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APPARATUS FOR QUANTIFYING
EXPIRATORY AND INSPIRATORY AIRFLOW

CROSS-REFERENCE OF RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Application No. 61/450,985 filed Mar. 9, 2011, the entire
contents of which are hereby incorporated by reference.
[0002] This invention was made with U.S. Government
support of Grant No. P50 HL084945, awarded by sccor. The
U.S. Government has certain rights in this invention.

BACKGROUND
[0003] 1. Field of Invention
[0004] The field of the currently claimed embodiments of

this invention relates to apparatuses and methods for quanti-
fying inspiratory and expiratory airflow and characterizing
respiratory disorders.

[0005] 2. Discussion of Related Art

[0006] The gold standard assessment of ventilation is the
measurement of airflow with a pneumotachograph (Ameri-
can Sleep Disorders Assoc. 1995; Kushida etal. 2005; Ameri-
can Academy of Sleep Medicine 1999), although it is not
routinely used, instead semi-quantitative measures of airflow
are utilized. Pneumotachographs measure airflow through a
tube that imposes a small resistance to airflow, which is not a
problem during wakefulness in normal healthy individuals.
During sleep or in patients at risk for respiratory failure air-
flow, the added resistance or any deadspace is a problem
primarily for two reasons. First, the added resistance might
change respiratory pattern and ventilation particularly when
flow is at a minimum (Hlavac et al. 2007; Morrell, Browne, &
Adams 2000 ; Pillar et al. 2000; Tun et al. 2000; Hudgel,
Mulholland, & Hendricks 1987). Second, the use of a pneu-
motachograph may exacerbate respiratory failure in patients
who cannot adapt their respiratory pattern in response to the
added load. Another reason why pneumotachographs are
rarely used in clinical practice during sleep.

[0007] In addition, measuring inspiratory and expiratory
airflow limitation requires simultaneous measures of airflow
and airway pressures, because of uncertainties of the absolute
zero of airflow measurements. Currently, defining the abso-
lute zero is a major problem in measuring airflow since both
electrical and mechanical signals drift over time, leading to
inaccuracies of measuring airflow. Current methods of defin-
ing the absolute zero use either software or hardware algo-
rithms that can have at least two disadvantages: 1) Software
algorithms distort the airflow signal thereby affecting the
airflow contour; and 2) Hardware algorithms can detect the
absolute zero but they do not correct the electrical or
mechanical drifts in the airflow signal. There thus remains a
need for improved apparatuses for quantifying respiratory
and inspiratory airflow.

SUMMARY

[0008] An apparatus for quantifying a user’s expiratory and
inspiratory airflow according to an embodiment of the current
invention includes an air tube adapted to be sealed over at
least one of the nose or mouth of a user, a pressure sensor
configured to be selectively fluidly connected with one of the
air tube or an ambient environment external to the air tube, a
valve assembly arranged between the air tube and the pres-
sure sensor to switch between a measuring configuration in
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which the pressure sensor is fluidly connected with the air
tube while fluid connection with the ambient environment is
excluded, and a reference configuration in which the pressure
sensor is fluidly connected with the ambient environment
while fluid connection with the air-tube is excluded, and a
data processing unit arranged to communicate with the pres-
sure sensor and the valve assembly. The data processing unit
is configured to provide instructions to the valve assembly to
switch between the measuring and the reference configura-
tions. The data processing unit is further configured to deter-
mine an absolute zero of expiratory and inspiratory airflow
based on signals from the pressure sensor obtained while the
valve assembly is in the reference configuration and to mea-
sure at least one of expiratory and inspiratory airflow while
the valve assembly is in the measuring configuration. The
processing unit is further configured to determine at least one
of expiratory airflow limitation or inspiratory airflow limita-
tion relative to the absolute zero airflow.

[0009] A method of quantifying a subject’s respiratory and
inspiratory airflow according to an embodiment of the current
invention includes measuring at least one of respiratory air-
flow or inspiratory airflow of the subject, measuring an abso-
lute zero airflow in a local environment of the subject, and
determining at least one of expiratory airflow limitation or
inspiratory airflow limitation based on the measuring at least
one of respiratory airflow or inspiratory airflow relative to the
absolute zero airflow.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Further objectives and advantages will become
apparent from a consideration of the description, drawings,
and examples.

[0011] FIG. 1isa schematic illustration of an apparatus for
quantifying respiratory and inspiratory airflow according to
an embodiment of the current invention.

[0012] FIGS. 2A-2C provide front, cross-section and per-
spective views of a portion of illustrate the apparatus of FIG.
1.

[0013] FIG. 3isa schematic illustration of an apparatus for
quantifying respiratory and inspiratory airflow according to
an embodiment of the current invention,

[0014] FIG. 4 is an illustration of a differential pressure
transducer according to an embodiment of the current inven-
tion.

[0015] FIG. 5 is a schematic illustration of a portion of a
valve assembly of the apparatus of FIG. 1.

[0016] FIG. 6 shows an example of data according to an
embodiment of the current invention.

[0017] FIG. 7 shows examples of breath contours to explain
the operation of an apparatus according to some embodi-
ments of the current invention.

[0018] FIG. 8 is an example of actual data according to an
embodiment of the current invention to illustrate periods of
normal ventilation and dynamic hyperinflation.

DETAILED DESCRIPTION

[0019] Some embodiments of the current invention are dis-
cussed in detail below. In describing embodiments, specific
terminology is employed for the sake of clarity. However, the
invention is not intended to be limited to the specific termi-
nology so selected. A person skilled in the relevant art will
recognize that other equivalent components can be employed
and other methods developed without departing from the
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broad concepts of the current invention. All references cited
anywhere in this specification, including the Background and
Detailed Description sections, are incorporated by reference
as if each had been individually incorporated.

[0020] Some embodiments of the current invention provide
methods and devices that allows quantifying on a breath by
breath basis the degree of inspiratory and expiratory flow
limitation and dynamic hyperinflation. As described in more
detail below, this approach utilizes the absolute zero and
deviation in measured airflow at specific time points from the
zero line. The degree of inspiratory airflow limitation can
provide a marker for the degree of upper airway obstruction
and can be obtained by measuring the level of airflow during
inspiration. Similarly, by using the expiratory flow contour
some embodiments of the current invention allows one to
determine the degree of expiratory airflow limitation and
magnitude of dynamic hyperinflation, both of which are hall-
marks for the severity of asthma and chronic obstructive lung
disease. Current airflow sensors miss these markers of
inspiratory upper airway obstruction, COPD and Asthma.

[0021] Some embodiments of the current invention obviate
measuring airway pressures by determining the absolute zero
from the airflow signal. Thus, some embodiments of the cur-
rent invention allow for the quantification of inspiratory and
expiratory airflow limitation and dynamic hyperinflation
from the airflow signal alone. An apparatus according to an
embodiment of the current invention measures repeatedly the
absolute zero and corrects electrical and mechanical drifts.

[0022] Some embodiments of the current invention can
solve several problems. First, it defines absolute zero without
distorting the airflow signal and it can automatically correct
the airflow signal based on the measured absolute zero. Sec-
ond, by knowing the absolute zero, the new apparatus would
also prevent an overestimation and/or underestimation of
inspiratory airflow, which accrue in existing methods due to
the problems mentioned above, Third, the repeated re-zeroing
of any electrical drift and automated calibration by referenc-
ing the airflow to atmosphere allows accurate airflow mea-
surements over limitless time periods. Therefore, embodi-
ments of the current invention are suited to accurately
quantify and monitor inspiratory and expiratory disorders of
breathing.

[0023] FIG. 1 provides a schematic illustration of an appa-
ratus 100 for quantifying a user’s 102 respiratory and inspira-
tory airflow according to an embodiment of the current inven-
tion. The apparatus 100 has an air tube 104 adapted to be
sealed over atleast one of the nose or mouth of a user 102. The
air tube 104 can be a separate component that can be attached
and removed from a mask 106 in some embodiments of the
current invention. In alternative embodiments, the air tube
104 and mask 106 can be integral as a single unit. In some
embodiments, the air tube 104 can be sealed over the nose of
the user 102 with the mask 106, as illustrated in the example
of FIG. 1. In alternative embodiments, the air tube 104 can be
sealed over the mouth, or over the nose and mouth of the user
102. The air tube 104 can include a Pitot tube 108 to be
attached to a pressure sensor. Also, see FIGS. 2A-2C for more
detailed illustrations of an example of air tube 104.

[0024] FIG. 3 is a schematic illustration of the apparatus
100, including software, according to an embodiment of the
current invention. The apparatus 100 also include a pressure
sensor 110 configured to be selectively fluidly connected with
one of the air tube 104 or an ambient environment (atmo-
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spheric pressure) external to the air tube 104. The pressure
sensor can be a differential pressure transducer, for example
(see, also, FIG. 4).

[0025] Theapparatus 100 further includes a valve assembly
112 arranged between the air tube 104 and the pressure sensor
110 to switch between a measuring configuration in which the
pressure sensor 110 is fluidly connected with the air tube 104
while fluid connection with the ambient environment is
excluded, and a reference configuration in which the pressure
sensor 110 is fluidly connected with the ambient environment
while fluid connection with the air tube 104 is excluded. The
apparatus 100 further includes a data processing unit 114
arranged to communicate with the pressure sensor 110 and
the valve assembly 112. The data processing unit 114 is
configured to provide instructions to the valve assembly 112
to switch between the measuring and the reference configu-
rations. The data processing unit 114 is further configured to
determine an absolute zero of respiratory and inspiratory
airflow based on signals from the pressure sensor 110
obtained while the valve assembly is in the reference configu-
ration and to determine a net difference in respiratory and
inspiratory flow with respect to the absolute zero. The valve
assembly 112 can include a solenoid actuator 116 for switch-
ing the valve between the measuring and reference configu-
rations. (See, also, FIG. 5.)

[0026] FIG. 6 shows an example of measured airflow over
aperiod of time that includes a dozen breaths. The portion of
the curve during the “ON” state is the reference configuration
in which the absolute zero was being determined.

[0027] FIG. 7 is a schematic illustration of one inspiration-
expiration cycle shown in more detail. The top-center dia-
gram shows a normal breath contour. The dashed line is the
absolute zero, as determined for this case. The lower-left
diagram in FIG. 7 illustrates detection and assessment of
inspiratory airflow limitation (IFL) according to an embodi-
ment of the current invention. In this case, the shape of the
inspiration phase is flatter than the normal contour. In addi-
tion, by determining the absolute zero (horizontal dashed line
at zero airflow), the severity of the IFL can also be quantified.
The lower-right diagram in FIG. 7 illustrates detection and
assessment of expiratory airflow limitation (EFL) according
to an embodiment of the current invention. Since the dashed
horizontal line is a measured absolute zero in the airflow, the
offset in the asymptotic decay of the expiration phase can be
detected and quantified. One can see that if the absolute zero
in airflow had not been measured, one would not know
whether the location of the horizontal dashed line was correct,
and in fact could be arbitrarily shifted up or down. Therefore,
by measuring the absolute zero of airflow, EFL can be
detected and quantified. In addition, since airflow is move-
ment of air as over time, the contours can be integrated over
time to determine a net, non-zero flow. FIG. 8 shows an actual
data taken with an apparatus according to an embodiment of
the current invention. In this example, the user has periods of
normal ventilation, followed by a period of dynamic hyper-
inflation.

[0028] In some embodiments of the current invention, the
data processing unit 114 can be further configured to output
information to a user-output-component based on the net
difference in respiratory and inspiratory flow with respect to
the absolute zero. In some embodiments, the user-output-
component can include atleast one of an audio or video alarm,
for example. In some embodiments, the user-output-compo-
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nent can include a video display adapted to display at least
one of alphanumeric or graphical information, for example.

[0029] Insomeembodiments, the apparatus 100 can further
include a data storage unit in communication with the data
processing unit 114. The data storage unit can be adapted to
store at least one of signals from the pressure sensor or cal-
culated values from the data processing unit for later retrieval.
The data storage unit can include a removable data storage
medium, for example. In some embodiments, the apparatus
100 can further include a data interface to at least retrieve data
stored in the data storage unit.

[0030] The apparatus according to some embodiments of
the current invention can provide solutions for detecting
inspiratory and expiratory flow limitation and dynamic
hyperinflation, for example. In an embodiment, the apparatus
has four parts (see FIG. 3): 1) a pressure measuring unit, 2)
solenoids, 3) electrical relays, and 4) an electrical processor
unit that houses hardware and software algorithms. The pres-
sure measuring unit can be standard pressure transducers. The
solenoids are designed to disconnect the pressure measuring
unit from the patient and open the pressure transducers to
atmosphere, which defines the absolute zero for breathing.
The relays can include a software and hardware algorithm
that periodically switches the solenoids. The electrical pro-
cessor unit uses the simultaneous measurement of atmo-
spheric pressure to provide repeated re-zeroing of any elec-
trical drift and automated calibration. This has been an
unsolved problem of current technologies.

Pitot Flowmeter

[0031] In an example, the ‘Pitot flowmeter’ is a polyethyl-
ene lightweight (1.5 grams), low dead-space (~10 cm”) flow-
meter (KeyFlow™, Key Technologies Inc, Baltimore, USA)
that uses the Pitot tube principal to determine midstream
airflow rate flowing through a wide bore flow tube (FIG. 2).
The flow sensor has two ports for pressure measurement
located in the centerline of the flow tube; one oriented
upstream (P, ; pressure head) and one oriented downstream
(Pps; tail pressure). The Pitot tube openings are positioned in
line with airflow and detect the pressure head (rather than the
side-stream pressure as in a pneumotachograph) of the bulk
flow through the Pitot flowmeter. Both of the P,,c and P
ports are connected via separate plastic tubing to either side of
a differential pressure transducer that is mounted on a circuit
board to amplify the signal. An algorithm converts the differ-
ential between the head and the tail pressure differential into
avoltage output as is described below. The zero output of the
Pitot flowmeter is set to 2.5 volts and the output range is from
0to 5 voltin a particular example. The general concepts of the
current invention are not limited to the particular examples.

Airflow Measurement Principle

[0032] The major technical difference of the Pitot flowme-
ter to standard pneumotachograhs is that it measures mid-
stream airflow rather than side stream pressure. The theoreti-
cal principle used in the Pitot flowmeter’s measurement of
airflow is derived from application of the Pitot tube approach
and is based on the Bernoulli Equation:

Ap+1,;2pV? +pgh=constant equation 1

where: Ap=differential pressure, p=density, V=velocity,
g=gravity, h=elevation. This ideal equation is valid for mea-
sures at any point along a stream line for steady fluid flows
with constant density and for which friction is negligible.
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Furthermore, both gravity and elevation are also constant and
negligible in this application of equation 1. The differential
pressure measured between the Pitot tube ports relates to the
fluid velocity as follows:

Pup=Pan="2P 72 equation 2

where, V is the velocity in the centerline of the flow sensor.
The airflow rate is then calculated from the centerline velocity
as follows:

0=C-7"4 equation 3

where, Q=flow rate, A=cross sectional area of the flow sensor,
C=velocity profile pressure head correction factor in the flow
sensor. During turbulent flow, the velocity profile of the pres-
sure head is effectively flat, thus Cis very close to 1.0. In fully
developed laminar flow, the velocity profile is parabolicand C
is closer to 0.5. In the Pitot flowmeter, the flow rate algorithm
is empirically determined to account for variation of the
velocity profile for changes in flow rate.
[0033] An apparatus and methods according to some
embodiments of the current invention can allow for quantifi-
cation of inspiratory and expiratory airflow for extended time
periods without performing repeated manual calibration or
correction procedures. By knowing the absolute zero, one can
detect the magnitude of inspiratory and expiratory airflow
limitation and the degree of dynamic hyperinflation.
Dynamic hyperinflation occurs when inspiration starts pre-
maturely while expiratory airflow is still present. The knowl-
edge of an absolute zero can discriminate whether airflow
immediately prior to an inspiration has ceased (e.g. it
approaches zero) or not (e.g. if it exceeds the zero) (FIGS. 7
and 8). In patients with Asthma and COPD, dynamic hyper-
inflation is an indicator for disease severity. Thus, the new
apparatus could be used as a monitor for Asthma and COPD
disease severity, particularly during sleep.
[0034] Apparatuses according to some embodiments of the
current invention can be applied in clinical or institutional
settings and in the home environment for patients and sub-
jects who need monitoring of airflow for diagnostic and thera-
peutic purposes or to control the efficacy of a given treatment
that would affect ventilation.
[0035] Some applications can include the following:
[0036] Inspiratory Airflow Monitor: Snoring and sleep
apnea are caused by upper airway collapse. The severity
of upper airway collapse can be determined by the
degree of inspiratory airflow limitation. The knowledge
of an absolute zero allows quantifying the degree of
inspiratory airflow limitation and thereby the degree of
the underlying disturbance that causes sleep apnea and
snoring. Quantifying upper airway properties by the
inspiratory airflow monitor could be used to identify
patients at risk for developing sleep apnea (like a blood
pressure monitor detects the risk for developing stroke
and heart failure) and it may be used to guide treatment
for snoring and sleep apnea. Such a monitor would also
allow detecting beneficial or adverse effects of therapeu-
tic or non-therapeutic agents on upper airway properties.
[0037] Expiratory Airflow Monitoring: Breathing
mechanics often worsens during sleep, sedation and
anesthesia compared to wakefulness. In conjunction
with a portable Air-Flow-meter device, the new method
and apparatus would allow the detection of expiratory
flow limitation and dynamic hyperinflation as a marker
for the severity of asthma, COPD and emphysema. Thus,
it could be used to monitor asthma and COPD severity
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during sleep, sedation or anesthesia and the effect of

pharmacological and other treatments on the Asthma

and COPD severity.
[0038] Themagnitude of inspiratory and expiratory airflow
limitation and the degree of dynamic hyperinflation can be
determined on a breath-by-breath basis independently of
additional pressure measurements.
[0039] The embodiments illustrated and discussed in this
specification are intended only to teach those skilled in the art
how to make and use the invention. In describing embodi-
ments of the invention, specific terminology is employed for
the sake of clarity. However, the invention is not intended to
be limited to the specific terminology so selected. The above-
described embodiments of the invention may be modified or
varied, without departing from the invention, as appreciated
by those skilled in the art in light of the above teachings. It is
therefore to be understood that, within the scope of the claims
and their equivalents, the invention may be practiced other-
wise than as specifically described.

We claim:

1. An apparatus for quantifying a user’s expiratory and

inspiratory airflow, comprising:

an air tube adapted to be sealed over at least one of the nose
or mouth of a user;

a pressure sensor configured to be selectively fluidly con-
nected with one of said air tube or an ambient environ-
ment external to said air tube;

a valve assembly arranged between said air tube and said
pressure sensor to switch between a measuring configu-
ration in which said pressure sensor is fluidly connected
with said air tube while fluid connection with said ambi-
ent environment is excluded, and a reference configura-
tion in which said pressure sensor is fluidly connected
with said ambient environment while fluid connection
with said air-tube is excluded; and

a data processing unit arranged to communicate with said
pressure sensor and said valve assembly,

wherein said data processing unit is configured to provide
instructions to said valve assembly to switch between
said measuring and said reference configurations, and

wherein said data processing unit is configured to deter-
mine an absolute zero of expiratory and inspiratory air-
flow based on signals from said pressure sensor obtained
while said valve assembly is in said reference configu-
ration and to measure at least one of expiratory and
inspiratory airflow while said valve assembly is in said
measuring configuration, said processing unit being fur-
ther configured to determine at least one of expiratory
airflow limitation or inspiratory airflow limitation rela-
tive to said absolute zero airflow.

2. The apparatus according to claim 1, wherein said pres-

sure sensor is a differential pressure sensor.

3. The apparatus according to claim 2, wherein said pres-

sure sensor is selectively fluidly connected to said air tube
through a Pitot tube.
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4. The apparatus according to claim 3, wherein said valve
assembly comprises a solenoid actuator.

5. The apparatus according to claim 1, wherein said data
processing unit is further configured to output information to
a user-output-component based on said determining at least
one of expiratory airflow limitation or inspiratory airflow
limitation relative to said absolute zero airflow.

6. The apparatus according to claim 5, wherein said user-
output-component comprises at least one of an audio or video
alarm.

7. The apparatus according to claim 5, wherein said user-
output-component comprises a video display adapted to dis-
play at least one of alphanumeric or graphical information.

8. The apparatus according to claim 1, wherein said data
processing unit is further configured to determine a degree of
said at least one of expiratory airflow limitation or inspiratory
airflow limitation based on an amount of offset from said
absolute zero airflow.

9. The apparatus according to claim 1, wherein said data
processing unit is further configured to determine a cumula-
tive expiratory airflow limitation or inspiratory airflow limi-
tation integrated over a plurality of breaths of said user.

10. The apparatus according to claim 1, further comprising
a data storage unit in communication with said data process-
ing unit, said data storage unit being adapted to store at least
one of signals from said pressure sensor or calculated values
from said data processing unit for later retrieval.

11. The apparatus according to claim 10, wherein said data
storage unit comprises a removable data storage medium.

12. The apparatus according to claim 10, further compris-
ing a data interface to at least retrieve data stored in said data
storage unit.

13. A method of quantifying a subject’s respiratory and
inspiratory airflow, comprising:

measuring at least one of respiratory airflow or inspiratory

airflow of said subject;

measuring an absolute zero airflow in a local environment

of said subject; and

determining at least one of expiratory airflow limitation or

inspiratory airflow limitation based on said measuring at
least one of respiratory airflow or inspiratory airflow
relative to said absolute zero airflow.

14. The method of claim 13, wherein said determining at
least one of expiratory airflow limitation or inspiratory ait-
flow limitation determines a degree of said at least one of
expiratory airflow limitation or inspiratory airflow limitation
based on an amount of offset from said absolute zero airflow.

15. The method of claim 13, wherein said determining at
least one of expiratory airflow limitation or inspiratory ait-
flow limitation determines a cumulative expiratory airflow
limitation or inspiratory airflow limitation integrated over a
plurality of breaths of said subject.

* #* * #* #®



patsnap

TREMOF) ATELCESMESSRNEE
[F(RE)E US20130345590A1 K (aH)A 2013-12-26
BRiES US14/004082 % A 2012-03-09

[fR]E B (FRI)A(ZE) SCHNEIDER HARTMUT
kirkness JASON PAUL

RRiE (TR A(F) SCHNEIDER , HARTMUT
KIRKNESS , JASON PAUL

HAREEARAGE) AR BEEZSHAE

PRI B A SCHNEIDER HARTMUT
KIRKNESS JASON PAUL

REBAA SCHNEIDER, HARTMUT
KIRKNESS, JASON PAUL

IPCH%E A61B5/087 A61B5/00

CPCH%E A61B5/087 A61B5/746 A61B5/742 A61B5/6819 A61B5/682 A61B2562/0247

£ £ 61/450985 2011-03-09 US

SNERaE Espacenet USPTO

BE(R) 10 02
—MATELLAFNESARSSANEE K 2F =28 BET%H /
EFERAENEFRELNED P EHERS , HEEREESELE ASK POSITI

RGN —ARARRE TS, EESEND  SBERSEA it

EhatERELHNRAGENEEBNSEZRE,HYR  ENREE
RENERESESEREEE  ANERSARREOREEE. £
hE D RESAERERAEE , ANEREESBEORMER | 5L
REEAESE T A ERSE N EBRENREFER, RELES THE
EHERAERIESUENRNSZRES MR, JURLESETE
BEERETRAERAGLTSEREENRENENEBENESHE 11
ERSHMRSSENENEE | HAERASRHNBFSNRSSH
RES—A, ENREEST, MBS TIREENBEEN TENE ﬁﬁ%ﬁﬁ%K 106
9 I 570 PR A S W A PR 4 R B B D — N w



https://share-analytics.zhihuiya.com/view/4d689551-acea-4306-8bb1-cbe2f86fe8c0
https://worldwide.espacenet.com/patent/search/family/046798840/publication/US2013345590A1?q=US2013345590A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220130345590%22.PGNR.&OS=DN/20130345590&RS=DN/20130345590

