percent

VvCO, (ml/min) Error
1017 100 1.7%
149.2 150 -0.5%
194.8 200 -2.6%
241.1 250 -3.5%
284.2 300 -5.3%
326.6 350 -6.7%
382.1 400 -4.5%

[0048] When the compensation for the effect of leaks and

gas mixing is applied, the average error is only -3.1% with a
reasonable standard deviation of 2.9%.

[0049] Details included herein are for the purpose of illus-
tration based on what is currently considered to be the most
practical and preferred embodiments; it is to be understood
that such detail is solely for that purpose and that the scope of
this specification is not limited to the disclosed embodiments,
but, on the contrary, is intended to cover modifications and
equivalent arrangements that are within the spirit and scope of
the appended claims. For example, it is to be understood that
the present disclosure contemplates that, to the extent pos-
sible, one or more features of any embodiment can be com-
bined with one or more features of any other embodiment.

1. A system configured to determine a volume of carbon

dioxide excreted by a subject during respiration, the system
comprising:

one or more gas parameter sensors configured to generate
first output signals conveying information related to
pressure and/or flow in a respiratory circuit, wherein the
respiratory circuit comprises a non-invasive subject
interface appliance configured to non-invasively com-
municate with an airway of a subject;

a carbon dioxide sensor configured to generate second
output signals conveying information related to a con-
centration of carbon dioxide present in the respiratory
circuit;

a processor configured to execute modules, wherein the
modules comprise:
aconcentration module configured to determine the con-

centration of carbon dioxide in gas expired from the
airway of the subject during expiration based on the
second output signals generated by the carbon dioxide
sensor;

a leak module configured to estimate gas leakage from
the respiratory circuit during respiration based on the
first output signals generated by the one or more gas
parameters sensors; and

a carbon dioxide volume module configured to deter-
mine volumes of carbon dioxide excreted by the sub-
ject during individual breaths based on (i) a determi-
nation of the concentration of carbon dioxide by the
concentration module, (ii) an estimate of gas leakage
from the respiratory circuit by the leak module, and
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(iii) the first output signals generated by the one or
more gas parameters sensors and the second output
signals generated by the carbon dioxide sensor,
wherein the carbon dioxide volume module is further
configured to adjust a determination of a volume of
carbon dioxide excreted during a given breath to
include (a) an estimate of the carbon dioxide leaked
during expiration and (b) an estimate of the carbon
dioxide leaked during inspiration.

2. The system of claim 1, wherein the leak module is
configured to estimate gas leakage from the respiratory cir-
cuit as a function of pressure in the respiratory circuit based
on the first output signals generated by the one or more gas
parameter sensors.

3. The system of claim 1, wherein the concentration mod-
ule is further configured such that determination of the carbon
dioxide concentration in gas expired from the airway of the
subject comprises an adjustment to a measured concentration
of carbon dioxide to account for a volume of the respiratory
circuit between the airway of the subject and the carbon
dioxide sensor.

4. The system of claim 1, further comprising an expiration
leak module configured to estimate carbon dioxide leaked
during expiration based on (i) the determination of the con-
centration of carbon dioxide by the concentration module, (i)
the estimate of gas leakage from the respiratory circuit by the
leak module, and (iii) the first output signals generated by the
one or more gas parameters sensors and the second output
signals generated by the carbon dioxide sensor.

5. The system of claim 1, further comprising an inspiration
leak module configured to estimate carbon dioxide leaked
during inspiration based on (i) the determination of the con-
centration of carbon dioxide by the concentration module, (i)
the estimate of gas leakage from the respiratory circuit by the
leak module, and (iii) the first output signals generated by the
one or more gas parameters sensors and the second output
signals generated by the carbon dioxide sensor.

6. A method of determining a volume of carbon dioxide
excreted by a subject during respiration, the method compris-
ing:

generating first output signals conveying information

related to pressure and/or flow in a respiratory circuit,
wherein the respiratory circuit comprises a non-invasive
subject interface appliance configured to non-invasively
communicate with an airway of a subject;

generating second output signals conveying information

related to a concentration of carbon dioxide present in
the respiratory circuit;

determining the concentration of carbon dioxide in gas

expired from the airway of the subject during expiration
based on the second output signals conveying informa-
tion related to the concentration of carbon dioxide
present in the respiratory circuit;

estimating gas leakage from the respiratory circuit during

respiration based on the first output signals conveying
information related to pressure and/or flow in the respi-
ratory circuit; and

determining volumes of carbon dioxide excreted by the

subject during individual breaths based on (i) a determi-
nation of the concentration of carbon dioxide in gas
expired from the airway of the subject, (ii) an estimate of
gas leakage from the respiratory circuit, and (ii1) the first
output signals and the second output signals, wherein a
determination of a volume of carbon dioxide excreted
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during a given breath is adjusted to include (a) an esti-
mate of the carbon dioxide leaked during expiration and
(b) an estimate of the carbon dioxide leaked during
inspiration.
7. The method of claim 6, wherein estimates of gas leakage
are determined as a function of pressure in the respiratory
circuit based on the first output signals conveying information
related to pressure and/or flow in the respiratory circuit.
8. The method of claim 6, wherein determination of the
carbon dioxide concentration in gas expired from the airway
of the subject comprises an adjustment to a measured con-
centration of carbon dioxide to account for a volume of the
respiratory circuit between the airway of the subject and a
carbon dioxide sensor generating the second output signals
conveying information related to the concentration of carbon
dioxide present in the respiratory circuit.
9. The method of claim 6, further comprising estimating
carbon dioxide leaked during expiration based on (i) the
determination of the concentration of carbon dioxide in gas
expired from the airway of the subject, (ii) the estimate of gas
leakage from the respiratory circuit, and (iii) the first output
signals and the second output signals.
10. The method of claim 6, further comprising estimating
carbon dioxide leaked during inspiration based on (i) the
determination of the concentration of carbon dioxide in gas
expired from the airway of the subject, (ii) the estimate of gas
leakage from the respiratory circuit, and (iii) the first output
signals and the second output signals.
11. A system for determining a volume of carbon dioxide
excreted by a subject during respiration, the system compris-
ing:
means for generating first output signals conveying infor-
mation related to pressure and/or flow in a respiratory
circuit, wherein the respiratory circuit comprises a non-
invasive subject interface appliance configured to non-
invasively communicate with an airway of a subject;

means for generating second output signals conveying
information related to a concentration of carbon dioxide
present in the respiratory circuit;

means for determining the concentration of carbon dioxide

in gas expired from the airway of the subject during
expiration based on the second output signals conveying
information related to the concentration of carbon diox-
ide present in the respiratory circuit;

means for estimating gas leakage from the respiratory cir-

cuit during respiration based on the first output signals
conveying information related to pressure and/or flow in
the respiratory circuit; and

means for determining volumes of carbon dioxide excreted

by the subject during individual breaths based on (i) a
determination of the concentration of carbon dioxide in
gas expired from the airway of the subject, (ii) an esti-
mate of gas leakage from the respiratory circuit, and (iii)
the first output signals and the second output signals,
wherein a determination of a volume of carbon dioxide
excreted during a given breath is adjusted to include (a)
an estimate of the carbon dioxide leaked during expira-
tion and (b) an estimate of the carbon dioxide leaked
during inspiration.

12. The system of claim 11, wherein estimates of gas
leakage are determined as a function of pressure in the respi-
ratory circuit based on the first output signals conveying
information related to pressure and/or flow in the respiratory
circuit.
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13. The system of claim 11, wherein determination of the
carbon dioxide concentration in gas expired from the airway
of the subject comprises an adjustment to a measured con-
centration of carbon dioxide to account for a volume of the
respiratory circuit between the airway of the subject and the
means for generating the second output signals conveying
information related to the concentration of carbon dioxide
present in the respiratory circuit.

14. The system of claim 11, further comprising means for
estimating carbon dioxide leaked during expiration based on
(1) the determination ofthe concentration of carbon dioxide in
gas expired from the airway of the subject, (ii) the estimate of
gas leakage from the respiratory circuit, and (iii) the first
output signals and the second output signals.

15. The system of claim 11, further comprising means for
estimating carbon dioxide leaked during inspiration based on
(1) the determination ofthe concentration of carbon dioxide in
gas expired from the airway of the subject, (ii) the estimate of
gas leakage from the respiratory circuit, and (iii) the first
output signals and the second output signals.

* % % k¥
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