wo 2015/005958 A1 |1 I} 0T OO 00 A A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

15 January 2015 (15.01.2015)

WIPOIPCT

(10) International Publication Number

WO 2015/005958 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

International Patent Classification:
A61B 5/091 (2006.01) A61B 5/087 (2006.01)

International Application Number:
PCT/US2014/032186

International Filing Date:

28 March 2014 (28.03.2014)
Filing Language: English
Publication Language: English
Priority Data:
61/844,182 9 July 2013 (09.07.2013) Us
Applicant: PULMONE ADVANCED MEDICAL
DEVICES, LTD. [IL/IL]; 64 Asher Street, 43553
Ra'anana (IL).

Inventors: ADAM, Ori; Chohit 3 Street, Neve Amit,
76329 Rechovot (IL). LAPRAD, Adam; 455 Cole Street,
Suite 5, San Francisco, California 94117 (US). COHEN,
Inon; 20 Shraga Rephael Street, 49130 Petach Tigva (IL).
PELES, Zachi; Derech Namir 1, 64929 Tel Aviv (IL).
FREDBERG, Jeftrey J.; 79 Florence St., Unit 206 S,

(74

(8D

(84)

Chestnut Hill, Massachusetts 02467 (US). SOLWAY, Ju-
lian; 746 Grove Street, Glencoe, Illinois 60022 (US).

Agents: WERNLI, Matthew K. et al.; Fish & Richardson
P.c., P.O. Box 1022, Minneapolis, Minnesota 55440-1022

(US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

[Continued on next page]

(54) Title: DETERMINING RESPIRATORY PARAMETERS

305

1-315

3107

((

FIG. 3

(57) Abstract: A pulmonary measurement system in-
cludes a pulmonary measurement device that in-
cludes a mouthpiece with an airflow path and a
sensor positioned in the airflow path; and a control-
ler communicably coupled to the sensor. The con-
troller includes a processor and instructions stored in
memory and is operable to execute the instructions
with the processor to perform operations including
identitying a measurement from the sensor; identify-
ing a particular equation stored in the memory, the
particular equation developed using data analytics
and including an input parameter that is based on the
identified measurement; and based on the identified
measurement and the particular equation, determin-
ing a value of absolute lung volume.



WO 2015/005958 A1 | H 000 Y0 O A

EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, Published:
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, S, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

with international search report (Art. 21(3))



10

15

20

25

WO 2015/005958 PCT/US2014/032186

DETERMINING RESPIRATORY PARAMETERS

CLAIM OF PRIORITY

[0001] This application claims priority to U.S. Provisional Application No.
61/844,182 filed on July 9, 2013, the entire contents of which are hereby incorporated

by reference.

TECHNICAL BACKGROUND

[0002] This disclosure relates to methods for estimating (e.g., calculating)
respiratory health parameters and/or to a method for estimating (e.g., calculating)

pulmonary function parameters using measured and/or known input parameters.

BACKGROUND

[0003] Absolute lung volume is a key parameter in pulmonary physiology and
diagnosis, but it is not easy to measure in a live individual. It is relatively
straightforward to measure the volume of air that is exhaled from a subject’s mouth,
but at the end of complete exhalation, a significant amount of air is left in the lungs
because the mechanical properties of the lungs and chest wall, including the ribs, do
not allow the lungs to collapse completely. The gas remaining in the lungs at the end
of a complete exhalation is termed the Residual Volume (RV) and may be significantly
increased or decreased in disease. The total volume of gas in the lungs at the end of a
maximal inspiration is termed the Total Lung Capacity (TLC). The TLC includes the
RYV plus the maximum amount of gas that can be inhaled or exhaled, which is termed
the Vital Capacity (VC). However, during normal breathing, the subject does not
empty the lungs down to RV or inflate the lungs to TLC. The amount of gas
remaining in the lungs at the end of a normal breath, as distinct from a complete
exhalation, is termed the Functional Residual Capacity (FRC) or Thoracic Gas Volume
(TGV), depending upon the manner in which it is measured. For simplicity, when this

volume is measured by inert gas dilution techniques, it will be termed FRC, and when
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it is measured by barometric techniques involving gas compression, it will be termed

TGV, as described in this application.

[0004] In order to determine the total volumes of gas in the lungs at TLC,
FRC, TGV, or RV, indirect methods may be used since it is impossible to completely
exhale all of the gas from the lungs. Acceptable techniques for measuring lung
volumes in humans include, for example: (1) Whole Body Plethysmography, in which
a subject makes respiratory efforts against an obstruction within a gas tight chamber
and the changes in pressure on the patient side of the obstruction can be related to the
changes in pressure in the chamber through Boyle’s law to calculate TGV; (2) Multi-
breath Helium Gas Dilution involving the dilution of a known concentration and
volume of Helium by the gas in the lungs of a subject; (3) Nitrogen wash-out, in which
upon the expiration of a known gas volume with 100% oxygen, the time required to
resume normal atmospheric nitrogen concentrations is used to estimate lung volume;
(4) Computerized Tomography, in which three-dimensional imaging of the lungs is
used to estimate lung volume; and (5) Chest Radiography, in which lung volume is
estimated from chest radiography images. The most commonly used techniques,

however, are gas dilution and whole body plethysmography.

[0005] While the above-mentioned techniques for measuring lung volumes in
humans are considered acceptable, such techniques may produce undesired
measurement inaccuracies, may require complicated and/or expensive equipment, or
may be difficult to perform. For example, gas dilution involves the dilution of a
known concentration and volume of inert gas by the gas in the lungs of a subject and is
critically dependent on complete mixing of the marker gas and lung gas. In subjects
with poor gas mixing due to disease, this technique is very inaccurate and generally
underestimates the true FRC. Whole body plethysmography is generally believed to
accurately measure TGV even in sick subjects, but requires complicated and expensive
equipment and is difficult to perform. Several studies, however, have shown that
whole body plethysmography may overestimate lung volumes in severely obstructed

patients.
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[0006] Once FRC (e.g., determined by gas dilution) or TGV (e.g., determined
by whole body plethysmography) is calculated, measurement by spirometry of the
extra volume of gas that can be exhaled from the end of a normal exhalation
(Expiratory Reserve Volume, ERV) and the extra volume that can be inhaled from the
end of a normal exhalation (Inspiratory Capacity, IC) allows the calculation of TLC
and RV.

[0007] These three important indicators (TLC, RV, and FRC or TGV) are
mutually related through the following formulas: RV = FRC — ERV, TLC = FRC + IC,
and TLC =RV + ERV + IC =RV + VC.

[0008] If FRC is determined by gas dilution and TGV is determined by a
barometric method, then the difference between TGV and FRC is a measure, albeit

approximate, of the volume of poorly ventilated or “trapped gas” in the lungs.

[0009] In healthy subjects, TGV and FRC is approximately equal as there is
little or no trapped gas, and hence, for practical matters, in this disclosure the term
TGV shall be used as a synonym for FRC. In summary, determination of absolute
lung volume (e.g., TLC, TGV, and RV) may be central for the evaluation of lung

function but is not easily determined from existing technologies.

SUMMARY

[0010] In one general implementation, a pulmonary measurement system
includes a pulmonary measurement device that includes a mouthpiece with an airflow
path and a sensor positioned in the airflow path; and a controller communicably
coupled to the sensor. The controller includes a processor and instructions stored in
memory and is operable to execute the instructions with the processor to perform
operations including identifying a measurement from the sensor; identifying a
particular equation stored in the memory, the particular equation developed using data
analytics and including an input parameter that is based on the identified measurement;
and based on the identified measurement and the particular equation, determining a

value of absolute lung volume.



10

15

20

25

WO 2015/005958 PCT/US2014/032186

[0011] In a first aspect combinable with the general implementation, the sensor

includes at least one of an airflow sensor or a pressure sensor.

[0012] In a second aspect combinable with any of the previous aspects, the
controller is operable to execute the instructions with the processor to perform further
operations including: determining the input parameter to the particular equation based
on the measurement; and calculating the value of absolute lung volume based on the

input parameter.

[0013] In a third aspect combinable with any of the previous aspects, the input
parameter includes a parameter related to respiratory function, respiratory mechanics,

respiratory health, or general health.

[0014] In a fourth aspect combinable with any of the previous aspects, the
input parameter includes at least one of an airway opening pressure, a derivative of the
airway opening pressure, an integral of the airway opening pressure, an airway
opening flowrate, a derivative of the airway opening flowrate, an integral of the airway
opening flowrate, a parameter derivable from forced spirometry, a parameter derivable
from slow spirometry, a mechanical impedance, a parameter derivable from forced
oscillations, a parameter derivable from impulse oscillometry, a time constant of a

pressure decay or rise, or a time constant of a flowrate decay or rise.

[0015] In a fifth aspect combinable with any of the previous aspects, the
pulmonary measurement device includes one of: (a) a spirometer; (b) a forced
oscillation device; (c) an advanced flow interruption device; (d) a flow interruption
device; (e) a combination spirometer-flow interruption device; or (f) a combination

device of two or more of (a)-(e).

[0016] A sixth aspect combinable with any of the previous aspects further
includes a handheld housing that at least partially encloses or couples to the pulmonary

measurement device and the controller.

[0017] In a seventh aspect combinable with any of the previous aspects,
identifying a particular equation includes identifying the particular equation from a

plurality of equations that are stored in the memory.
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[0018] In an eighth aspect combinable with any of the previous aspects, the
controller is operable to execute the instructions with the processor to perform further
operations including identifying a second particular equation of the plurality of
equations that are stored in the memory, the second particular equation developed
using data analytics and including a second input parameter that is based on the
identified measurement; and based on the identified measurement and the second
particular equation, determining at least one of total lung capacity (TLC), functional
residual capacity (FRC), thoracic gas volume (TGV), residual volume (RV), diffusing
capacity of the lung for carbon monoxide (DLCO), airway resistance, lung elasticity,

or lung tissue compliance.

[0019] In a ninth aspect combinable with any of the previous aspects, the
controller is operable to execute the instructions with the processor to perform further
operations including identifying a third particular equation of the plurality of equations
that are stored in the memory, the third particular equation developed using data
analytics and including a third input parameter that is based on the identified
measurement; and based on the identified measurement and the third particular

equation, determining at least one qualitative indicator of respiratory health.

[0020] In a tenth aspect combinable with any of the previous aspects, the at
least one qualitative indicator of respiratory health includes a diagnosis of: health,
obstructive respiratory disease, restrictive respiratory disease, mixed defect, pulmonary
vascular disorder, chest wall disorder, neuromuscular disorder, interstitial lung disease,

pneumonitis, asthma, chronic bronchitis, or emphysema.

[0021] In an eleventh aspect combinable with any of the previous aspects, the
particular equation is derived from a training population that includes a plurality of

healthy subjects.

[0022] In a twelfth aspect combinable with any of the previous aspects, the
particular equation is derived from a training population that further includes a

plurality of unhealthy subjects.

[0023] In a thirteenth aspect combinable with any of the previous aspects, each

of the plurality of unhealthy subjects has one or more respiratory diseases.
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[0024] In a fourteenth aspect combinable with any of the previous aspects, the
particular equation includes a constant that is calculated based on a respiratory

measurement technique performed on the training population.

[0025] In a fifteenth aspect combinable with any of the previous aspects, the
respiratory measurement technique includes at least one of body plethysmography,

helium dilution, or thoracic computed tomography (CT) imaging.

[0026] In a sixteenth aspect combinable with any of the previous aspects, the

training population includes historical or public data.

[0027] In a seventeenth aspect combinable with any of the previous aspects,
the training population includes a first portion and a second portion, each of the first

and second portions defined by a classifier.

[0028] In an eighteenth aspect combinable with any of the previous aspects,
the classifier includes an anthropomorphic or a spirometric classifier, and the
controller is operable to execute the instructions with the processor to perform further
operations including selecting the particular equation based, at least in part, on the

classifier.

[0029] In a nineteenth aspect combinable with any of the previous aspects, the
respiratory measurement occurs in one of an intensive care unit, a pulmonary function
testing laboratory, a physician’s office, a community/work screening, or a home

setting.

[0030] In a twentieth aspect combinable with any of the previous aspects, the

particular equation includes a linear equation or a non-linear equation.

[0031] In a twenty-first aspect combinable with any of the previous aspects,

the particular equation is derived from a regression analysis.

[0032] In a twenty-second aspect combinable with any of the previous aspects,
the controller is operable to execute the instructions with the processor to perform
further operations including updating at least one of the plurality of equations that are
stored in the memory based on at least one of a time duration or an adjustment to the

data analytics.
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[0033] In a twenty-third aspect combinable with any of the previous aspects,
the adjustment to the data analytics includes an increase in a number of subjects of a

training population used to derive the plurality of equations.

[0034] In another general implementation, a computer-implemented method to
determine absolute lung volume includes identifying a particular equation that is
developed using data analytics and includes an input parameter; identifying a
respiratory measurement of a patient with a pulmonary measurement device, the input
parameter based on the identified respiratory measurement; and based on the
respiratory measurement of the patient and the particular equation, determining the

absolute lung volume of the patient.

[0035] In a first aspect combinable with the general implementation,
identifying a particular equation includes identifying the particular equation from a

plurality of equations.

[0036] A second aspect combinable with any of the previous aspects further
includes identifying a second particular equation of the plurality of equations that is
developed using data analytics and includes a second input parameter; and based on
the respiratory measurement of the patient and the second particular equation,
determining at least one of total lung capacity (TLC), functional residual capacity
(FRC), thoracic gas volume (TGV), residual volume (RV), diffusing capacity of the

lung for carbon monoxide (DLCO), airway resistance, or lung tissue compliance.

[0037] In a third aspect combinable with any of the previous aspects, the

particular equation is determined based on a training population using clinical data.

[0038] In a fourth aspect combinable with any of the previous aspects, the

training population includes healthy subjects and unhealthy subjects.

[0039] In a fifth aspect combinable with any of the previous aspects, each of

the unhealthy subjects have one or more respiratory diseases.

[0040] A sixth aspect combinable with any of the previous aspects further
includes generating the data analytics by measuring an absolute lung volume value of

each subject of the training population using a respiratory testing technique.
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[0041] A seventh aspect combinable with any of the previous aspects further
includes obtaining the at least one respiratory measurement with the pulmonary

measurement device.

[0042] In an eighth aspect combinable with any of the previous aspects, the
pulmonary measurement device includes one of: (a) a spirometer; (b) a forced
oscillation device; (c) an advanced flow interruption device; (d) a flow interruption
device; (e) a combination spirometer-flow interruption device; or (f) a combination

device of two or more of (a)-(e).

[0043] In a ninth aspect combinable with any of the previous aspects, the input
parameter includes a parameter related to respiratory function, respiratory mechanics,

respiratory health, or general health.

[0044] In a tenth aspect combinable with any of the previous aspects, the input
parameter is selected based on a known correlation between the input parameter and

absolute lung volume.

[0045] In an eleventh aspect combinable with any of the previous aspects, the
input parameter includes at least one of an airway opening pressure, a derivative of the
airway opening pressure, an integral of the airway opening pressure, an airway
opening flowrate, a derivative of the airway opening flowrate, an integral of the airway
opening flowrate, a parameter derivable from forced spirometry, a parameter derivable
from slow spirometry, a mechanical impedance, a parameter derivable from forced
oscillations, a parameter derivable from impulse oscillometry, a time constant of a

pressure decay or rise, or a time constant of a flowrate decay or rise.

[0046] In a twelfth aspect combinable with any of the previous aspects, the
respiratory testing technique includes body plethysmography, helium dilution, or
thoracic computed tomography (CT) imaging.

[0047] In a thirteenth aspect combinable with any of the previous aspects, the

particular equation includes a linear equation.

[0048] In another general implementation, a method of estimating a respiratory

parameter of a human subject includes taking a direct measurement of a respiratory
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parameter in a plurality of test subjects, the plurality of test subjects including healthy
subjects and unhealthy subjects; taking a measurement of one or more input
parameters of the plurality of test subjects; and determining, with the direct
measurements of the respiratory parameter and the measurements of one or more input
parameters, an equation that includes at least a portion of the input parameters as

inputs and the respiratory parameter as an output.

[0049] In a first aspect combinable with the general implementation, each of

input parameters is associated with the respiratory parameter.

[0050] In a second aspect combinable with any of the previous aspects, taking
a direct measurement of a respiratory parameter in a plurality of test subjects is
performed with at least one of a whole body plethysmography technique, a helium
dilution technique, a thoracic computed tomography (CT) imaging technique, a

nitrogen washout, a nitrogen recovery, or a chest radiography.

[0051] In a third aspect combinable with any of the previous aspects, taking a
measurement of one or more input parameters of the plurality of test subjects is
performed with at least one of a pulmonary measurement device, a spirometer, a flow
interruption device, an advanced flow interruption device, a forced oscillation or

impulse oscillometry technique, or an anthropomorphic device.

[0052] In a fourth aspect combinable with any of the previous aspects, at least
one of the one or more input parameters includes a relative lung volume or a lung flow

rate.

[0053] In a fifth aspect combinable with any of the previous aspects, the
relative lung volume comprises at least one of: forced expiratory volume in one second
(FEV)), a ratio of forced expiratory volume in one second to forced vital capacity

(FEV/FVC), inspiratory capacity (IC), or vital capacity (VC).

[0054] In a sixth aspect combinable with any of the previous aspects, at least
one of the one or more input parameters includes at least one of an airway opening
pressure, a derivative of the airway opening pressure, an integral of the airway opening

pressure, an airway opening flowrate, a derivative of the airway opening flowrate, an
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integral of the airway opening flowrate, a parameter derivable from forced spirometry,
a parameter derivable from slow spirometry, a mechanical impedance, a parameter
derivable from forced oscillations, a parameter derivable from impulse oscillometry, a

time constant of a pressure decay or rise, or a time constant of a flowrate decay or rise.

[0055] In a seventh aspect combinable with any of the previous aspects, at least
one of the one or more input parameters includes a respiratory mechanics value

including respiratory system resistance (R) or respiratory system elastance (Ey).

[0056] In an eighth aspect combinable with any of the previous aspects, at least
one of the one or more input parameters includes anthropomorphic information that
includes one or more of patient sex, patient height, patient weight, or patient body

mass index.

[0057] In a ninth aspect combinable with any of the previous aspects, the
respiratory parameter comprises at least one of’ total lung capacity (TLC), thoracic gas

volume (TGV), residual volume (RV), or functional residual capacity (FRC).

[0058] A tenth aspect combinable with any of the previous aspects further
includes taking a measurement of one or more input parameters of a human subject
with a pulmonary measurement device; and based on the measurement of one or more
input parameters of the human subject and the equation, estimating a value of the

respiratory parameter of the human subject with the pulmonary measurement device.

[0059] Various embodiments disclosed herein may include one or more of the
following features. For example, various embodiments may implement handheld or
desktop pulmonary measurement devices to obtain clinically accurate absolute lung
volumes (ALVs) based on measures of respiratory mechanics and lung function at the
mouth (e.g., without directly measuring ALV). Further, various embodiments may
implement handheld or desktop pulmonary measurement devices to obtain clinically
accurate ALV values based, at least in part, on an equation that is deduced from
physiological or physical considerations. Various embodiments may also implement
handheld or desktop pulmonary measurement devices using an equation that is
developed using data analytics approaches and is based on a training population of

healthy as well as diseased patients. Various embodiments may obtain clinically

10



10

15

20

25

WO 2015/005958 PCT/US2014/032186

accurate absolute lung volumes for general populations of healthy as well as diseased

patients.

[0060] These general and specific embodiments may be implemented using a
device, system or method, or any combinations of devices, systems, or methods. The
details of one or more embodiments are set forth in the accompanying drawings and
the description below. Other features, objects, and advantages will be apparent from

the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

[0061] FIG. 1 illustrates an example pulmonary measurement device
configured to perform one or more processes and operations in accordance with the

present disclosure;

[0062] FIG. 2 illustrates another example pulmonary measurement device
configured to perform one or more processes and operations in accordance with the

present disclosure;

[0063] FIG. 3 illustrates another example pulmonary measurement device
configured to perform one or more processes and operations in accordance with the

present disclosure;

[0064] FIG. 4 illustrates another example pulmonary measurement device
configured to perform one or more processes and operations in accordance with the

present disclosure;

[0065] FIG. 5 illustrates another example pulmonary measurement device
configured to perform one or more processes and operations in accordance with the

present disclosure;

[0066] FIG. 6 is a flowchart of an example method for calculating a desired
respiratory parameter on any healthy or unhealthy subject with a pulmonary
measurement device that executes a mathematical equation that estimates the desired

parameter;

11
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[0067] FIG. 7 is a flowchart of an example method for generating a

mathematical equation that estimates a desired output parameter;

[0068] FIG. 8 is a block diagram showing the relationship among one or more
input parameters, an output parameter, and an equation generated using the example

method of FIG. 7;

[0069] FIGS. 9A-9P illustrate a number of charts that show a relationship
between total lung capacity (TLC) estimated using an equation (TLCcquation) On a
pulmonary measurement device as shown in FIG. 3 and TLC measured using body

plethysmography (TLCprrrh);

[0070] FIG. 10A-10H illustrates a number of charts that show a relationship
between TLC estimated using an equation (TLCequation) On @ pulmonary measurement
device as shown in FIG. 2 and TLC measured using body plethysmography
(TLCpreTh); and

[0071] FIG. 11A-11H illustrates a number of charts that show a relationship
between TLC estimated using an equation (TLCequation) On @ pulmonary measurement
device as shown in FIG. 1 and TLC measured using body plethysmography
(TLCprLETH).

DETAILED DESCRIPTION

[0072] This disclosure relates to methods for measuring respiratory parameters
and, more particularly, to a method for estimating (e.g., calculating) pulmonary

function parameters using measured and/or known input parameters.

[0073] Absolute lung volume (ALV) is one example of a pulmonary function
parameter and is a general term that is used to encompass individual absolute lung
volume compartments, including TLC, FRC, TGV, and RV. ALV is a key parameter in
pulmonary physiology and diagnosis, but it is not easy to measure in the live
individual. While conventional techniques for measuring absolute lung volumes in
humans are considered acceptable in many cases, such techniques may produce
undesired measurement inaccuracies, may require complicated and/or expensive

equipment, or may be difficult to perform.

12
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[0074] Devices to measure ALV must have a clinically acceptable accuracy
and precision, especially for subjects with respiratory diseases. Clinically acceptable
error limits are defined by American Thoracic Society standards as well as by the
scientific literature that includes clinical data on devices that measure ALV. For
example, certain industry standards require three ALV measurements to agree within
5% for any technique or device that measures ALV, such as body plethysmography and
gas dilution techniques . In addition, body plethysmography is widely regarded in the
industry as the gold standard device to measure ALV, and alternative devices that
measure ALV should produce ALVs that have a basic level of agreement with body
plethysmographic measurements. For instance, helium dilution and computed
tomography (CT) imaging are two alternative techniques to measure ALV and are
based on different physical principles than body plethysmography. Coefficient of
variation (CV) is one metric to describe agreement and it encompasses both accuracy
and precision of a test method (e.g., helium dilution of CT imaging) compared to a
reference method (body plethysmography). An analysis of data from comparative
studies within the scientific literature show that the CV of TLC measured by CT
imaging is 15.6% compared to body plethysmography and the CV of TLC measured
by helium dilution is 18.9% compared to body plethysmography.

[0075] While many simple hand-held conventional pulmonary function devices
can be used to determine parameters such as those related to spirometry and
respiratory mechanics, such devices are not capable of determining ALV during
normal operation. In some examples, hand-held devices (e.g., hand-held spirometers)
are used to measure the volume of gas exhaled from a subject’s mouth during a forced
expiration. A residual volume (RV) of gas remains in the lungs at the end of a
complete exhalation because the mechanical properties of the respiratory system do
not allow the lungs to collapse completely. Therefore, spirometers cannot measure
TGV. Rather, spirometers measure relative changes in lung volumes, also known as
volume differentials (e.g., vital capacity (VC)), as well as volumes of gas inhaled or
exhaled during a given period of time (e.g., forced expiratory volume in one second

(FEV))).

13
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[0076] In some examples, devices (e.g., respiratory mechanics devices) are
used to determine various mechanical properties of the respiratory system by
measuring mechanical impedances at one or more frequencies. For example,
respiratory mechanics can be measured using a variety of devices and techniques, such
as impulse oscillometry (IOS), the forced oscillation technique (FOT), and flow
interruption (FI). Respiratory mechanics devices have been shown to be incapable of
accurately estimating ALV, which is typical represented in mechanical terms as
thoracic gas compliance (C; = the ALV divided by the alveolar pressure). Instead,
these devices can accurately measure mechanical properties such as respiratory system
resistance (Ry) (and/or its inverse, respiratory system elastance (E,s), respiratory
system compliance (Cys), airway resistance (Rayw), lung tissue compliance (Css), lung

tissue resistance (Ryss), chest wall compliance (C.y,), and chest wall resistance (Rew).

[0077] Other devices (e.g., flow interruption devices) may also be used to
measure respiratory mechanics and pulmonary function parameters. For example,
flow interruption devices are used to measure airway resistance during interruption
(Rint). Also, advanced flow interruption devices can allow a subject to breath more

comfortably from a closed container of gas during a flow interruption event.

[0078] While spirometric devices and respiratory mechanics devices may not
measure ALV directly, in some cases, some measurements of pulmonary function
parameters obtained using such devices are correlated with ALV in healthy patients.
For example, Raw is inversely related to ALV. Additionally, Cyss is directly related to
ALV. Furthermore, FEV, and VC are related to ALV in healthy patients.

[0079] Although correlations exist between measurements of pulmonary
function parameters and TGV in healthy patients, such correlations alone have not
produced a clinically acceptable calculation of ALV as defined by American Thoracic

Society standards, especially for subjects with respiratory diseases.

[0080] Investigators have also explored more complex methods to determine
ALV from handheld or table-top devices that measure spirometry, respiratory
mechanics, or respiratory dynamics. However, all approaches have failed to produce a

clinically acceptable calculation of ALV. For instance, data obtained from respiratory
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mechanics measurements, even when extended to a wide range of forcing frequencies,
have been shown to be inadequate to infer absolute lung volumes in the individual
subject. Similarly, data obtained from forced expiratory maneuvers have been shown
to be inadequate. This failure may be attributable in part to the fact that the dynamics
of gas distribution within the human lung are complex, and especially so in obstructive
lung disease. The complex nature makes it difficult to impossible to develop an
equation for ALV from idealized mechanical models of the lung and/or physical
principles. In addition, this failure may also be attributable in part to the fact that data
interpretation often rests upon fitting respiratory impedance data to idealized
mathematical models wherein there exists a wide range of models that fit the data
equally well. In other instances, this failure may be the result of fitting data to
mathematical equations of a simplistic and/or pre-defined physical form. When this

happens, no useful estimate of ALV can be determined.

[0081] More importantly, since measurements of ALV may be used by
clinicians to diagnose respiratory diseases, track progression of respiratory diseases,
and develop treatments, any single method to calculate ALV should produce valid
measurements for both healthy and diseased patient populations. In this regard,
establishing a mathematical relationship between respiratory mechanics, spirometry,
and/or other lung function parameters and ALV that is both clinically accurate and
applicable to both healthy and diseased populations is non-trivial. Numerous
examples show the non-trivial nature of these relationships. For example, in
obstructive airway diseases (e.g., asthma), airway resistance may be elevated, while
ALV may either remain constant or increase. In destructive lung diseases (e.g.,
emphysema), tissue compliance may be elevated compared to tissue compliance of a
healthy person, while ALV may be lower or higher compared to ALV of a healthy
person. These disease-related differences in the measured parameters of respiratory
mechanics and/or lung function should be accounted for in order to accurately estimate

ALV from the measured parameters.

[0082] In some examples, algorithms may be used to generate a mathematical

equation for calculating a particular desired output parameter (e.g., ALV) from one or

15



10

15

20

25

30

WO 2015/005958 PCT/US2014/032186

more input parameters measured using one or more devices (e.g., spirometry and
respiratory mechanics devices or other hand-held, table-top, or floor-standing
respiratory function devices). The mathematical equation may not be derived entirely
from physical principles (e.g., Boyle’s law) but instead is determined in part or in

whole using data analytics (e.g., data mining) techniques.

[0083] FIG. 1 illustrates an example pulmonary measurement device 100 that
is configured to perform one or more processes and operations in accordance with the
present disclosure. In some implementations, the device 100 may be a handheld
spirometer. In some implementations, the device 100 may be used to perform one or
more operations described in the present disclosure, such as for example, one or more
steps of method 600. Example data resulting from such operations performed with the

device 100 is shown, for example, in FIGS. 11A-11B.

[0084] Device 100, as illustrated, includes a bacterial filter 110 coupled to a
breathing tube 102 that includes an airflow sensor (e.g., flow sensor, pressure
differential sensor, and/or both). The device 100 also includes a controller 140 that is
communicably coupled with the breathing tube 102 to receive measurements from, for
instance, the airflow sensor, and perform one or more operations on and/or with such

measurements.

[0085] Generally, for instance, the device 100 gauges lung function by
measuring (e.g., with the airflow sensor) a forced expiratory volume, or an amount of
air that a patient can expel from his/her lungs within a particular time duration, such as
within one second. The device 100 can also measure, with the airflow sensor, a forced
vital capacity (FVC), or a total amount of air a patient can expel from his/her lungs.
Based, at least in part on these two measurements, a total amount of air that a patient
can expel in one breath may be determined by the controller 140. Using these
measurements, a medical professional can determine whether a patient’s spirometer

readings indicate a normal air capacity or an obstructive air capacity, for instance.

[0086] Generally, during operation, the patient must breathe in and seal his/her
lips around the bacterial filter 110. With the mouth sealed around the filter 110 (e.g.,

which includes a mouthpiece), the patient blows out air as hard and as fast as possible
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until there is absolutely no air left in the lungs. The airflow sensor in or part of the
breathing tube 102 measures an airflow during exhalation and the resultant
measurements may be stored in the controller 140. The patient may perform this

maneuver multiple times to achieve an average measurement.

[0087] FIG. 2 illustrates another example pulmonary measurement device 200
that is configured to perform one or more processes and operations in accordance with
the present disclosure. In some implementations, the device 200 may be an example
of a flow interruption device (FID). In some implementations, the device 200 may be
used to perform one or more operations described in the present disclosure, such as for
example, one or more steps of method 600. Example data resulting from such

operations performed with the device 200 is shown, for example, in FIG. 10A-10B.

[0088] Device 200 allows for controlled occlusion of the airways. In some
embodiments, the device 200 may perform a rapid injection or extraction of air while
measuring absolute lung volume. Device 200, in the illustrated embodiment, includes
a breathing assembly 202 coupled to and in fluid communication with a container 204,
which in turn is coupled to and in fluid communication with a pump 206. As
illustrated, the breathing assembly 202 includes a mouthpiece 208, a flow sensor 210,

a chamber 212, a pressure sensor 214, a shutter 216, and a shutter 218.

[0089] In some aspects, if shutter 218 is at its closed state, the device 200 may
operate as a common interrupter device, with appropriate uses. For example, in some
aspects, the shutter 218 may be configured to operate quietly so as not to create any
reflexes or undesired responses by the subject, thereby avoiding inaccuracies of
measurement. More importantly, shutter 218 may be configured to operate quickly,
both in terms of its shutting speed (e.g., the time it takes for the shutter to go from an
open state to a closed state and vice versa) and in terms of its shutting duration (e.g.,
the period of time for which the shutter is closed). The shutting speed is in some
embodiments less than 10 ms, preferably less than 5 ms, and more preferably less than
2 ms. The shutting duration is in some embodiments less than 2 seconds and
preferably less than 100 ms. This fast paced shutting speed and shutting duration may

provide more accurate and reliable measurements of ALV. The high speed operation of
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shutter 218 and high rate of data acquisition may result from the typical response time
of the Iungs to abrupt occlusion of the airways while breathing. The response times of
the thermodynamic and elastic properties of the lungs of a human being are in the
order of a few ms to hundreds of ms, and accurate recording of the details of the
response of the lungs to such abrupt occlusion is essential for accurate calculation of

the internal volume of the lungs.

[0090] As illustrated, a pressure sensor 220 is mounted on a top portion of the
container 204. In some embodiments, the device 200 may also include a user interface
and a control module. The control module 230, generally, may include a
microprocessor-based controller that is communicably coupled to, as shown, to receive
measurements from the flow sensor 210 and the pressure sensor 214. The control
module 230 may also be communicably coupled to the shutters 216/218 to operatively

control their openings and/or closings as described below.

[0091] As illustrated, the mouthpiece 208 facilitates fluid communication
between an airways (e.g., lungs) of a subject and the chamber 212 and/or container
204. For example, in some embodiments, the mouthpiece 208 may limit movement of
the subject’s cheeks, thereby decreasing the responsiveness thereof to the airway

occlusion events.

[0092] As illustrated, shutter 216 is constructed at an end of the breathing
assembly 202 opposite the mouthpiece 208. Between the shutter 216 and the
mouthpiece 208, and in fluid communication with the shutter 216 and the mouthpiece
208, are the flow sensor 210 and the chamber 212. In such a manner, the shutter 216

may regulate the passage of air flux in the chamber 212.

[0093] The pressure sensor 214, in the illustrated configuration of the device
200, is positioned between the shutter 216 and the mouthpiece 208 and within the
chamber 212. The pressure sensor 220, in the illustrated configuration of the device
200, is positioned to measure pressure within the container 204, e.g., on an opposite
side of the shutter 218 compared to the chamber 212. The pressure sensors 214 and
220 may be any pressure measurement component, such as manometer or sensor for

the measurement of absolute pressure. The pressure sensors 214 and 220 may be
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fabricated for example from a respiratory airflow resistive means and a differential
pressure manometer, or alternatively from a Pitot tube and a differential pressure

manometer.

[0094] The flow sensor 210, such as a mass respiratory airflow sensor, is
positioned between the mouthpiece 208 and the chamber 212. The flow sensor 210
may be any flow sensor, such as a hot wire mass respiratory airflow sensor. In some
embodiments, the respiratory airflow sensor 210 and the pressure sensor 214 may be

combined in a single sensor.

[0095] The container 204 is connected to the chamber 212 with a T tube and
the shutter 218 is positioned between the T tube and container 204. In some aspects,
the container 204 may be made of a rigid or elastic material. In some aspects the
container 204 is thermally insulated. In some aspects container 204 is an isothermal
container, such as, by filling the container 204 with highly thermally conductive

material, for example, copper wool.

[0096] As illustrated, the T tube may be closed to fluid communication
between the chamber 212 and the container 204 by the shutter 218 (e.g., automatically
and/or manually). In some embodiments, the pump 206 extracts or injects air into
container 204 while the shutter 218 is closed, thereby creating a positive or negative

pressure difference between the chamber 212 and the container 204.

[0097] The pump 206 may propel air away from the chamber 212, thereby to
induce expiration or resist inspiration in the subject (e.g., through the mouthpiece 208).
Optionally, the pump 206 may propel air into the chamber 212, and thereby induce
inspiration or resist expiration in the subject. Optionally, the pump 206 may be
designed to pump air in an oscillating manner thereby producing periodic movement

of air in and out of chamber 212.

[0098] FIG. 3 illustrates an example pulmonary measurement device 300 that
is configured to perform one or more processes and operations in accordance with the
present disclosure. In some implementations, the device 300 may be a combination of
handheld spirometer (e.g., device 100) and a flow interruption device (FID) (e.g.,

device 200). In some implementations, the device 300 may be used to perform one or
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more operations described in the present disclosure, such as for example, one or more
steps of method 600. Example data resulting from such operations performed with the

device 300 is shown, for example, in FIGS. 9A-9D.

[0099] Pulmonary measurement device 300, in the illustrated embodiment,
includes a spirometer 305, a FID 310, and a controller 315. In some aspects, the
spirometer 305 may be substantially similar (e.g., in structure and/or function) to the
spirometer shown as example device 100 in FIG. 1. The FID 310, in some aspects,
may be substantially similar to the FID shown as example device 200 in FIG. 2. Other
spirometers and/or FIDs may also be implemented as spirometer 305 and/or FID 310,

as appropriate.

[0100] Controller 315 generally, may include a microprocessor-based
controller that is communicably coupled to, as shown, to receive measurements from
the spirometer 305 and the FID 310. The controller 315 may, based on measurements
received from one or both of the spirometer 305 and FID 310, implement one or more
equations (e.g., as described in FIGS. 6-8) to determine a respiratory parameter of a
patient, such as, for instance, ALV. The controller 315 may also control the
components (e.g., sensors, shutters, pumps) of the spirometer 305 and the FID 310
based on, for instance, stored instructions and/or commands from a user of the device

300.

[0101] FIG. 4 illustrates an example pulmonary measurement device 400 that
is configured to perform one or more processes and operations in accordance with the
present disclosure. The illustrated device 400, in some aspects, may represent a
container-less FID for measurement of respiration parameters. FID 400 includes a
respiration module 412 and a control unit 414. Respiration module 412 is typically a
hand-held device that is positionable at a mouth of a user, and is used for inhalation
and/or exhalation of air for the purposes of measuring respiration parameters of the
user. Respiration module 412 includes a housing 416 having a first end 418 and a
second end 420, and a housing body 422 extending from first end 418 to second end
420 and defining a cavity 424 therethrough. Respiration module 412 includes a shutter

assembly 432 which can open or close to allow or prevent air flow therethrough and

20

PCT/US2014/032186



10

15

20

25

30

WO 2015/005958 PCT/US2014/032186

which is controlled by a motor 434. Respiration module may be designed to introduce
air flow resistance of less than 1.5 cm H,O/Liter/sec, in accordance with ATS

(American Thoracic Society) guidelines for respiratory devices.

[0102] Housing 416 may further include at least one pressure measurement
component 426 and at least one air flow measurement component 428. Pressure
measurement component 426 may be any suitable manometer or sensor for the
measurement of absolute pressure with a data rate of at least 500 Hz; and preferably at
a data rate of at least 1000 Hz. Air flow measurement component 428 may be
fabricated for example from an air flow resistive means and a differential pressure
manometer, or alternatively from a Pitot tube and a differential pressure manometer.
The differential pressure manometer may be any suitable sensor with a data rate of at
least 500 Hz; and preferably at a data rate of at least 1000 Hz. Control unit 414 is in
electrical communication with pressure measurement component 426, air flow
measurement component 428, and motor 434, which is used for opening and closing of

a shutter mechanism.

[0103] Control unit 414 may include a converter which converts analog data
received from pressure measurement component 426 and air flow measurement
component 428 into digital format at a rate of at least once every 2 milliseconds (ms),
and preferably at a rate at least once every 1 ms. The converter converts digital signals
into commands to motor 434 for shutter assembly 432 to close and to open. Control
unit 414 further includes a microprocessor which is programmed to: (a) read digital
data of pressure and flow received from the converter in accordance with real-time
recording, at a rate commensurate with the converter rate for each data channel and
translate this digital data into pressure and flow appropriate units and store them; (b)
generate signals which are sent through converter to motor 434 to command the shutter
to close or to open, and (c) process above mentioned flow and pressure data in
accordance with real time recording, to calculate lung volume and specifically
calculate TGV, TLC and RV. The microprocessor also manages a Man-Machine
Interface (MMI) that accepts operation commands from an operator and displays

results. Control unit 414 may further include a display 415 for displaying the resulting
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values. Control unit 414 may further include a keyboard to enter subject's personal
and medical information and to select desired operational modes such as shuttering

duration, timing, manual versus automatic operation, calibration procedures.

[0104] Respiration module 412 may also include a mouthpiece for placement
into a mouth of a user, which is attached to the shutter assembly 432. The shutter 432
may be designed specifically to minimize air displacement during opening and closing
thereof. Motor 434 may be any suitable motor such as, for example, a standard
solenoid. Alternatively, motor 434 may be any electronically, pneumatically,
hydraulically or otherwise operated motor. Finally, a flow meter tube may be a section
of respiration module 412 which is distal to shutter assembly 432, so that measurement
of air flow can be taken downstream of the open or closed shutter. However, a flow

meter tube may also be positioned adjacent to pressure measurement component 426.

[0105] Control unit 414 may also, based on measurements received from one
or both of the pressure measurement component 426 and the air flow measurement
component 428, implement one or more equations (e.g., as described in FIGS. 6-8) to

determine a respiratory parameter of a patient, such as, for instance, ALV.

[0106] FIG. 5 illustrates an example pulmonary measurement device 500 that
is configured to perform one or more processes and operations in accordance with the
present disclosure. FIG. 5 illustrates an example flow oscillation device (FOT) 500.
The FOT device 500 may contain a mouthpiece 505 coupled to a filter 510 through a
flowpath, a flow source 525, a measurement module 515 (e.g., flow and/or pressure
sensors), and a controller 530. In some implementations, a flow source may be any
device that creates suitably fast flow fluctuations (e.g., high frequency flow
oscillations). For example, the flow source 525 may be a flow actuator. In some
instances, the flow source 525 can be used to generate signals including single or
multiple frequencies, pseudo-random signals, impulses, and impulse trains. In some
embodiments, the illustrated flow source may be a flow perturbance device, such as,
for example, a loudspeaker, ventilator, or other flow actuator. Each distinct flow
source which perturbs the airflow may have it owns associated waveform, for

example, a pure sine wave at one frequency in the steady state or a superposition of
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sine waves, as two examples. Further examples may include a superposition of sine

waves to produce an impulse, a frequency sweep, or a shutter.

[0107] The controller 530 of device 500 may, based on measurements received
from the measurement module 515, implement one or more equations (e.g., as
described in FIGS. 6-8) to determine a respiratory parameter of a patient, such as, for

instance, ALV.

[0108] FIG. 6 is a flowchart of an example method 600 for calculating a
desired respiratory parameter on any healthy or unhealthy subject with a pulmonary
measurement device (e.g., device 100, 200, 300, 400, 500 or otherwise) that includes a
mathematical equation that estimates the desired parameter. The equation, in some
embodiments, that may be stored on the device and used to calculate the desired
respiratory parameter, may be developed according to method 700 shown in FIG. 7, as

one example.

[0109] Method 600 may begin at step 605, by identifying an equation (e.g., a
single equation or a particular equation among a plurality of equations) developed
from data analytics (e.g., data mining based on a training population). The equation
may be stored, for instance, within executable instructions in a memory (e.g., volatile
or non-volatile) that is communicably coupled to or part of a pulmonary measurement
device (e.g., device 100, 200, 300, 400, 500 or other device in accordance with the
present disclosure). In some aspects, the equation may be determined based on a data
analytics approach using clinical data gathered (e.g., estimated with the device or
directly measured by other techniques, such as whole body plethysmography or
otherwise) from a training population. In some implementations, the equation is
derived earlier (and possibly significantly earlier) in time relative to the
implementation of step 605. The equation may be a linear or non-linear equation and

may, in some examples, derived from a regression analysis.

[0110] A training population may include all healthy subjects, all unhealthy
subjects and/or a mix of healthy and unhealthy subjects. In some aspects, a healthy
subject may be a person that exhibits no or clinically insignificant (e.g., immeasurable)

respiratory system restriction and/or obstruction. In some aspects, an unhealthy
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subject may be a person that exhibits clinically significant (e.g., measurable)
respiratory system restriction and/or obstruction. In some aspects, an unhealthy
subject may have one or more clinically-diagnosed or undiagnosed respiratory
diseases. In some aspects, an unhealthy subject may demonstrate a qualitative
indicator of respiratory health that includes a diagnosis of obstructive respiratory
disease, restrictive respiratory disease, mixed defect, pulmonary vascular disorder,
chest wall disorder, neuromuscular disorder, interstitial lung disease, pneumonitis,

asthma, chronic bronchitis, and/or emphysema.

[0111] Step 610 may be implemented by identifying (e.g., from a previous or
real-time measurement), or performing a respiratory measurement of a patient with the
pulmonary measurement device. The respiratory measurement may be taken with the
device in step 610, or may have been taken by the device prior to step 610. In some
aspects, the respiratory measurement may be used as an input parameter to the
equation. In some aspects, the respiratory measurement, as an input parameter, may be
related to respiratory function, respiratory mechanics, or respiratory health. For
instance, an airway opening pressure, a derivative of the airway opening pressure, an
integral of the airway opening pressure, an airway opening flowrate, a derivative of the
airway opening flowrate, an integral of the airway opening flowrate, a parameter
derivable from forced spirometry, a parameter derivable from slow spirometry, a
mechanical impedance, a parameter derivable from forced oscillations, a parameter
derivable from impulse oscillometry, a time constant of a pressure decay or rise, or a
time constant of a flowrate decay or rise, are all example respiratory measurements.

As used herein, the terms “airway opening” and “mouth” are synonymous. In some
aspects, therefore, the device may directly measure the respiratory measurement while
in some aspects, the respiratory measurement may be derived from a direct

measurement from the device.

[0112] Step 615 may be implemented by determining an absolute lung volume
of any patient (e.g., healthy or un-healthy) based on the respiratory measurement and
the equation identified in step 605. In one example, the appropriate equation may be

implemented in software, hardware, and/or a combination thereof in a pulmonary
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measurement device (such as the examples described herein) such that when the input
parameters are measured, the desired output respiratory parameter can be calculated
automatically and instantaneously by the device. In some embodiments, the
pulmonary measurement device may display the calculated respiratory parameter as

well as store the values in memory.

[0113] Determining other respiratory parameters may also be performed in step
620. For example, based on the determination of absolute lung volume, or based on
the respiratory measurement and the equation, one or more of TLC, FRC, TGV, RV,
diffusing capacity of the lung for carbon monoxide (Drco), airway resistance, or lung
tissue compliance may be determined. Once such respiratory parameters (including
absolute lung volume) are determined, they may be presented to the patient or other
subject through the pulmonary measurement device. In some aspects, a particular
equation that is initially identified or selected may be used to estimate or determine a
particular respiratory parameter, such as, for example, absolute lung volume. Another
particular, distinct equation may be selected or identified, in step 620, in order to
determine or estimate one or more other respiratory parameters, such as those
mentioned above (e.g., one or more of TLC, FRC, TGV, RV, Dy o, airway resistance,
or lung tissue compliance). In some aspects, each particular, distinct equation of a
plurality of equations may be selected to determine or estimate a particular, distinct

respiratory parameter.

[0114] Furthermore, the respiratory parameter determined in step 620 from the
respiratory measurements may be a diagnosis or any qualitative measure of respiratory
health (e.g., health, obstructive respiratory disease, restrictive respiratory disease,
mixed defect, pulmonary vascular disorder, chest wall disorder, neuromuscular
disorder, interstitial lung disease, pneumonitis, asthma, chronic bronchitis,

emphysema).

[0115] Method 600 may include one or more additional steps as well. For
example, in some aspects, the equation may be updated or changed from time to time
(e.g., periodically, randomly, or otherwise). For example, a training population of

subjects from which the equation may be derived (e.g., according to FIGS. 7-8) may

25



10

15

20

25

30

WO 2015/005958 PCT/US2014/032186

increase over time as new subjects are tested. As new subjects are tested, the equation
may be updated, improved, or otherwise changed to account for the additional data. In
some aspects, techniques as adapted from machine learning, artificial intelligence,
and/or data mining can be used to update the equation as the number of subjects of the
training population increase. This updating can occur at set intervals of time (e.g.,
weekly, monthly, yearly, etc.), at set increases of subjects (e.g., after each additional
10, 50, 100, subjects are added to the training population, or other interval), or when so
desired. In operation in a clinical setting, the pulmonary measurement device can be
used routinely to measure patients and this new patient data can also serve to further
refine the mathematical equation. The mathematical equation may thus be unique to
each device and tailored to the given clinical center and their patient population. It
should be appreciated that there are several acceptable methods to update the
mathematical equation, including via wired or wireless internet connections of the

pulmonary measurement device for remote updating.

[0116] It should be appreciated that Method 600 may take place in any setting,
including an intensive care unit, a pulmonary function testing laboratory, a physician’s
office including pulmonologists and primary care physicians, community/work

screenings, and in the home setting.

[0117] FIG. 7 is a flowchart of an example process 700 for generating a
mathematical equation or equations that estimates (e.g., calculates) a desired output
parameter (e.g., a respiratory parameter). The mathematical equation(s) can be used
during process 800 to calculate the output parameter of a patient. Example output
parameters that may be estimated using such equations include TLC, TGV, FRC, RV,
D1 co, airway resistance, and lung tissue compliance. Example output parameters may
also be qualitative indicators of respiratory health, including diagnoses of health,
obstructive respiratory disease, restrictive respiratory disease, mixed defect, pulmonary
vascular disorder, chest wall disorder, neuromuscular disorder, interstitial lung disease,
pneumonitis, asthma, chronic bronchitis, and emphysema. An automated diagnosis of
respiratory disease may be accomplished through a data analytics cluster analysis

approach or similar approaches. These methods may also be used to calculate any
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other respiratory parameters that cannot be derived entirely from the physical

principles of the measuring devices.

[0118] A training population of subjects is selected (705) on which to measure
one or more input parameters (e.g., input parameters related to respiratory function,
respiratory mechanics, overall respiratory health, or overall general health such as
height, weight) and the desired output parameter. The number and characteristics of
subjects of the training population may be selected, for example, based on diseases
associated with certain values of the desired output parameter. The training population
may include healthy subjects, unhealthy subjects (e.g., subjects diagnosed by a
physician as having a respiratory disease, respiratory disorder, respiratory symptoms,
or any other disease), or both healthy and unhealthy subjects. The number and
characteristics of subjects of the training population may also be selected based on
characteristics such as sex, smoking history or other characteristics. The one or more
input parameters and the desired output parameter may be used in generating the

mathematical equation.

[0119] The training population of subjects is then measured for the one or
more input parameters and the desired output parameter (710). The one or more input
parameters are measured by one or many devices and techniques (e.g., spirometry
devices, respiratory mechanics devices, other hand-held, table-top, or floor-standing
respiratory function devices, anthropomorphic devices, capnography, oximetry, or
other devices to assess general health), and will be later used for estimating (e.g.,
calculating) the output parameter in other populations. The one or more input
parameters may be selected based on known correlations between the one or more
input parameters and the desired output parameter. Example input parameters include
FEV,, IC, VC, and height. The one or more input parameters may be selected based
on postulated relation between the one or more input parameters and the desired output
parameter. Example input parameters include FEV/FVC, airway opening pressure,
airway opening flow rate, derivatives, integrals, or any other mathematical
transformation of the airway opening pressure and the airway opening flow rate,

mechanical impedances (e.g., in-phase and out-of-phase components), and time
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constants of pressure and flow rate decays and rises. In some examples, the one or
more input parameters may be selected with no known or postulated relation between

the one or more input parameters and the desired output parameter.

[0120] In some examples, any one of the pulmonary measurement devices
shown in FIGS. 1-5 may be used to measure respiratory input parameters, such as
pressures, flowrates, and time constants. Further, a pulmonary measurement device
such as one described, for example, in U.S. Patent Application Serial No. 12/830,955,
U.S. Patent Application Serial No. 12/670,661, and U.S. Patent Application Serial No.
13/808,868 (each of which is incorporated by reference in its entirety as if fully set
forth herein) may be used to measure respiratory input parameters, such as pressures,
flowrates, and time constants and may be used in the implementation of any of the
methods or processes disclosed herein. In some examples, flow interruption devices,
forced oscillation devices, or impulse oscillometry may be used to measure respiratory
input parameters, such as respiratory system resistance. In other examples,
anthropomorphic devices may be used to measure height, weight, or body mass index

(BMI).

[0121] The desired output parameter may be measured directly using a
preferred device or technique (e.g., a device or technique that is considered clinically
acceptable for measuring the desired output parameter). For example, preferred
techniques for measuring ALV may include body plethysmography, helium dilution,

and thoracic CT imaging.

[0122] A pool of input parameters can be generated from the one or more
measured input parameters (715). The pool may comprise of the measured input
parameters, mathematical transformations of the measured input parameters or
combinations of the measured input parameters. In some examples, the pool is
generated by an algorithm performed by one or more computer processors of the
computer system. The pool of input parameters is used for generating an equation that
comprise the input parameters (or a subset of them), which can be used for estimating
(e.g., calculating) the desired output parameter (720). The equation may be generated

by using one or more automated algorithms that may be carried out by the one or more
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processors. In some instances, the algorithm may be one or many acceptable
algorithms used in the field of data analytics (e.g., data mining). In addition, the
accuracy of the generated equation may be validated using one or many acceptable

methods, such as cross-validation.

[0123] In some instances, some or all of the measurements described in
method 700 are not explicitly performed but instead the data or part of it is acquired or
otherwise obtained from existing databases or datasets of historical data that include
the desired output parameters and desired input parameters. In some instances, steps
705 and 710 to measure the training population data are performed earlier (and
possibly significantly earlier) in time relative to the implementation of steps 715 and
720. For example, the training population dataset may have been previously
measured, may have been acquired from public databases in which the data was
previously measured, or may have been acquired from private sources in which the

data was previously measured.

[0124] FIG. 8 is a block diagram 800 showing the relationship among the one
or more measured input parameters, the directly measured desired output parameter,
and the equation (e.g., a regression equation) generated using the example process of

FIG. 5. In some examples, the equation may take the form of a linear equation (1):
y=a+b*xl + c*x2 + d*x3 (D

Parameter y is the desired output parameter. Parameters x1, x2, and x3 are
measurements of input parameters, as in step 710. Parameters x1, x2, and x3 were
selected by an algorithm as desired input parameters, as in step 715, to be used for
estimating (e.g., calculating) the desired output parameter. Lastly, parameters a, b, c,
and d are scaling and shifting constants. Any one of x1, x2, and x3 may be respiratory
parameters that are representative of health or disease. For example, in equation (1),
x1 and x2 may account for measurements of healthy subjects, and x3 may represent
measurements that account for deviations of x1 and x2 accuracy due to respiratory
disease (e.g., an increase in airway resistance from a normal value due to airway

obstruction).
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[0125] In some examples, either or both of the conventional pulmonary
measurement devices or techniques and the preferred device or technique are capable
of producing measurements that account for changes in respiratory health. For
example, a device may measure input parameters related to airway resistance and
tissue compliance in healthy subjects, as well as input parameters that account for
changes in airway resistance and tissue compliance (e.g., relative to normal
measurements) in unhealthy subjects. Either or both of the one or more input
parameters and the desired output parameter may be stored in memories of the devices
used to perform the measurements or may be recorded in means outside of the devices.
The changes in the one or more input parameters may subsequently be used as inputs
to the equation for estimating (e.g., calculating) the changes in the desired output
parameter, which may be useful especially in cases (e.g., certain disease states) where
the preferred device or technique is inaccurate or otherwise inadequate for measuring

the desired output parameter directly.

[0126] In some examples, the equation generated using the example processes
700 and/or 800 may take on a form different than that of equation (1). For example,

the generated equation may be a non-linear equation, such as equation (2):
y=a+b*(x1*x2)/x3 + d*x4 (2)

where, in this example, ¢ is an exponential factor, and x4 is an additional
measurement obtained using the conventional respiratory function devices and
techniques. In some examples, the equation generated using the example processes
700 and/or 800 may take on a form which is significantly different from equations (1)
and (2) and more easily described in some other forms, for example Decision Trees,
Bayesian Networks, or any other form. In some examples, populations may first be
divided into subpopulations using a measureable classifier (e.g., anthropomorphic or
spirometric), and subsequently, a separate equation is generated for each

subpopulation.

[0127] Since measurements of the same output parameter may differ
depending on the particular preferred device or technique used to obtain the

measurement (e.g., a body plethysmograph versus helium dilution), the example
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processes 700 and/or 800 may be used to generate equations that are distinct to the
particular preferred device or measurement. For example, separate equations may be
generated for estimating (e.g., calculating) TGV where the preferred device or
technique used to directly measure TGV was body plethysmography, helium dilution,

or thoracic CT imaging.

[0128] Once the particular equation derived, for example, from method 700, is
implemented in a particular pulmonary measurement system(s) or device(s) (or other
pulmonary apparatus), the device may be used to determine a desired pulmonary
output parameter (e.g., TLC, TGV, lung tissue compliance, and other parameters). For
example, the device may be used to measure particular input parameters from a patient
or subject (e.g., healthy or unhealthy). The input parameters may include, for
example, the measurements x1, x2, and x3 as well as others. Once the device
measures such input parameters, the equation implemented in the device (e.g.,
equation (1) or other suitable equation) may be executed as described in example
process 800 to determine the output parameter, y. This process can be repeated per
patient or multiple times on the same patient, for example, to determine multiple

desired output parameters based on a selection on the pulmonary measurement device.

[0129] More than one equation may be implemented within the pulmonary
measurement system(s) or device(s). Each equation may calculate a different output
parameter. Alternatively, each equation may calculate the same output parameter but
the equation may be different for different groups or classes of patients (e.g., classifier
models). For instance, the equation may use anthropomorphic information for each
individual patient to determine which equation to utilize to calculate the output

parameter.

[0130] FIGS. 9A-9D illustrate a number of charts that show a relationship
between total lung capacity (TLCequation) determined on a pulmonary measurement
device as shown in FIG. 3 and TLC measured using the reference device body
plethysmography (TLCprrri). The illustrated charts FIGS. 9A-9B, for instance, show
the results of pulmonary testing on a set of training patients (e.g., about 300 subjects)

that were used to develop an equation (e.g., as described in FIGS. 7 and 8). FIGS. 9A-
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9B show the end results of illustrated process 700; that is, a generated equation created
via a training population of subjects. The illustrated charts FIGS 9C-9D, for instance,
show the results of pulmonary testing on a set of patients in the clinical setting (e.g.,
about 135 subjects) that were measured on the pulmonary measurement device as
shown in FIG. 3 after the equation had been developed (e.g., as described in FIG. 6).
FIGS. 9C-9D show the end results of illustrated process 600; that is, a final

determination of absolute lung volume (e.g., TLC) from a patient in practice.

[0131] For example, FIGS. 9A-9D illustrate scatter plots of TLC generated by
an equation of input parameters measured by a device such as that shown in FIG. 3 vs.
plethysmographic TLC (TLCpien). FIGS. 9A-9D illustrates the agreement between
TLCequation and TLCetn for all subjects (9A), for healthy subjects only (9B), for
obstructed subjects only (9C), and for restrictive subjects only (9D). The solid line
represents the unity line. The agreement between TLC.quation and TLCpien 18 shown by
the data points being both centered around the line of unity and tightly clustered

around the line of unity.

[0132] FIGS. 9E-9H illustrate Bland-Altman plots that are associated,
respectively, with FIGS. 9A-9D. The Bland Altman plots compare TLCequation t0
plethysmographic TLC (TLCprgrn) for all subjects (9E), healthy subjects only (9F),
obstructed subjects only (9G), and restrictive subjects only (9H). The solid lines
represent the mean bias while the dashed lines represent the upper and lower limits
(£1.96*SD). The coefficient of variation (CV) is displayed within each plot. In the
population as a whole, and in each of the subpopulation (healthy, obstructed, and
restrictive), the coefficients of variations were 9.91%, 7.93%, 11.30%, and 13.70%
respectively; the mean biases were small (0.01 L, -0.01 L, 0.11 L, and 0.20 L,

respectively); also, there was no systematic trend of variability or bias with lung size.

[0133] FIGS. 91-9L illustrate a number of charts that show a relationship
between total lung capacity (TLCequation) determined on a pulmonary measurement
device as shown in FIG. 3 implementing the developed equation as shown in FIGS.
9A-9H and TLC measured using body plethysmography (TLCprprn). The illustrated

charts in FIGS. 91-9L, for instance, show the results of pulmonary testing on a set of
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subjects with the pulmonary measurement device of FIG 3 according to, for instance,
FIG. 8. That is, the mathematical equation as developed in FIGS. 7 and 8 is

implemented to measure a prospective group of subjects as in FIG. 6.

[0134] For example, FIGS. 91-9L illustrate scatter plots of TLCequation measured
by a device such as that shown in FIG. 3 vs. plethysmographic TLC (TLCyiem) for all
subjects (91), healthy subjects only (9J), obstructed subjects only (9K), and restrictive
subjects only (9L). The solid line represents the unity line. The agreement between
TLCoquation and TLC et 1S shown by the data points being both centered around the line
of unity and tightly clustered around the line of unity.

[0135] FIGS. 9M-9P illustrate Bland-Altman plots that are respectively
associated with FIGS. 91-9L. The Bland Altman plots compare TLCequation t0
plethysmographic TLC (TLCprgry) for all subjects (9M), healthy subjects only (9N),
obstructed subjects only (90), and restrictive subjects only (9P). The solid lines
represent the mean bias while the dashed lines represent the upper and lower limits

(£1.96*SD). The coefficient of variation (CV) is displayed within each plot.

[0136] FIGS. 10A-10H illustrate a number of charts that show a relationship
between TLC generated by an equation (TLCequation) Of input parameters measured by a
device such as that shown in FIG. 2 and TLC measured using body plethysmography
(TLCpreru). FIGS. 10A-10B illustrate the agreement between TLCequation and TLCpieth
for all subjects (10A), for healthy subjects only (10B), for obstructed subjects only
(10C), and for restrictive subjects only (10D). The solid line represents the unity line.
The agreement between TLCequation and TLCpietn 18 shown by the data points being both
centered around the line of unity and tightly clustered around the line of unity. FIGS.
10E-10H illustrate Bland-Altman plots that are respectively associated with FIGS.
10A-10D. The Bland Altman plots compare TLC.quation to plethysmographic TLC
(TLCprgrn) for all subjects (10E), healthy subjects only (10F), obstructed subjects only
(10G), and restrictive subjects only (10H). The solid lines represent the mean bias
while the dashed lines represent the upper and lower limits (£1.96*SD). The
coefficient of variation (CV) is displayed within each plot.
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[0137] FIGS. 11A-11H illustrate a number of charts that show a relationship
between TLC generated by an equation (TLCcquation) Of input parameters measured by a
device such as that shown in FIG. 1 and TLC measured using body plethysmography
(TLCprern). FIGS. 11A-11D illustrate the agreement between TLCquation and TLCpietn
for all subjects (11A), for healthy subjects only (11B), for obstructed subjects only
(11C), and for restrictive subjects only (11D). The solid line represents the unity line.
The agreement between TLCequation and TLCpietn 18 shown by the data points being both
centered around the line of unity and tightly clustered around the line of unity. FIGS.
11E-11H illustrate Bland-Altman plots that are respectively associated with FIGS.
11A-11D. The Bland Altman plots compare TLCcquation to plethysmographic TLC
(TLCprgrn) for all subjects (11E), healthy subjects only (11F), obstructed subjects only
(11G), and restrictive subjects only (11H). The solid lines represent the mean bias
while the dashed lines represent the upper and lower limits (+1.96*SD). The
coefficient of variation (CV) is displayed within each plot.

[0138] Table 1 (below) shows statistical parameters characterizing the data
shown in FIGS. 9A-9D and FIGS. 9E-9H. In particular, Table 1 provides the
population size (N), the mean TLCpy gra, the mean TLCcquation, the root mean square

error (RMSE), and the coefficient of variation (CV).

Mean Mean TLCquation | RMSE
N TLCpiern () | (L) @) CV (%)
Healthy 150 | 5.82L 583 L 046 L |[8.0%
Obstructed | 113 | 5.87L 575L 0.66L |11.2%
Restricted 37 14.10L 430L 056 L |13.7%
Total 300 | 5.63 L 5.61L 056 L [9.9%

Table 1

[0139] A particular equation (e.g., developed through method 700)
implemented in a pulmonary measurement device (e.g., through method 600) can be
implemented in digital electronic circuitry, in tangibly-embodied computer software or
firmware, in computer hardware, or in combinations of one or more of them.
Implementations of the equation can be implemented as one or more computer

programs, e.g., one or more modules of computer program instructions encoded on a
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tangible non-transitory program carrier for execution by, or to control the operation of,
data processing apparatus. Alternatively or in addition, the program instructions can
be encoded on an artificially-generated propagated signal, e.g., a machine-generated
electrical, optical, or electromagnetic signal that is generated to encode information for
transmission to suitable receiver apparatus for execution by a data processing
apparatus. The computer storage medium can be a machine-readable storage device, a
machine-readable storage substrate, a random or serial access memory device, or a

combination of one or more of them.

[0140] The equation implemented in the pulmonary measurement device can
be executed by “data processing hardware,” including by way of example a
programmable processor, a computer, or multiple processors or computers. The
hardware can also be or further include special purpose logic circuitry, e.g., a central
processing unit (CPU), a FPGA (field programmable gate array), or an ASIC
(application-specific integrated circuit). In some implementations, the data processing
apparatus and/or special purpose logic circuitry may be hardware-based and/or
software-based. For example, data processing hardware may include the controller
140 (shown in FIG. 1), the controller 230 (shown in FIG. 2), the control module 315
(shown in FIG. 3), the control unit 415 (shown in FIG. 4), and/or a controller 530
(shown in FIG. §).

[0141] The processes and logic flows implemented by the equation can be
performed by one or more programmable computers executing one or more computer
programs to perform functions by operating on input data and generating output. The
processes and logic flows can also be performed by, and apparatus can also be
implemented as, special purpose logic circuitry, e.g., a central processing unit (CPU), a
FPGA (field programmable gate array), or an ASIC (application-specific integrated

circuit).

[0142] Computers suitable for the execution of a computer program include, by
way of example, can be based on general or special purpose microprocessors or both,
or any other kind of central processing unit. Generally, a central processing unit will

receive instructions and data from a read-only memory or a random access memory or
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both. The essential elements of a computer are a central processing unit for
performing or executing instructions and one or more memory devices for storing
instructions and data. Generally, a computer will also include, or be operatively
coupled to receive data from or transfer data to, or both, one or more mass storage
devices for storing data, e.g., magnetic, magneto-optical disks, or optical disks.

However, a computer need not have such devices.

[0143] Computer-readable media (transitory or non-transitory, as appropriate)
suitable for storing computer program instructions and data, such as instructions and
data associated with the equation implemented in the pulmonary measurement device,
include all forms of non-volatile memory, media and memory devices, including by
way of example semiconductor memory devices, ¢.g., EPROM, EEPROM, and flash
memory devices; magnetic disks, e.g., internal hard disks or removable disks;
magneto-optical disks; and CD-ROM and DVD-ROM disks. The memory may store
various objects or data, including caches, classes, frameworks, applications, backup
data, jobs, web pages, web page templates, database tables, repositories storing
business and/or dynamic information, and any other appropriate information including
any parameters, variables, algorithms, instructions, rules, constraints, or references
thereto. Additionally, the memory may include any other appropriate data, such as
logs, policies, security or access data, reporting files, as well as others. The processor
and the memory can be supplemented by, or incorporated in, special purpose logic

circuitry.

[0144] To provide for interaction with a user, implementations of the subject
matter described in this specification can be implemented on a pulmonary
measurement device having, or connected to, a display device, e.g., a CRT (cathode
ray tube), LCD (liquid crystal display), or plasma monitor, for displaying information
to the user and an input device (e.g., keypad, a pointing device, or otherwise), by
which the user can provide input to the computer. Other kinds of devices can be used
to provide for interaction with a user as well; for example, feedback provided to the

user can be any form of sensory feedback, e.g., visual feedback, auditory feedback, or
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tactile feedback; and input from the user can be received in any form, including

acoustic, speech, or tactile input.

[0145] A number of embodiments have been described. Nevertheless, it will
be understood that various modifications may be made. For example, an example
embodiment of a method to calculate a desired respiratory parameter includes
determining an equation that comprises one or more input parameters associated with a
plurality of baseline respiratory measurements where some of the input respiratory
measurements are used to calculate the desired respiratory parameter in a subject;
measuring at least one respiratory measurement of a patient with a respiratory device;
and based on the measured respiratory measurement of the patient as an input into the
equation, determining the desired respiratory parameter of the patient. Example
aspects combinable with the example embodiment include: the desired respiratory
parameter comprises at least one of TLC, TGV, RV, Dy o, airway resistance, lung
tissue compliance, or FRC; the equation is determined based on an algorithmic
approach using clinical data; the respiratory device is configured to obtain values of
one or more respiratory parameters to be used in the equation; the training population
comprises healthy subjects; the training population comprises unhealthy subjects; the
unhealthy subjects have one or more respiratory diseases; the subject health condition
is a blend of healthy and unhealthy; the one or more input parameters comprise
parameters related to respiratory function, respiratory mechanics, or overall respiratory
health; the one or more input parameters can be selected based on known correlations
between the one or more input parameters and the desired respiratory parameter; the
one or more input parameters can comprise an airway opening pressure, a derivative of
the airway opening pressure, an integral of the airway opening pressure, an airway
opening flowrate, a derivative of the airway opening flowrate, an integral of the airway
opening flowrate, a mechanical impedance, a time constant of a pressure decay or rise,
and a time constant of a flowrate decay or rise; the one or more input parameters are
measured using one or more of a spirometry device or a respiratory mechanics device;
the desired respiratory health parameter is measured directly; the desired respiratory
parameter is measured using a preferred device or technique; the preferred device or

technique comprises body plethysmography, helium dilution, or thoracic CT imaging;
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the equation comprises a linear equation; the equation comprises a non-linear equation;
the equation is generated using an algorithmic approach; and/or the equation comprises

one or more input parameters.

[0146] Another example embodiment of a method for estimating a respiratory
parameter includes determining at least one measurement of a respiratory parameter of
a subject; inputting the measurement into an equation developed based on a plurality
of historical measurements of the respiratory parameter; and outputting a respiratory
parameter from the equation, the respiratory parameter comprising an estimate of TLC,

FRC, or TGV.

[0147] Another example embodiment of a method of estimating a respiratory
parameter of a human subject includes (1) taking a direct measurement of a respiratory
parameter in a plurality of test subjects; (2) taking a measurement of one or more input
parameters of the plurality of test subjects, each of the input parameters associated
with the respiratory parameter; (3) determining, with the measurements of the desired
respiratory parameter and the measurements of one or more input parameters, an
equation that comprises at least a portion of the input parameters or subset of them as
inputs and the pulmonary parameter as an output; (4) taking a measurement of one or
more parameters of the human subject; and (5) based on the measurement of one or
more parameters of the human subject and the equation, estimating a value of the
respiratory parameter of the human subject. Example aspects combinable with the
example embodiment include: step (1) is performed by a whole body plethysmography
technique, a helium dilution technique, or a thoracic CT imaging technique, a nitrogen
washout, a nitrogen recovery, or a chest radiography; steps (2) and (4) are performed
with a respiratory device, a forced oscillation or impulse oscillometry technique or
with an anthropomorphic device; the respiratory device comprises a device as
described in one of U.S. Patent Application Serial No. 12/830,955, U.S. Patent
Application Serial No. 12/670,661, or U.S. Patent Application Serial No. 13/308,868;
the input parameters comprise relative lung volumes or lung flow rates such as FEV],
FEV/FVC, IC, or VC; some of the input parameters can comprise respiratory

pressure, respiratory flow rates, or other respiratory dynamics; some of the input
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parameters can comprise respiratory mechanics values such as Ry or E.; some of the
input parameters can comprise anthropomorphic information that include one or more
of patient sex, patient height, patient weight, or patient body mass index; and/or the

respiratory parameter comprises at least one of TLC, TGV, RV, or FRC.

[0148] Another example embodiment of a method of generating an equation
that estimates a desired respiratory parameter includes selecting a training population
of subjects on which to measure one or more input parameters and the desired
respiratory parameter; measuring the training population for the one or more input
parameters and the desired respiratory parameter; generating a pool of input
parameters from the one or more input parameters by means of mathematical
transformations; and generating an equation using measurements of a subset of input
parameters and measurements that can be used for estimating of the desired respiratory

parameter.

[0149] Various combinations of the components described herein may be
provided for embodiments of a similar apparatus. Accordingly, other embodiments are

within the scope of the present disclosure.
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WHAT IS CLAIMED IS:

L. A pulmonary measurement system, comprising:
a pulmonary measurement device that comprises:
a mouthpiece that comprises an airflow path; and
a sensor positioned in the airflow path; and
a controller communicably coupled to the sensor, the controller comprising a
processor and instructions stored in memory, the controller operable to execute the
instructions with the processor to perform operations comprising:
identifying a measurement from the sensor;
identifying a particular equation stored in the memory, the particular
equation developed using data analytics and comprising an input parameter that is
based on the identified measurement; and
based on the identified measurement and the particular equation,

determining a value of absolute lung volume.

2. The pulmonary measurement system of claim 1, wherein the sensor

comprises at least one of an airflow sensor or a pressure sensor.

3. The pulmonary measurement system of claim 1, wherein the controller
is operable to execute the instructions with the processor to perform further operations
comprising:

determining the input parameter to the particular equation based on the
measurement; and

calculating the value of absolute lung volume based on the input parameter.

4. The pulmonary measurement system of claim 1, wherein the input
parameter comprises a parameter related to respiratory function, respiratory

mechanics, respiratory health, or general health.
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5. The pulmonary measurement system of claim 1, wherein the input
parameter comprises at least one of an airway opening pressure, a derivative of the
airway opening pressure, an integral of the airway opening pressure, an airway
opening flowrate, a derivative of the airway opening flowrate, an integral of the airway
opening flowrate, a parameter derivable from forced spirometry, a parameter derivable
from slow spirometry, a mechanical impedance, a parameter derivable from forced
oscillations, a parameter derivable from impulse oscillometry, a time constant of a

pressure decay or rise, or a time constant of a flowrate decay or rise.

6. The pulmonary measurement system of claim 1, wherein the pulmonary
measurement device comprises one of’

(a) a spirometer;

(b) a forced oscillation device;

(c) an advanced flow interruption device;

(d) a flow interruption device;

(e) a combination spirometer-flow interruption device; or

(f) a combination device of two or more of (a)-(e).

7. The pulmonary measurement system of claim 1, further comprising a
handheld housing that at least partially encloses or couples to the pulmonary

measurement device and the controller.

8. The pulmonary measurement system of claim 1, wherein identifying a
particular equation comprises identifying the particular equation from a plurality of

equations that are stored in the memory.
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9. The pulmonary measurement system of claim &, wherein the controller
is operable to execute the instructions with the processor to perform further operations
comprising:

identifying a second particular equation of the plurality of equations that are
stored in the memory, the second particular equation developed using data analytics
and comprising a second input parameter that is based on the identified measurement;
and

based on the identified measurement and the second particular equation,
determining at least one of total lung capacity (TLC), functional residual capacity
(FRC), thoracic gas volume (TGV), residual volume (RV), diffusing capacity of the
lung for carbon monoxide (Dyco), airway resistance, lung elasticity, or lung tissue

compliance.

10. The pulmonary measurement system of claim 8, wherein the controller
is operable to execute the instructions with the processor to perform further operations
comprising:

identifying a second particular equation of the plurality of equations that are
stored in the memory, the second particular equation developed using data analytics
and comprising a second input parameter that is based on the identified measurement;
and

based on the identified measurement and the second particular equation,

determining at least one qualitative indicator of respiratory health.

11. The pulmonary measurement system of claim 10, wherein the at least
one qualitative indicator of respiratory health comprises a diagnosis of: health,
obstructive respiratory disease, restrictive respiratory disease, mixed defect, pulmonary
vascular disorder, chest wall disorder, neuromuscular disorder, interstitial lung disease,

pneumonitis, asthma, chronic bronchitis, or emphysema.

12. The pulmonary measurement system of claim 1, wherein the particular
equation is derived from a training population that comprises a plurality of healthy

subjects.
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13. The pulmonary measurement system of claim 12, wherein the particular
equation is derived from a training population that further comprises a plurality of

unhealthy subjects.

14. The pulmonary measurement system of claim 13, wherein each of the

5  plurality of unhealthy subjects has one or more respiratory diseases.

15. The pulmonary measurement system of claim 12, wherein the particular
equation comprises a constant that is calculated based on a respiratory measurement

technique performed on the training population.

16. The pulmonary measurement system of claim 15, wherein the
10 respiratory measurement technique comprises at least one of body plethysmography,

helium dilution, or thoracic computed tomography (CT) imaging.

17. The pulmonary measurement system of claim 12, wherein the training

population comprises historical or public data.

18. The pulmonary measurement system of claim 12, wherein the training
15 population comprises a first portion and a second portion, each of the first and second

portions defined by a classifier.

19. The pulmonary measurement system of claim 18, wherein the classifier
comprises an anthropomorphic or a spirometric classifier, and the controller is
operable to execute the instructions with the processor to perform further operations

20  comprising:

selecting the particular equation based, at least in part, on the classifier.

20. The pulmonary measurement system of claim 1, wherein the respiratory
measurement occurs in one of an intensive care unit, a pulmonary function testing

laboratory, a physician’s office, a community/work screening, or a home setting.

25 21. The pulmonary measurement system of claim 1, wherein the particular

equation comprises a linear equation or a non-linear equation.

22. The pulmonary measurement testing system of claim 1, wherein the

particular equation is derived from a regression analysis.
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23. The pulmonary measurement testing system of claim 1, wherein the
controller is operable to execute the instructions with the processor to perform further
operations comprising:

updating at least one of the plurality of equations that are stored in the memory

5  based on at least one of a time duration or an adjustment to the data analytics.

24, The pulmonary measurement testing system of claim 23, wherein the
adjustment to the data analytics comprises an increase in a number of subjects of a

training population used to derive the plurality of equations.

25. A computer-implemented method to determine absolute lung volume,
10 comprising:
identifying a respiratory measurement of a patient with a pulmonary
measurement device;
identifying a particular equation that is developed using data analytics and
comprises an input parameter, the input parameter based on the identified respiratory
15 measurement; and
based on the respiratory measurement of the patient and the particular equation,

determining the absolute lung volume of the patient.

26. The computer-implemented method of claim 25, wherein identifying a
particular equation comprises identifying the particular equation from a plurality of

20  equations.

27. The computer-implemented method of claim 26, further comprising:
identifying a second particular equation of the plurality of equations that is
developed using data analytics and comprises a second input parameter; and
based on the respiratory measurement of the patient and the second particular
25  equation, determining at least one of total lung capacity (TLC), functional residual
capacity (FRC), thoracic gas volume (TGV), residual volume (RV), diffusing capacity

of the lung for carbon monoxide (Dyco), airway resistance, or lung tissue compliance.

28. The computer-implemented method of claim 25, wherein the particular

equation is determined based on a training population using clinical data.

44



10

15

20

WO 2015/005958 PCT/US2014/032186

29. The computer-implemented method of claim 28, wherein the training

population comprises healthy subjects and unhealthy subjects.

30. The computer-implemented method of claim 29, wherein each of the

unhealthy subjects have one or more respiratory diseases.

31. The computer-implemented method of claim 28, further comprising:
generating the data analytics by measuring an absolute lung volume value of

each subject of the training population using a respiratory measurement technique.

32. The computer-implemented method of claim 25, further comprising
obtaining the at least one respiratory measurement with the pulmonary measurement

device.

33. The computer-implemented method of claim 32, wherein the
pulmonary measurement device comprises one of:

(a) a spirometer;

(b) a forced oscillation device;

(c) an advanced flow interruption device;

(d) a flow interruption device;

(e) a combination spirometer-flow interruption device; or

(f) a combination device of two or more of (a)-(e).

34, The computer-implemented method of claim 25, wherein the input
parameter comprises a parameter related to respiratory function, respiratory

mechanics, respiratory health, or general health.

35. The computer-implemented method of claim 25, wherein the input
parameter is selected based on a known correlation between the input parameter and

absolute lung volume.
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36. The computer-implemented method of claim 25, wherein the input
parameter comprises at least one of an airway opening pressure, a derivative of the
airway opening pressure, an integral of the airway opening pressure, an airway
opening flowrate, a derivative of the airway opening flowrate, an integral of the airway
opening flowrate, a parameter derivable from forced spirometry, a parameter derivable
from slow spirometry, a mechanical impedance, a parameter derivable from forced
oscillations, a parameter derivable from impulse oscillometry, a time constant of a

pressure decay or rise, or a time constant of a flowrate decay or rise.

37. The computer-implemented method of claim 31, wherein the
respiratory measurement technique comprises body plethysmography, helium dilution,

or thoracic computed tomography (CT) imaging.

38. The computer-implemented method of claim 25, wherein the particular

equation comprises a linear equation.

39. A method of estimating a respiratory parameter of a human subject,
comprising:

taking a direct measurement of a respiratory parameter in a plurality of test
subjects, the plurality of test subjects comprising healthy subjects and unhealthy
subjects;

taking a measurement of one or more input parameters of the plurality of test
subjects; and

determining, with the direct measurements of the respiratory parameter and the
measurements of one or more input parameters, an equation that comprises at least a

portion of the input parameters as inputs and the respiratory parameter as an output.

40. The method of claim 39, wherein each of input parameters is associated

with the respiratory parameter.

41. The method of claim 39, wherein taking a direct measurement of a
respiratory parameter in a plurality of test subjects is performed with at least one of:
a whole body plethysmography technique, a helium dilution technique, a
thoracic computed tomography (CT) imaging technique, a nitrogen washout, a

nitrogen recovery, or a chest radiography.
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42. The method of claim 39, wherein taking a measurement of one or more
input parameters of the plurality of test subjects is performed with at least one of:

a pulmonary measurement device, a spirometer, a flow interruption device, an
advanced flow interruption device, a forced oscillation or impulse oscillometry

technique, or an anthropomorphic device.

43. The method of claim 39, wherein at least one of the one or more input

parameters comprises a relative lung volume or a lung flow rate.

44. The method of claim 43, wherein the relative lung volume comprises at
least one of: forced expiratory volume in one second (FEV)), a ratio of forced
expiratory volume in one second to forced vital capacity (FEV/FVC), inspiratory

capacity (IC), or vital capacity (VC).

45. The method of claim 39, wherein at least one of the one or more input
parameters comprises at least one of an airway opening pressure, a derivative of the
airway opening pressure, an integral of the airway opening pressure, an airway
opening flowrate, a derivative of the airway opening flowrate, an integral of the airway
opening flowrate, a parameter derivable from forced spirometry, a parameter derivable
from slow spirometry, a mechanical impedance, a parameter derivable from forced
oscillations, a parameter derivable from impulse oscillometry, a time constant of a

pressure decay or rise, or a time constant of a flowrate decay or rise.

46. The method of claim 39, wherein at least one of the one or more input
parameters comprises a respiratory mechanics value comprising respiratory system

resistance (Rys) or respiratory system elastance (E,).

47. The method of claim 39, wherein at least one of the one or more input
parameters comprises anthropomorphic information that includes one or more of

patient sex, patient height, patient weight, or patient body mass index.

48. The method of claim 39, wherein the respiratory parameter comprises at
least one of: total lung capacity (TLC), thoracic gas volume (TGV), residual volume

(RV), or functional residual capacity (FRC).
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49. The method of claim 39, further comprising:
taking a measurement of one or more input parameters of a human subject with
a pulmonary measurement device; and
based on the measurement of one or more input parameters of the human
5  subject and the equation, estimating a value of the respiratory parameter of the human

subject with the pulmonary measurement device.
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