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(57) ABSTRACT

Breaths of a subject are identified based on the concentration
of'carbon dioxide at or near the airway of the subject. Troughs
corresponding to inhalation are identified and plateaus corre-
sponding to exhalation are identified. A breath is identified
responsive to a trough being followed by a plateau.
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SYSTEM AND METHOD OF IDENTIFYING
BREATHS BASED SOLELY ON
CAPNOGRAPHIC INFORMATION

BACKGROUND

[0001] 1. Field of the Disclosure

[0002] The invention relates to the identification of breaths
(e.g., for breath rate determination) based solely on the con-
centration of a gaseous molecular species, such as carbon
dioxide, at or near the airway of a subject.

[0003] 2. Description of the Related Art

[0004] Systems that monitor the concentration of carbon
dioxide at or near the airway of a subject are known. In
conventional systems, it may be difficult to accurately and/or
precisely identify breaths based solely on this capnographic
information. Typically, the concentration of level of carbon
dioxide is monitored, and dips below an upper level corre-
sponding to inhalations are counted as breaths. However, this
technique is susceptible to counting false breaths caused by
cardiogenic oscillations and other ineffective gas movements
the breathing circuit.

[0005] Some conventional systems include additional sen-
sors, such as flow and/or pressure sensors to enhance and/or
facilitate identification of breaths. The addition of sensors to
a system also increases the cost and/or is accompanied by
other drawbacks.

SUMMARY

[0006] One aspect of this disclosure relates to a system
configured to detect breaths based on capnographic informa-
tion. In one embodiment, the system comprises a sensor and
a processor. The sensor is configured to generate output sig-
nals conveying information related to the concentration of
carbon dioxide of gas at or near the airway of a subject. The
processor is configured to execute modules, including a con-
centration module, a trough identification module, a plateau
identification module, and a breath identification module.
The concentration module is configured to determine a level
ofthe concentration of carbon dioxide in the gas at or near the
airway of the subject based on the output signals. The trough
identification module is configured to identify troughs in the
level of the concentration of carbon dioxide corresponding to
inhalations by the subject. The plateau identification module
is configured to identify plateaus in the level of the concen-
tration of carbon dioxide corresponding to exhalations by the
subject. The breath identification module is configured iden-
tify breaths based on identification of troughs and plateaus by
the trough identification module and the plateau identification
module such that responsive to identification of a trough
followed by a plateau the breath identification module iden-
tifies a breath.

[0007] Another aspect of the disclosure relates to a method
of detecting breaths based on capnographic information. In
one embodiment, the method comprises monitoring a level of
the concentration of carbon dioxide in the gas at or near the
airway of the subject; identifying troughs in the level of the
concentration of carbon dioxide corresponding to inhalations
by the subject; identifying plateaus in the level of the concen-
tration of carbon dioxide corresponding to exhalations by the
subject; and identifying breaths based on identifications of
troughs and plateaus such that responsive to identification of
a trough followed by a plateau a breath is identified.
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[0008] Yet an other aspect of the disclosure relates to a
system for detecting breaths based on capnographic informa-
tion. In one embodiment, the system comprises means (28,
32) for monitoring a level of the concentration of carbon
dioxide in the gas at or near the airway of the subject; means
(34) for identifying troughs in the level of the concentration of
carbon dioxide corresponding to inhalations by the subject;
means (36) for identifying plateaus in the level of the concen-
tration of carbon dioxide corresponding to exhalations by the
subject; and means (38) for identifying breaths based on
identifications of troughs and plateaus such that responsive to
identification of a trough followed by a plateau a breath is
identified.

[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,
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. It is 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 identify
breaths by a subject based on information related to the con-
centration of a gaseous molecular species at or near the air-
way of the subject.

[0011] FIG. 2 illustrates a plot of concentration of carbon
dioxide at or near the airway of a subject versus time.

[0012] FIG. 3 illustrates a method of identifying breaths of
a subject.
DETAILED DESCRIPTION OF THE
EXEMPLARY EMBODIMENT
[0013] FIG. 1illustrates a system 10 configured to identify

breaths of a subject 12. In particular, system 10 is configured
to identify breaths of a subject 12 based solely on information
related to the concentration of a gaseous molecular species
presentin gas at or near the airway of subject 12. This gaseous
molecular species may be carbon dioxide, as is described
below. However this is not intended to be limiting, as the
scope of this disclosure extends to other molecular species
analyzed according to the principles described herein. In one
embodiment, system 10 includes electronic storage 14, a user
interface 16, a carbon dioxide detector 18, a processor 20,
and/or other components.

[0014] Inoneembodiment, electronic storage 14 comprises
electronic storage media that electronically stores informa-
tion. The electronic storage media of electronic storage 14
may include one or both of system storage that is provided
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integrally (La, 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
14 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 14 may store software algorithms, information
determined by processor 20, information received via user
interface 16, and/or other information that enables system 10
to function properly. Electronic storage 14 may be a separate
component within system 10, or electronic storage 14 may be
provided integrally with one or more other components of
system 10 (e.g., processor 20).

[0015] User interface 16 is configured to provide an inter-
face between system 10 and a user (e.g., the user, a caregiver,
a therapy decision-maker, etc.) through which the user may
provide information to and receive information from system
10. This enables data, results, and/or instructions and any
other communicable items, collectively referred to as “infor-
mation,” to be communicated between the user and system
10. Examples of interface devices suitable for inclusion in
user interface 16 include a keypad, buttons, switches, a key-
board, knobs, levers, a display screen, a touch screen, speak-
ers, a microphone, an indicator light, an audible alarm, and a
printer.

[0016] It is to be understood that other communication
techniques, either hard-wired or wireless, are also contem-
plated by the present invention as user interface 16. For
example, the present invention contemplates that user inter-
face 16 may be integrated with a removable storage interface
provided by electronic storage 14. 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 techmques
adapted for use with system 10 as user interface 16 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 16.

[0017] The carbon dioxide detector 18 is configured to
obtain gas from at or near the airway of subject 12, and to
generate output signals conveying information obtained from
measurements taken from the obtained gas. The carbon diox-
ide detector 18 is configured to receive gas obtained at or near
the airway of subject 12 via an inlet 22. The gas is conveyed
to inlet 22 by way of a subject interface appliance 24 and/or a
conduit 26. The subject interface appliance 24 may engage
one or more orifices of the airway of subject 12 in a sealed or
unsealed manner. Some examples of subject interface appli-
ance 24 may include, for example, an endotracheal tube, a
nasal cannula, a tracheotomy tube, a nasal mask, a nasal/oral
mask, a full face mask, a total face mask, a partial rebreathing
mask, or other interface appliances that communicate a flow
of'gas with an airway of a subject. The present invention is not
limited to these examples, and contemplates implementation
of any subject interface.

[0018] The conduit 26 is configured to place inlet 22 of
carbon dioxide detector 18 in fluid communication with sub-
ject interface appliance 24 such that gas obtained by subject
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interface appliance 24 from at or near the airway of subject 12
is provided to inlet 22 via conduit 26. In one embodiment,
carbon dioxide detector 18 is configured for sidestream sam-
pling. In this configuration, conduit 26 is further configured to
place subject interface appliance 24 in fluid communication
with a source of a breathable substance. For example, a flow
of breathable gas may be delivered to subject 12 through
conduit 26 having one or more parameters that are controlled
in accordance with a therapy regime. The one or more param-
eters of the flow of breathable gas that are controlled may
include one or more of pressure, flow, composition, humidity,
temperature, and/or other parameters. In one embodiment,
carbon dioxide detector 18 is configured for mainstream sam-
pling. In this configuration, carbon dioxide detector 18 is
disposed within the flow path through conduit 26, rather than
being disposed off to the side (as is shown in FIG. 1). In one
embodiment in which carbon dioxide detector 18 configured
for sidestream sampling, or in which conduit 26 does not
provide for provision of a breathable substance to the airway
of subject 12, a pump (not shown) is configured to draw gas
from conduit 26 into carbon dioxide detector 18 through inlet
22.

[0019] The carbon dioxide detector 18 includes a carbon
dioxide sensor 28. The carbon dioxide sensor 28 is configured
to generate output signals conveying information related to
the concentration of carbon dioxide in the gas within carbon
dioxide detector 18. It will be appreciated that the illustration
of carbon dioxide sensor 28 in FIG. 1 the only sensor within
carbon dioxide detector 18 is not intended to be limiting. In
one embodiment, carbon dioxide detector 18 includes a plu-
rality of sensors. The plurality of sensor may be configured to
monitor other parameters of the gas received into carbon
dioxide detector 18. The other parameters may include one or
more of pressure, flow, composition, humidity, temperature,
and/or other parameters.

[0020] Processor 20 is configured to provide information
processing capabilities in system 10. As such, processor 20
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 20 is shown in FIG.
1 as a single entity, this is for illustrative purposes only. In
some implementations, processor 20 may include a plurality
of processing units. These processing units may be physically
located within the same device, or processor 20 may represent
processing functionality of a plurality of devices operating in
coordination.

[0021] As is shown in FIG. 1, processor 20 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 concentration module 32, a trough identification
module 34, a plateau identification module 36, a breath iden-
tification module 38, a trough concentration threshold mod-
ule 40, a trough duration threshold module 42, a plateau
concentration threshold module 44, a plateau duration thresh-
old module 46, and/or other modules. Processor 20 may be
configured to execute modules 32, 34, 36, 38, 40, 42, 44,
and/or 46 by software; hardware; firmware; some combina-
tion of software, hardware, and/or firmware; and/or other
mechanisms for configuring processing capabilities on pro-
cessor 20.

[0022] It should be appreciated that although modules 32,
34,36, 38,40,42, 44, and 46 are illustrated in FIG. 1 as being
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co-located within a single processing unit, in implementa-
tions in which processor 20 includes multiple processing
units, one or more of modules 32,34, 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 32, 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 32, 34, 36, 38, 40, 42, 44, and/or 46 may
provide more or less functionality than is described. For
example, one or more of modules 32, 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 32, 34, 36, 38,
40,42, 44, and/or 46. As another example, processor 38 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 32, 34, 36, 38, 40, 42, 44, and/or 46.

[0023] The concentration module 32 is configured to deter-
mine a level of the concentration of carbon dioxide in the gas
ator near the airway of subject 12. The concentration module
32 to make this determination based on the output signals
generated by carbon dioxide sensor 28. By way of illustration,
FIG. 2 depicts a plot 48 of carbon dioxide concentration
versus time as a subject breathes. As can be seen in FIG. 2,
plot 48 respiration by the subject results in troughs, such as
trough 50, and plateaus, such as plateau 52, in the level of
carbon dioxide concentration. The troughs are characterized
by a plot of carbon dioxide that is horizontal at a minimum
level. The plateaus are characterized by a plot of carbon
dioxide that is elevated from the minimum level with a slight
increase over time to a maximum at the conclusion of exha-
lation. Conventional systems for determining breath rate
from capnographic data typically identify breaths simply as
dips from the plateau level. However, this technique may lead
to false positives (e.g., over counting breath rate), due to flow
artifacts caused by cardiogenic oscillations and other ineffec-
tive gas movements the breathing circuit.

[0024] Returning to FIG. 1, the trough identification mod-
ule 34 is configured to identify troughs in the level of carbon
dioxide at or near the airway of subject 12 that correspond to
inhalations by subject 12. The trough identification module
34 is configured such that a trough is identified responsive to
the level of the concentration of carbon dioxide falling below
a trough concentration threshold for an amount of time
greater than a through duration threshold. Turning back to
FIG. 2, the plot 48 is demarcated with a trough concentration
threshold 54 and a trough duration threshold 56. Referring
again to FIG. 1, the trough identification module 34 compares
the concentration of carbon dioxide determined by concen-
tration module 32 with the trough concentration threshold
until the concentration of carbon dioxide falls below the
trough concentration threshold. Once the concentration of
carbon dioxide is below the trough concentration threshold,
the trough identification module 34 monitors a time the con-
centration is maintained below the trough concentration
threshold. Responsive to this time exceeding the trough dura-
tion threshold, trough identification module 34 identifies a
trough corresponding to inhalation by subject 12.

[0025] Inoneembodiment, trough identification module 34
is configured such that in addition to requiring satisfaction of
the trough concentration threshold and the trough duration
threshold, trough identification module 34 also requires the
level of carbon dioxide during the trough to remain flat over
the amount of time corresponding to the trough duration
threshold. For example, responsive to satisfaction of the
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trough concentration threshold and the trough duration
threshold, trough identification module 34 identifies a poten-
tial trough, and compares a level of carbon dioxide at the
beginning of the potential trough with the level of carbon
dioxide at the end of the potential trough. Responsive to a
difference between the level at the beginning of the potential
trough and the level of carbon dioxide at the end of the
potential trough being less than a trough differential thresh-
old, trough identification module 34 identifies the potential
trough as a trough corresponding to inhalation. The trough
differential threshold may be a predetermined value, a user-
configurable value, a dynamically determined, value, and/or
may be derived through other means. In one embodiment, the
trough differential threshold is about 3 mm Hg.

[0026] The plateau identification module 36 is configured
to identify plateaus in the level of the concentration of carbon
dioxide at or near the airway of subject 12 that correspond to
exhalations by subject 12. The plateau identification module
36 is configured such that a plateau is identified responsive to
the level of carbon dioxide rising above a plateau concentra-
tion threshold for an amount of time greater than a plateau
duration threshold. In one embodiment, plateau identification
module 36 is configured such that a sustained elevation of the
concentration of carbon dioxide is only identified as a plateau
if the concentration exceeded the plateau concentration
threshold within a specific amount of time of a trough iden-
tified by trough identification module 34. In other words, the
first criteria for identifying a plateau may be the identification
of a preceding trough by trough identification module 34.
[0027] Turning back to FIG. 2, the plot 48 is demarcated
with a plateau concentration threshold 58 and a plateau dura-
tion threshold 60. Referring again to FIG. 1, the plateau
identification module 36 compares the concentration of car-
bon dioxide concentration determined by concentration mod-
ule 32 with the plateau concentration threshold until the con-
centration of carbon dioxide rises above the plateau
concentration threshold. Once the concentration of carbon
dioxide is above the plateau concentration threshold, the pla-
teau identification module 36 monitors a time the concentra-
tion is maintained above the plateau concentration threshold.
Responsive to this time exceeding the plateau duration
threshold, plateau identification module 36 identifies a pla-
teau corresponding to exhalation by subject 12.

[0028] The breath identification module 38 is configured to
identify breaths by subject 12. The breath identification mod-
ule 38 is configured such that responsive to identification of a
trough by trough identification module 34 being followed by
identification of a plateau by plateau identification module 36
a breath is identified. This analysis includes a robust identi-
fication of each of inhalation and exhalation, and/or requires
an identified inhalation (or trough) to be followed by an
identified exhalation (or plateau) before identifying a breath.
The identifications of breaths can be used by a breath rate
module (not shown) configured to determine one or more
breathing parameters of subject 12. The breathing parameters
may include breath rate, apnea time, inspiratory time, expi-
ratory time, I:E ratio, end-tidal CO2, and/or other breathing
parameters.

[0029] The trough concentration threshold module 40 is
configured to determine the trough concentration threshold
used by trough identification module 34. The trough concen-
tration threshold module 40 is configured to determine the
trough concentration threshold dynamically based on respi-
ration of subject 12. In one embodiment, trough concentra-
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tion threshold module 40 determines the magnitude of the
through concentration threshold to be the lowest CO2 level
observed during a prior sliding window of time (e.g., the
previous minute) plus some offset value (e.g., about 4 mm
Hg). This dynamic determination of the trough concentration
threshold may account for drift in the generation of the output
signals by carbon dioxide sensor 28. In one embodiment, a
maximum value is set for the trough concentration threshold.
This may be set at manufacture, by user configuration, and/or
otherwise set. If the trough concentration threshold deter-
mined by trough concentration threshold module 40 dynami-
cally based on respiration of subject 12 exceeds the maxi-
mum, then trough concentration threshold module 40
implements the maximum as the trough concentration thresh-
old. In one embodiment, the maximum trough concentration
threshold is about 10 mm Hg.

[0030] The trough duration threshold module 42 is config-
ured to determine the trough duration threshold used by
trough identification module 34. The trough duration module
42 is configured to determine the trough concentration thresh-
old dynamically based on respiration of subject 12. In one
embodiment, trough duration threshold module 42 is config-
ured to determine the trough duration threshold for a given
breath n as the average trough duration less the standard
deviation of the trough duration of the breaths detected during
the period immediately prior to the time of the given breath n
(e.g., over breaths n-m through n-1). In this embodiment,
trough duration module 42 may be configured to determine
the average and standard deviation using an algorithm that
calculates a time weighted average of the most recent values
where the most recent breath n-1 is the most heavily
weighted and prior breath data is given less weight. Weighting
of older data decreases exponentially with decreasing value
given to older breaths. One non-limiting example of such an
algorithm is:

(WY f]=a*Yu-11+(1-)*Xfu];

where Y[n] represents the new average value; Y[n-1] repre-
sents the previous average; o represents a factor between 0
and 1.0 (larger value of a gives a longer average); and X[n]
represents a new sample.

[0031] The trough duration module 42 is configured to
determine the standard deviation of the trough duration as the
square root of the time weighted variance. The variance is
calculated similarly as the average where the input (new
sample or X[n]) is the squared difference between the new
data point and the weighted average value. This is represented
as:

(2)Var[n]=o*Var[n-11+(1-a)* (X fi]-Y[n])%;

where Var|[n] represents the new variance, and Var[n-1] rep-
resents the previous variance.

[0032] The trough duration module 42 may be configured
such that the determined trough duration and/or the variance
may be compared with limits. The limits may include upper
and/or lower limits. Ifa determined trough duration threshold
and/or variance breaches a limit, the trough duration module
42 may be configured to implement a previously determined
trough duration threshold and/or variance, implement the
exceeded limit, and/or implement some other value.

[0033] The plateau concentration module 44 is configured
to determine the plateau concentration threshold used by
plateau identification module 36. The plateau concentration
module 44 is configured to determine the plateau concentra-
tion threshold dynamically based on respiration of subject 12.
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In one embodiment, plateau concentration module 44 is con-
figured to determine the plateau concentration threshold as
50% (or some other proportion) of the average maximum
concentration of carbon dioxide (end-tidal carbon dioxide)
observed during previously detected breaths. The average
maximum concentration of carbon dioxide value is calculated
as a time-weighted average as described above for trough
duration where the value for a=0.75 (faster changes) if the
new maximum breath carbon dioxide concentration is greater
than the present average and a=0.925 if the new maximum
carbon dioxide concentration value is less than the present
average. This logic allows the threshold value to rise more
quickly than it falls. Since new higher end-tidal carbon diox-
ide concentration values generally reflect an actual physi-
ologic change and lower than average end-tidal carbon diox-
ide concentration values often reflect artifact (smaller tidal
volume than airway dead volume), the average is allowed to
change upward quickly and is more cautious toward decreas-
ing the average.

[0034] The plateau concentration module 44 is configured
to compare the determined average end-tidal carbon dioxide
concentration and/or the plateau concentration threshold with
one or more limits (e.g., upper and/or lower). The limit(s)
may be configured at manufacture, configured by a user,
and/or otherwise determined or configured. If the determined
average end-tidal carbon dioxide concentration and/or the
plateau concentration threshold breaches a limit, plateau con-
centration module 44 may implement the limit, a previously
determined average end-tidal carbon dioxide concentration
and/or plateau concentration threshold, or some other value.
[0035] The plateau duration module 46 is configured to
determine the plateau duration threshold. In one embodiment
plateau duration module is configured to determine the pla-
teau duration threshold as 10% (or some other proportion) of
the time-weighted average breath duration of subject 12. The
time-weighted average breath duration may be determined
similar to the determination of time-weighted average trough
duration set forth above where o is set at 0.9.

[0036] The plateau duration module 46 is configured to
compare the determined average breath time and/or the pla-
teau duration threshold with one or more limits (e.g., upper
and/or lower). The limit(s) may be configured at manufacture,
configured by a user, and/or otherwise determined or config-
ured. If the determined average breath time and/or the plateau
duration threshold breaches a limit, plateau duration module
46 may implement the limit, a previously determined average
breath time and/or plateau duration threshold, or some other
value.

[0037] In one embodiment, modules 40, 42, 44, and/or 46
are configured to reset their respective thresholds. Since the
thresholds are statistically determined based on the breaths
detected immediately prior, there is a chance that when there
is a sudden change in the signal that legitimate breaths will
not be detected. One or more of modules 40, 42, 44, and/or 46
may be configured to execute a “soft reset” if a breath is not
detected within an expected time limit. In one embodiment,
the expected time limit is calculated as the average breath
duration plus three times the standard deviation of the breath
duration. The average breath duration and the variance of the
breath duration are calculated as described above. This logic
means that when breath timing is very regular, that the thresh-
old is set slightly above the average breath duration. Alterna-
tively, when breath duration is variable, then the time before
a soft reset is executed is extended.
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[0038] In a soft reset, all of the detection thresholds are
reduced so that breath detection is more likely. The trough
duration threshold module 42 may be configured to set the
trough duration threshold to 60% (or some other proportion)
of the prior value. The breath detection threshold may be set
to 80% (or some other proportion) of its prior value. The same
minimum and maximum limits on these values that are
applied when they are normally calculated are applied when
they are modified during a soft reset. In a soft reset, the
average values that are used to calculate the thresholds are
reduced by the same percentage as the thresholds are reduced.
Without reduction of the average values, then the thresholds
would increase to their pre-reset values on the subsequent
breath detection.

[0039] FIG. 3 illustrates a method 62 of detecting breaths
based on capnographic information. The operations of
method 62 presented below are intended to be illustrative. In
some embodiments, method 62 may be accomplished with
one or more additional operations not described, and/or with-
out one or more of the operations discussed. Additionally, the
order in which the operations of method 62 are illustrated in
FIG. 3 and described below is not intended to be limiting.
[0040] In some embodiments, method 62 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 62 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 62.

[0041] At an operation 64, a level of the concentration of
carbon dioxide in the gas at or near the airway of the subject
is monitored. This may include sampling the concentration of
carbon dioxide in gas obtained at or near the airway of the
subject. In one embodiment, operation 64 is performed by a
carbon dioxide sensor and concentration module similar to or
the same as carbon dioxide sensor 28 and concentration mod-
ule 32 (shown in FIG. 1 and described above).

[0042] At anoperation 66, a trough concentration threshold
is determined. The trough concentration threshold is deter-
mined based on breathing of the subject (e.g., based on the
level of concentration determined at operation 64 during past
breaths). In one embodiment, operation 66 is performed by a
trough concentration threshold module the same as or similar
to trough concentration threshold module 40 (shown in FIG.
1 and described above).

[0043] At an operation 68, a trough duration threshold is
determined. The trough duration threshold is determined
based on breathing of the subject (e.g., based on the level of
concentration determined at operation 64 during past
breaths). In one embodiment, operation 68 is performed by a
trough duration threshold module the same as or similar to
trough duration threshold module 42 (shown in FIG. 1 and
described above).

[0044] At an operation 70, a plateau concentration thresh-
old is determined. The plateau concentration threshold is
determined based on breathing of the subject (e.g., based on
the level of concentration determined at operation 64 during
past breaths). In one embodiment, operation 70 is performed
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by a plateau concentration threshold module the same as or
similar to plateau concentration threshold module 44 (shown
in FIG. 1 and described above).

[0045] At an operation 72, a plateau duration threshold is
determined. The plateau duration threshold is determined
based on breathing of the subject (e.g., based on the level of
concentration determined at operation 64 during past
breaths). In one embodiment, operation 72 is performed by a
plateau duration threshold module the same as or similar to
plateau duration threshold module 40 (shown in FIG. 1 and
described above).

[0046] At an operation 74, a trough in the concentration of
carbon dioxide is identified. The trough corresponds to an
inhalation by the subject. The trough is identified responsive
to the level of the concentration of carbon dioxide falling
below a trough concentration threshold for an amount of time
greater than a trough duration threshold. In one embodiment,
operation 74 is performed by a trough identification module
the same as or similar to trough identification module 34
(shown in FIG. 1 and described above).

[0047] Atan operation 76, a plateau in the concentration of
carbon dioxide is identified. The plateau corresponds to an
exhalation by the subject. The plateau is identified responsive
to the level of carbon dioxide rising above a plateau concen-
tration threshold for an amount of time greater than a plateau
duration threshold. In one embodiment, operation 76 is per-
formed by a plateau identification module the same as or
similar to plateau identification module 36 (shown in FIG. 1
and described above).

[0048] At an operation 78, a breath is identified. The breath
is identified responsive to the identification of the trough
being followed by the identification of the plateau. In one
embodiment, operation 78 is performed by a breath identifi-
cation module the same as or similar to breath identification
module 38 (shown in FIG. 1 and described above).

[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 detect breaths based on capno-

graphic information, the system comprising:

a sensor configured to generate output signals over time
conveying information related to a concentration of car-
bon dioxide in gas at or near the airway of a subject;

a processor configured to execute modules, the modules
comprising:

a concentration module configured to determine a level
of the concentration of carbon dioxide in the gas at or
near the airway of the subject over time based on the
output signals;

a trough identification module configured to identify
troughs in the level of the concentration of carbon
dioxide, via satisfaction per trough of a trough con-
centration threshold and a trough duration threshold
over time, corresponding to inhalations by the sub-
ject, wherein the trough identification module is fur-
ther configured to identify a potential trough via a
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comparison of a level of carbon dioxide at a beginning
of the potential trough with a level of carbon dioxide
at an end of the potential trough, wherein responsive
to adifference between (i) the level at the beginning of
the potential trough and (ii) the level of carbon diox-
ide at the end of the potential trough being less than a
trough differential threshold, the trough identification
module identifies the potential trough as a trough
corresponding to an inhalation;

a plateau identification module configured to identify
plateaus in the level of the concentration of carbon
dioxide over time corresponding to exhalations by the
subject; and

a breath identification module configured to identify
breaths based on identification of troughs and pla-
teaus over time by the trough identification module
and the plateau identification module, respectively,
wherein responsive to (i) an identification of a trough
by the trough identification module, followed by (ii)
an identification of a plateau by the plateau identifi-
cation module, the breath identification module iden-
tifies a breath.

2. The system of claim 1, wherein the trough identification
module is configured such that a trough corresponding to an
inhalation by the subject is identified responsive to the level of
the concentration of carbon dioxide falling below the trough
concentration threshold for an amount of time greater than the
trough duration threshold.

3. The system of claim 2, wherein one or both of the trough
concentration threshold and/or the trough duration threshold
are determined dynamically based on previous respiration of
the subject.

4. The system of claim 1, wherein the plateau identification
module is configured such that a plateau corresponding to an
exhalation by the subject is identified subsequent to identifi-
cation of a trough responsive to the level of carbon dioxide
rising above a plateau concentration threshold for an amount
of time greater than a plateau duration threshold.

5. The system of claim 4, wherein one or both of the plateau
concentration threshold and/or the plateau duration threshold
are determined dynamically based on previous respiration of
the subject.

6. A method of detecting breaths based on capnographic
information, the method comprising:

monitoring over time a level of the concentration of carbon

dioxide in gas at or near the airway of the subject;

identifying troughs in the level of the concentration of
carbon dioxide, via satisfaction per trough of a trough
concentration threshold and a trough duration threshold
over time, corresponding to inhalations by the subject,
wherein identifying further includes identifying a poten-
tial trough via a comparison of a level of carbon dioxide
at a beginning of the potential trough with a level of
carbon dioxide at an end of the potential trough, wherein
responsive to a difference between (i) the level at the
beginning of the potential trough and (ii) the level of
carbon dioxide at the end of the potential trough being
less than a trough differential threshold, the potential
trough is identified as a trough corresponding to an inha-
lation;

identifying plateaus in the level of the concentration of
carbon dioxide over time corresponding to exhalations
by the subject; and
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identifying breaths based on identifications of troughs and
plateaus, wherein responsive to (i) an identification of a
trough followed by (ii) an identification of a plateau, a
breath is identified.

7. The method of claim 6, wherein identifying troughs
comprises identifying a trough corresponding to an inhalation
by the subject responsive to the level of the concentration of
carbon dioxide falling below the trough concentration thresh-
old for an amount of time greater than the trough duration
threshold.

8. The method of claim 7, further comprising dynamically
determining one or both of the trough concentration threshold
and/or the trough duration threshold based on respiration of
the subject.

9. The method of claim 6, wherein identifying plateaus
comprises identifying a plateau corresponding to an exhala-
tion by the subject subsequent to identification of a trough
responsive to the level of carbon dioxide rising above a pla-
teau concentration threshold for an amount of time greater
than a plateau duration threshold.

10. The method of claim 9, further comprising dynamically
determining one or both of the plateau concentration thresh-
old and/or the plateau duration threshold based on respiration
of the subject.

11. A system for detecting breaths based on capnographic
information, the system comprising:

means for monitoring a level of the concentration of carbon

dioxide in gas at or near the airway of the subject over
time;

means for identifying troughs in the level of the concen-

tration of carbon dioxide, via satisfaction per trough of a
trough concentration threshold and a trough duration
threshold over time, corresponding to inhalations by the
subject wherein the troughs identifying means is further
configured to identify a potential trough via a compari-
son of a level of carbon dioxide at a beginning of the
potential trough with a level of carbon dioxide at an end
of the potential trough, wherein responsive to a differ-
ence between (i) the level at the beginning of the poten-
tial trough and (ii) the level of carbon dioxide at the end
of the potential trough being less than a trough differen-
tial threshold, the troughs identifying means identifies
the potential trough as a trough corresponding to an
inhalation;

means for identifying plateaus in the level of the concen-

tration of carbon dioxide over time corresponding to
exhalations by the subject; and

means for identifying breaths based on identifications of

troughs and plateaus over time, wherein responsiveto (i)
an identification of a trough by the trough identifying
means, followed by (ii) an identification of a plateau by
the plateaus identifying means, the breaths identifying
means identifies a breath.

12. The system of claim 11, wherein the means for identi-
fying troughs identifies a trough corresponding to an inhala-
tion by the subject responsive to the level of the concentration
of carbon dioxide falling below the trough concentration
threshold for an amount of time greater than the trough dura-
tion threshold.

13. The system of claim 12, further comprising means for
dynamically determining one or both of the trough concen-
tration threshold and/or the trough duration threshold based
on respiration of the subject.



US 2013/0261488 Al

14. The system of claim 11, wherein the means for identi-
fying plateaus identifies a plateau corresponding to an exha-
lation by the subject subsequent to identification of a trough
responsive to the level of carbon dioxide rising above a pla-
teau concentration threshold for an amount of time greater
than a plateau duration threshold.

15. The system of claim 14, further comprising means for
dynamically determining one or both of the plateau concen-
tration threshold and/or the plateau duration threshold based
on respiration of the subject.

* * * #* %
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