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SOUND-BASED SPIROMETRIC DEVICES, SYSTEMS, AND METHODS

BACKGROUND
[0002] Spirometry is the most widely employed objective measure of lung function and is central to
the diagnosis and management of chronic lung diseases, such as asthma, chronic obstructive
pulmonary disease (COPD), and cystic fibrosis. During an existing spirometry test, a patient
forcefully exhales through a flow-monitoring device (e.g., through a tube or mouthpiece) that
measures instantaneous flow and cumulative exhaled volume. Spirometry is typically performed in
medical offices and clinics using conventional spirometers. Spirometry performed using a portable
device is, however, slowly gaining acceptance. Spirometry performed with a portable device allows
a patient and/or physician to more regularly monitor the patient’s lung function for trends and detect
changes in lung function that may need evaluation and/or treatment. Spirometry performed with a
portable device may lead to earlier diagnosis of impaired lung function and may thereby result in
earlier treatment of exacerbations, more rapid recovery, reduced health care costs, and/or improved
outcomes.
[0003] A standard spirometer measures flow rate of air as it passes through a mouthpiece. The
measured flow can be integrated to produce Flow vs. Time (FT), Volume vs. Time (VT), and/or
Flow vs. Volume (FV) plots of the expiration. An example FV plot is shown in FIG. 1, which also
illustrates the following spirometry parameters:
[0004] (1) Forced Vital Capacity (FVC) is the total expelled volume during the expiration,
[0005] (2) Forced Expiratory Volume in one second (FEV)) is the volume exhaled in the first
second,
[0006] (3) FEV/FVC is simply the ratio of the aforementioned parameters, and
[0007] (4) Peak Expiratory Flow (PEF) is the maximum flow velocity reached during the test.
[0008] The most common clinically-reported measures are FEV, FVC, and FEV|/FVC, as they are
used to quantify the degree of airflow limitation in chronic lung diseases such as asthma, COPD, and
cystic fibrosis. In general, a healthy result is >80% of the predicted value based on height, age, and
gender (see, e.g., Knudson, R.J., Slatin, R.C., Lebowitz, M.D., and Burrows, B. The maximal

expiratory flow-volume curve. Normal standards, variability, and effects of age.
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The American review of respiratory disease 113, 5 (1976)). Abnormal valucs arc (sce, e.g.,
Miller, M.R., Hankinson, J., Brusasco, V., ¢t al. Standardisation of spirometry. The European
Respiratory Journal 26, 2 (2005)):

[0009] « Mild Lung Dysfunction: 60-79%

[0010] » Moderate Lung Dysfunction: 40-59%

[0011] « Severe Lung Dysfunction: below 40%

[0012] Spirometry based diagnosis is, however, more complicated than simple benchmarking.
Additionally, the shape of the flow curve is subjectively evaluated by a pulmonologist, who
examines the descending portion of the Flow vs. Volume curve (i.e., the portion after PEF in
FIG. 1). A linear slope illustrated by first FV plot 12 is indicative of the absence of airflow
limitation (i.e., normal lung function). A concave or "scooped" slope illustrated by second FV
plot 14 is indicative of airflow limitation (e.g., asthma or COPD) due to differing time constants
of exhaled air in different parts of the lung. Third FV plot 16 is suggestive of restrictive lung
discase such as that caused by respiratory muscle weakness or pulmonary fibrosis; it can be seen
as a slight bowing of the curve, a plateau, and/or a decreased FVC.

[0013] Existing Spirometry Devices

[0014] Existing spirometers are generally flow based and measure the instantancous exhaled
flow (e.g., liters/sec.). There are four prevalent types of flow-based spirometers:
pneumotachographs, turbines, anemometers, and ultrasounds. Pneumotachs measure the
pressure differential across a membrane as the subject exhales. These devices are affected by
humidity and temperature and require daily calibration. Pneumotachs are the most prevalent
spirometers in medical offices and clinics because of their accuracy.

[0015] High-end clinical spirometers can cost upwards of $5000 USD and be comparable in size
to a small refrigerator. The patient sits inside an enclosure that controls humidity, temperature,
and oxygen levels. Portable, ATS-endorsed spirometers (about the size of a laptop) generally
cost between $1,000-$4,000 USD, and although they are relatively portable compared to their
counterparts, they are still bulky, complicated devices (see, e.g., FIG. 2).

[0016] Low cost peak flow meters can cost between $10-$50 USD, but typically can only
mcasurc PEF. Such low cost meters are generally about the size of a bascball and typically usc a
mechanical apparatus without any electronics. PEF in isolation, however, is gencrally considered
irrclevant by pulmonologists (sce, e.g., Pesola, G., O'Donncll, P., and Jr, G.P. Pcak cxpiratory
flow in normals: comparison of the Mini Wright versus spirometric predicted peak flows.
Journal of Asthma, 4 (2009)). Digital home spirometers that report only FEV; are also
commercially available ($50 — $200 USD); the functionality of these meters varies widely with
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regard to reporting and archiving of results. For example, some digital home spirometers require
patients to manually record results in journals or have a USB desktop connection. Some recent
digital home spirometers can connect to a mobile phone or laptop via Bluetooth, but are typically
more expensive (e.g., $900-$3500 USD). Recently, some low-cost (approximately $100 — $200
USD) Bluetooth spirometers have gained excitement in the mobile health community (see, e.g.,
Sakka, E.J., Aggelidis, P., and Psimarnou, M. Mobispiro: A Novel Spirometer. In MEDICON
'10.2010), but their contributions are mostly in the coupling of existing hardware and Android
platforms and are not ATS endorsed.

[0017] Additionally, a number of applications that claim to measure aspects of lung function
have recently appeared on smartphone platforms. These smartphone applications, however, are
advertised as games and have disclaimers warning not to use them for medical assessment.

[0018] Mobile Phone Based Health Sensing

[0019] There are a number of healthcare sensing systems in which external sensors are connected
to smartphones. For example, Poh et al. have developed a system containing electro-optic
sensors worn on the carlobe to provide photoplethysmography (PPG) data on a smartphone (see,
Poh, M.-Z., Swenson, N.C., and Picard, R.W. Motion-Tolerant Magnetic Earring Sensor and
Wireless Earpiece for Wearable Photoplethysmography. Information Technology in
Biomedicine, IEEE Transactions on 14, 3 (2010)). A number of researchers have also evaluated
how multiple sensors could be connected to a smartphone via an external board to collect
physiological information (see, e.g., Brunette, W., Sodt, R., Chaudhri, R., et al. The Open Data
Kit Sensors Framework : Application-Level Sensor Drivers for Android. MobiSys, (2012); also
see, e.g., Majchrzak, T. and Chakravorty, A. Improving the Compliance of Transplantation
Medicine Patients with an Integrated Mobile System. International Conference on System
Sciences, (2012)). Bishara er al. have successfully modified an existing on-device camera to
perform lens-free holographic microscopy (see, Bishara, W., Su, T.-W., Coskun, A F., and
Ozcan, A. Lensfree on-chip microscopy over a wide field-of-view using pixel super-resolution.
Opt. Express 18,11 (2010)). Pamplona et al. have developed NETRA, a system that combines
simple optical components, like lenses, with high-resolution LCD screens of smartphones to
detect human cye impairments (see, Pamplona, V.F., Mohan, A., Oliveira, M.M., and Raskar, R.
NETRA: interactive display for estimating refractive errors and focal range. SIGGRAPH 10,
ACM (2010)).

[0020] Researchers have also been exploring solutions that require no hardware modification.
For example, Grimaldi et al. have employed a smartphone's camera and LED flashlight to

measure pulse from the fingertip using photoplethysmography (see, Grimaldi, D., Kurylyak, Y.,
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Lamonaca, F., and Nastro, A. Photoplethysmography detection by smartphone's videocamera.
IDAACS, (2011)); while this requires a user to be in contact with the device, Poh et al. use a
tablet's camera and blind source separation of color channels to measure pulse at a distance (see,
Poh, M.-Z., McDuff, D.J., and Picard, R.-W. Non-contact, automated cardiac pulse measurements
using video imaging and blind source separation. Opt. Express 18, 10 (2010)).

[0021] Audio Based Health Sensing

[0022] There are also several technologies that sense medically relevant quantities using a
microphone. For example, using an in-ear microphone, researchers have shown that one can
detect when (and sometimes what) a person is eating (see, e.g., Amft, O. and Lukowicz, P.
Analysis of chewing sounds for dietary monitoring. UbiComp '05, (2005); see also, e.g.,
Nishimura, J. and Kuroda, T. Eating habits monitoring using wireless wearable in-car
microphone. ISWPC 2008, (2008)). Wheeze detection with in-air and throat microphones has
shown promising results in diagnosing the severity of asthma (see, e.g., Homs-Corbera, A. and
Fiz, J. Time-frequency detection and analysis of wheezes during forced exhalation. /EEE
Transactions 51, 1 (2004)). Respiratory rate is another vital sign typically sensed with body
worn (see, e.g., Alshaer, H., Fernie, G.R., and Bradley, T.D. Phase tracking of the breathing
cycle in sleeping subjects by frequency analysis of acoustic data. International Journal of
Healthcare Technology and Management 11,3 (2010)) or bedside microphones (see, e.g.,
Kroutil, J. and Laposa, A. Respiration monitoring during sleeping. IS4BEL '11, (2011)).

A few systems have leveraged simple, low-cost microphones to analyze signals, such as heart
rate and cough. Many systems exist that extract heart rate using a mobile phone (see, e.g.,
Neuman, M.R. Vital Signs: Heart Rate. Pulse, IEEE 1,3 (2010); see also, e.g., Olmez, T. and
Dokur, Z. Classification of heart sounds using an artificial neural network. Pattern Recognition
Letters 24, 1-3 (2003)) and, with higher-end microphones, some systems can actually be used to
detect certain audible manifestations of high blood pressure referred to as Korotkoff sounds (see,
e.g., Allen, J. and Murray, A. Time-frequency analysis of Korotkoff sounds. /EE Seminar
Digests 1997, 6 (1997)). The Ubicomp community has also embraced some of this work. At
Ubicomp 2011, a solution that uses the microphone on the mobile phone to detect and count
coughs was presented (sce, e.g., Larson, E.C., Lee, T., Liu, S., Rosenfeld, M., and Patel, S.N.
Accuratc and Privacy Preserving Cough Sensing using a Low-Cost Microphone. UbiComp '1 1,
(2011)).

[0023] While home spirometry is slowly gaining acceptance in the medical community because
of its ability to detect pulmonary exacerbations and improve outcomes of chronic lung ailments,

limitations of existing home spirometer devices are inhibiting its widespread adoption. For
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example, challenges currently faced by home spirometry include excessive cost, patient compliance,
usability, and the ability to upload results to physicians (see, e.g., Finkelstein J, Cabrera MR, H.G.
Internet-based home asthma telemonitoring: can patients handle the technology. Chest 117, 1 (2000);
see also, e.g., Grzincich, G., Gagliardini, R., and Bossi, A. Evaluation of a home telemonitoring-
service for adult patients with cystic fibrosis: a pilot study. J. of Telemedicine, (2010)). Notably,
while office-based spirometry is typically coached by a trained technician, current home spirometers
have no coaching, feedback, or quality control mechanisms to ensure acceptable measurements.
Accordingly, improved methods and devices for accomplishing home spirometry would be

beneficial.

SUMMARY
[0024] Sound-based spirometric devices, systems, and methods are provided. In many
embodiments, a digital audio file of sounds of a subject’s spirometric expiratory maneuver is
processed to generate expiratory flow-based pulmonary function data used to assess pulmonary
function of the subject. In many embodiments, the digital audio file is created by the subject
exhaling the subject’s full vital capacity toward a microphone held a distance away from the
subject’s mouth. The sound-based flow rate estimation disclosed herein enables remote spirometric
testing using, for example, existing portable devices having a microphone (e.g., smartphones).
Accordingly, such remote spirometric testing can enable earlier diagnosis of pulmonary disfunction,
thereby enabling earlier associated treatment.
[0025] Thus, in one aspect, there is provided a mobile device configured to generate expiratory
flow-based pulmonary function data, the device comprising: a microphone operable to convert sound
of a subject’s forced expiratory maneuver into a digital data file, wherein the sound of the subject’s
forced expiratory maneuver includes sound projected from the subject’s mouth during the subject’s
forced expiratory maneuver; and a processor operatively coupled with the microphone; and a data
storage device operatively coupled with the processor and storing instructions that, when executed
by the processor, cause the processor to process the digital data file to generate expiratory flow-
based pulmonary function data for assessing pulmonary function of the subject, including calculating
at least one flow rate based on an estimated model of the subject’s vocal tract and estimated
reverberation of sound around the subject’s head, wherein processing the digital data file includes at
least one of the group consisting of: (1) compensating for estimated pressure losses sustained over a
distance between the subject and the microphone, and (2) compensating for at least one of
reverberations and reflections of sound of the forced expiratory maneuver.

-5-
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[0026] Because the estimation of the expiratory flow rate is based on the sound produced by the
subject’s expiratory maneuver, contact between the subject’s mouth and the mobile device is not
required. Accordingly, in many embodiments, the sound of the subject’s forced expiratory
maneuver is converted into the digital data file without contact between the subject’s mouth and the
mobile device. The subject can, however, exhale through a mouthpiece during the expiratory
maneuver and the sound of the subject’s expiratory maneuver can be converted into the digital data
file without contact between the mouthpiece and the mobile device.

[0027] In many embodiments, expiratory flow velocity at the subject’s mouth is estimated by
processing the digital data file. The estimated expiratory flow velocity can then be used in
conjunction with an estimate of the cross-sectional flow area of the subject’s mouth to calculate
expelled flow volume.

[0028] Any suitable expiratory flow-based pulmonary function data can be generated, such as any
such data currently relied upon by a treating professional to assess pulmonary function of a subject.
For example, the expiratory flow-based pulmonary function data can include at least one expiratory
flow-based pulmonary function assessment parameter selected from the group consisting of: (1)
Forced Vital Capacity (FVC), (2) Forced Expiratory Volume in one second (FEV)), (3) FEV/FVC,
(4) Peak Expiratory Flow (PEF), and (5) Forced Expiratory Flow between 25% and 75% of FVC
(FEF(25-75)). The expiratory flow-based pulmonary function data can include at least one
expiratory flow-based pulmonary function assessment metric that is based on at least one of the
group consisting of: (1) FVC, (2) FEV,, (3) PEF, and (4) FEF (25-75). For example, an expiratory
flow-based pulmonary function assessment metric can be whether the FEV| value is within a healthy
range (e.g., greater than 80% of the predicted value based on height, age, and gender), a mild lung
dysfunction range (e.g., between 60-79% of the predicted value), a moderate lung dysfunction range
(e.g., between 40-59% of the predicted value, or a severe lung dysfunction range (e.g., below 40% of
the predicted value).

[0029] In many embodiments, superfluous sounds are modeled and removed during processing of
the digital data file. For example, processing the digital data file can include modeling and removing
superfluous sound generated by airflow of the forced expiratory maneuver. In many embodiments,
the superfluous sound is generated by airflow of the forced expiratory maneuver through at least one
of the group consisting of: (1) the subject’s vocal tract, (2) the subject’s mouth, and (3) the subject’s
surrounding environment.

[0030] In many embodiments, processing of the digital data file includes isolating and analyzing

flow-related sounds. For example, in many embodiments, processing the digital data file includes
-6-
CA 2872785 2019-08-21



isolating at least one sound related to airflow of the forced expiratory maneuver and assessing
intensity of the isolated at least one sound. In many embodiments, the isolated at least one sound
includes sound from at least one of the group consisting of: (1) wind shear, (2) vocal tract
resonances, (3) wheezes, and (4) nasal resonances.

[0031] In many embodiments, processing the digital data file includes compensating for
environment induced pressure variations. In many embodiments, processing the digital data file
includes using inverse radiation modeling to at least one of the group consisting of: (1) compensate
for estimated pressure losses sustained over a distance between the subject and the microphone, and
(2) compensate for at least one of reverberations and reflections of sound of the forced expiratory
maneuver.

[0032] In many embodiments, the processing of the digital data file includes removing the effects of
AC-coupling. For example, processing the digital data file can include removing the effects of AC-
coupling by using at least one of the group consisting of: (1) signal power, (2) frequency
characteristics, and (3) models of the subject’s vocal tract.

[0033] In many embodiments, the processing of the digital data file includes removing non-linearity.
For example, processing the digital data file can include removing non-linearity by combining at
least two flow approximations based on the digital data file.

[0034] In some embodiments, there is described a mobile device configured to generate expiratory
flow-based pulmonary function data, the device comprising: a microphone operable to convert sound
of a subject’s forced expiratory maneuver into a digital data file, wherein the sound of the subject’s
forced expiratory maneuver includes sound projected from the subject’s mouth during the subject’s
forced expiratory maneuver; and a processor operatively coupled with the microphone; and a data
storage device operatively coupled with the processor and storing instructions that, when executed
by the processor, cause the processor to process the digital data file to generate expiratory flow-
based pulmonary function data for assessing pulmonary function of the subject, including calculating
at least one flow rate based on an estimated model of the subject’s vocal tract and estimated
reverberation of sound around the subject’s head, wherein processing the digital data file includes
using a global model that is based on a plurality of digital data files of sound recorded during
different forced expiratory maneuvers.

[0034a] For example, processing the digital data file can include generating Peak Expiratory
Flow (PEF) by using a global model of PEF rates of different expiratory maneuvers. Processing the
digital data file can include generating Forced Vital Capacity (FVC) by using a global model of FVC

values of different expiratory maneuvers. Processing the digital data file can include generating
-7-
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Forced Expiratory Volume in one second (FEV1) by using a global model of FEV; values of
different expiratory maneuvers.

[0035] In many embodiments, the mobile device is configured such that the mobile device can
be calibrated relative to a particular subject. For example, processing the digital data file can
include using a personalized model for a particular subject that is created by calibrating the
expiratory flow-based pulmonary function data generated by the mobile device for the particular
subject relative to expiratory flow-based pulmonary function data for the particular subject that is
generated by another device (e.g., an ATS-endorsed spirometer at the office of a treating
professional).

[0036] In another aspect, there is described a method of generating expiratory flow-based
pulmonary function data, the method comprising: receiving a digital data file of sound of a
subject’s forced expiratory maneuver; and processing the digital data file to generate expiratory
flow-based pulmonary function data for assessing pulmonary function of the subject, including
calculating at least one flow rate based on an estimated model of the subject’s vocal tract and
estimated reverberation of sound around the subject’s head, wherein processing the digital data
file includes at least one of the group consisting of: (1) compensating for estimated pressure
losses sustained over a distance between the subject and a microphone, and (2) compensating for
at least one of reverberations and reflections of sound of the forced expiratory maneuver.

[0037] In many embodiments of the method of generating expiratory flow-based pulmonary
function data, additional acts and/or aspects are included that are analogous to any of the acts
and/or aspects described herein with respect to the disclosed sound-based spirometric devices
and systems, for example, the mobile device as described above.

[0038] In another aspect, there is described a system for remotely generating expiratory flow-
based pulmonary function data, the system comprising: a server communicatively coupled with a
communication network, the server including a processor and a data storage device operatively
coupled with the processor and storing instructions that, when executed by the processor, cause
the processor to process a digital data file of sound generated by a subject’s forced expiratory
maneuver, the digital data file being received by the server via the communication network, the
digital data file being processed to generate expiratory flow-based pulmonary function data for

assessing pulmonary function of the subject, including calculating at least one flow rate based on

-8-

Date Regue/Date Received 2020-09-16



an estimated model of the subject’s vocal tract and estimated reverberation of sound around the
subject’s head, wherein processing the digital data file includes at least one of the group
consisting of: (1) compensating for estimated pressure losses sustained over a distance between
the subject and a microphone, and (2) compensating for at least one of reverberations and
reflections of sound of the forced expiratory maneuver.

[0039] In many embodiments of the system for remotely generating expiratory flow-based
pulmonary function data, additional aspects are included that are analogous to any of the aspects
described herein with respect to the disclosed sound-based spirometric devices and systems, for
example, the mobile device as described above.

[0040] In many embodiments, the system for remotely generating expiratory flow-based
pulmonary function data employs the communication network to transfer information to a user.
For example, the system can be configured such that the expiratory flow-based pulmonary
function data is transmitted over the communication network to a remote device for display on
the remote device. The system can be configured such that the expiratory flow-based pulmonary

function data is viewable via a website.

BRIEF DESCRIPTION OF THE DRAWINGS
[0042] The novel features of the invention are set forth with particularity in the appended claims.
A better understanding of the features and advantages of the present invention will be obtained
by reference to the following detailed description that sets forth illustrative embodiments, in
which the principles of the invention are utilized, and the accompanying drawings of which:
[0043] FIG. 1 shows an example Flow vs. Volume plot and related lung function parameters for
spirometry expiratory maneuvers of subjects with normal, obstructive, and restrictive lung

functionality;
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[0044] FIG. 2 shows an example portable, American Thoracic Society (ATS) endorsed
spirometer;

[0045] FIG. 3 shows a smartphone-based spirometer, in accordance with many embodiments,
being used by a subject;

[0046] FIG. 4A shows an example expiratory flow rate curve generated and displayed by a
smartphone-based spirometer, in accordance with many embodiments;

[0047] FIG. 4B shows an example expiratory flow rate curve generated by an existing
spirometer for comparison with the example smartphone-based flow rate curve of FIG. 4A;
[0048] FIG. 5 shows a graphical user interface (GUI) screen displayed on a smartphone-based
spirometer for coaching a subject through an expiratory maneuver, in accordance with many
embodiments;

[0049] FIGS. 6A through 6D show four different test configurations used to assess the impact of
variations in lip posture and distance to the microphone, in accordance with many embodiments;
[0050] FIG. 7A schematically illustrates processing acts used to process a digital audio file of
sounds of a subject’s expiratory mancuver to produce a plurality of flow ratc approximations, in
accordance with many embodiments;

[0051] FIG. 7B illustrates example measures of pressure, p(?), in a digital audio file of sounds of
a subject’s expiratory maneuver, in accordance with many embodiments;

[0052] FIG. 7C illustrates an example Hilbert Envelope of one of: (1) measures of pressure, p(t),
at the microphone, (2) estimated measures of pressure, p_/ips(t), at the subject’s mouth, and

(3) estimated measures of flow, u#_/lips(t), at the subject’s mouth, in accordance with many
embodiments;

[0053] FIG. 7D illustrates an example magnitude spectrogram of one of: (1) measures of
pressure, p(t), at the microphone, (2) estimated measures of pressure, p_lips(z), at the subject’s
mouth, and (3) estimated measures of flow, #_/lips(?), at the subject’s mouth, in accordance with
many embodiments;

[0054] FIG. 7E shows a plot of resonances generated by processing the magnitude spectrogram
of FIG. 7D, in accordance with many embodiments;

[0055] FIG. 7F shows average resonance magnitudes generate by processing the magnitude
spectrogram of FIG. 7D, in accordance with many cmbodiments;

[0056] FIG. 7G shows an cxample resulting flow rate approximation generated by processing
p(t) per the processing acts of FIG. 7A, in accordance with many embodiments;

[0057] FIG. 7H shows an example resulting flow rate approximation generated by processing

p_lips(t) per the processing acts of FIG. 7A, in accordance with many embodiments;
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[0058] FIG. 71 shows an example resulting flow rate approximation generated by processing
u_lips(t) per the processing acts of FIG. 7A, in accordance with many embodiments;

[0059] FIG. 8 schematically illustrates processing acts used to process the flow rate
approximations of FIGS. 7G through 71 to generate a final Flow vs. Volume curve and
corresponding final lung function parameters PEF, FEV, and FVC, in accordance with many
embodiments;

[0060] FIG. 9 is a simplified block diagram of acts of a method, in accordance with many
embodiments, of generating expiratory flow-based pulmonary function data by processing a
digital audio file of sound of a subject’s forced expiratory maneuver.

[0061] FIG. 10 is a simplified block diagram of acts of a method for processing a digital audio
file of sounds of a subject’s expiratory maneuver to generate a spirometry curve and/or related
lung function parameters, in accordance with many embodiments;

[0062] FIG. 11 schematically illustrates a mobile device based spirometer, in accordance with
many embodiments;

[0063] FIG. 12 schematically illustrates a system for remotely processing a digital audio file of
sounds of a subject’s expiratory maneuver to gencrate data used to assess pulmonary function of
a patient, in accordance with many embodiments; and

[0064] FIGS. 13A through 13D are cumulative percentage error plots for a smartphone-based

spirometer, in accordance with many embodiments.

DETAILED DESCRIPTION
[0065] In many embodiments, a digitized audio file generated by recording sounds of a patient
forcefully exhaling their full lung volume is processed to generate expiratory flow-based
pulmonary function data that can be used to assess pulmonary function of a subject. As used
herein, expiratory flow-based pulmonary function data can include any suitable expiratory flow-
based data and/or information that can be used to assess the pulmonary function of a subject,
such as spirometric plots and/or spirometric parameters (e.g., Flow vs. Time (FT), Volume vs.
Time (VT), and/or Flow vs. Volume (FV) plots of the expiration; Forced Vital Capacity (FVC);
Forced Expiratory Volume in one second (FEV); FEV /FVC; Peak Expiratory Flow (PEF)) and
any suitable expiratory flow-based metric such as any suitable metric based on the
aforementioned spirometric plots and/or spirometric parameters. Any suitable device, such as a
portable device that includes a microphone, can be used to gencrate the digitized audio file. For
example, the portable device can be a smartphone configured to measure lung function using the
smartphone's built-in microphone. In many embodiments, the portable device includes a

processor and memory storing instructions executable by the processor to process the digitized
-10-
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audio file to generate spirometric plots and/or spirometric parameters. In many embodiments,
the digitized audio file is transferred over a communication network to be processed remotely
from the portable device by a suitably configured system, such as by a server that includes a
processor and memory storing instructions executable by the processor to process the digitized
audio file to generate spirometric plots and/or spirometric parameters. The resulting spirometric
plots and/or spirometric parameters generated remotely by the server can be at least one of:

(1) transferred back over the communication network to the portable device for display to the
user, (2) communicated to a health care professional (in any suitable manner, for example, over
the communication network) for evaluation, and (3) stored in memory for, for example, future
reference and/or use in processing similar digital audio files.

[0066] As anon-limiting example, when implemented on a smartphone, a user can hold the
smartphone at a suitable distance away from the user’s mouth (e.g., as illustrated in FIG. 3),
breathe in their full lung volume, and then forcefully exhale at the smartphone’s microphone
until the user’s entire lung volume is expelled. The smartphone's microphone records the sounds
produced by the exhalation. The resulting digital audio file is processed by the smartphone to
calculate the exhaled flow rate. In many embodiments, the calculation of the exhaled flow rate
includes estimating models of the user's vocal tract and estimating reverberation of sound around
the user's head. The calculation of the exhaled flow rate can include calculating the envelope of
the sound in the time domain, performing resonance tracking in the frequency domain, and
measuring white noise gain through linear prediction. The smartphone can be configured to
compute and provide flow rates and graphs similar to those found in home or clinical
spirometers. For example, FIG. 4A illustrates a resulting display of spirometric flow rate
generated by a smartphone-based spirometer using the approaches described herein and FIG. 4B
illustrates an example display of spirometric flow rate generated by an existing spirometer. Any
suitable computing device (e.g., any suitable portable computing device such as a smartphone),
without any additional hardware, can be used to obtain a clinical measure of lung health.

[0067] The methods, devices, and systems disclosed herein for performing spirometry provide
important advantages as compared to existing spirometers. For example, the low-cost and
inherent portability of existing portable computing devices such as a smartphone enables much
grecater uptake of home spirometry. A portable computing device (e.g., smartphonc) configured
to function as a spirometer can have built-in coaching and feedback mechanisms to maximize
measurement acceptability that are critically lacking in current home spirometers. A portable
computing device configured to function as a spirometer can provide the capability of easy data

uploading, thereby enabling longitudinal tracking of results and instantancous alerts. A portable
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computing device configurcd to function as a spiromcter can be coupled with evaluations such as
symptom scores, cough sensing, and/or oximetry to provide a comprehensive discase sclf-
management tool.

[0068] A comparison of the accuracy of the methods, devices, and systems disclosed herein for
performing spirometry relative to a clinical spirometer endorsed by the American Thoracic
Society (ATS) was conducted. Through a study that included 52 subjects, it was shown that a
smartphone spirometer has a mean error of 5.1% for the most common measures of lung function
and can be used directly out-of-the box, without any user-specific training or calibration. It was
also shown that the performance of the smartphone spirometer can be improved through
calibration for a particular user, thereby decreasing the mean error in estimation of lung function
to 4.6%. A comparison of differences in diagnosis from five pulmonologists was conducted
using measures and graphs generated from the smartphone spirometer and from a clinical
spirometer. It was shown that the smartphone spirometer is effective for diagnosing not only
abnormal lung function but also the degree of obstruction.

[0069] Data Collection

[0070] To evaluate and inform the design of the smartphone spirometer, a datasct of audio
samples was created. 52 volunteers participated in a 45-minute study session. Table 1 presents
demographic information for the 52 volunteers.

[0071] Table 1. Demographic information for study participants.

Subject Demographics (N-52)

Males (n, %) 32 (61.5%)

Age (yrs) (mean, range)

32 (18— 63)

Height (cm) (mean, range)

172 (152 — 196)

Reported Lung Ailments (n, %)

Mild Asthma, 9 (17.3%)
Cystic Fibrosis 1(1.9%)

Chronic Bronchitis, 2 (3.8%)
Collapsed Lung, 1 (1.9%)

Abnormal Curves (n, %)

12 (23.1%)

Wheeze Present (n, %)

26 (50.0%)

Never Performed Spirometry (n, %)

29 (55.8%)

[0072] All participants in the study self-identified themselves as having none or only mild lung

conditions. A custom data collection application for a smartphone was created and used to

recorded subjects' exhalation sounds using the smartphone’s built-in microphone (at 32 kHz) and

provide feedback to the subject to coach the subject through the spirometry maneuver.
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Measurements were also obtained during the same session using an ATS certified standard
clinical spirometer (an nSpire KoKo Legend). The KoKo Legend spirometer is a pneumotach
spirometer and was calibrated with a 31 syringe before each session.

[0073] Spirometry measurements are completely effort dependent and patients are coached
through the spirometry maneuver by a trained technician. While using the clinical spirometer,
participants were coached both orally and with gestures. With the smartphone spirometer,
participants were coached with textual prompts on the smartphone’s screen and only with
gestures as oral prompts would have interfered with the audio recording.

[0074] FIG. 5 shows a graphical user interface (GUI) screen 20 displayed on the smartphone for
coaching the test subject through the expiratory maneuver. In many embodiments, the GUI
screen 20 includes an incentive graphic 22, a real-time estimate of flow 24 (using LPC gain,
discussed below), a textual prompt 26, and at least one touch screen control region 28. In the
illustrated embodiment, the incentive graphic 22 includes a ball 30 displaced vertically in a
cylinder 32 proportionally to the strength of the exhalations. Typically, after the initial
cxhalation burst, the ball 30 drops slowly to the bottom of the cylinder 32, thereby signifying the
end of the test. The real-time estimate of flow 24 is displayed as a real-time visualization. The
textual prompt 26 provides instructions to the test subject. The at least one touch screen control
region 28 can be used to receive user input, for example, to stop the test in the illustrated screen
configuration. Similar to the KoKo Legend spirometer, the smartphone spirometer displays an
estimated Flow vs. Volume curve (e.g., as shown in FIG. 1) at the end of the effort. An estimate
of exhaled volume is calculated by integrating estimated flow with respect to time.

[0075] The forced expiratory maneuver was explained to participants and they were asked to
practice using the KoKo Legend Spirometer. Once the participants were able to perform an
acceptable expiratory maneuver according to ATS criteria for reproducibility (see, e.g., Miller,
M.R., Hankinson, J., Brusasco, V., et al. Standardisation of spirometry. The European
Respiratory Journal 26, 2 (2005)), three efforts were recorded using the KoKo Legend
Spirometer. The raw flow and volume measurements from the KoKo Legend Spirometer were
obtained using a USB connection and custom software. The participants were then introduced to
the smartphone spirometer.

[0076] It was observed during the study that participants unintentionally varied the distance at
which they held the smartphone spirometer as well as their lip posture, potentially introducing
unwanted variability. To assess the impact of these unintentional variations, the participants
were instructed such that they used the smartphone spirometer in four configurations, in random

order: (1) with no mouthpiece 34 and no sling 36 (thereby allowing variation in distance and lip
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posturc) as shown in FIG. 6A, (2) with a mouthpicce 34 (to maintain lip posture) as shown in
FIG. 6B, (3) with a sling 36 (to maintain distance) as shown in FIG. 6C, and (4) with a
mouthpiece 34 and a sling 36 (to maintain both distance and lip posture) as shown in FIG. 6D.
Because a particular expiratory maneuver cannot be measured using both the KoKo Legend
Spirometer and the smartphone spirometery embodiment, each expiratory maneuver measured
using the smartphone spirometery embodiment was associated with one randomly selected
acceptable curve from the KoKo Legend Spirometer obtained during the same session. The
signals were aligned using PEF for the KoKo Legend Spirometer and the maximum amplitude in
the audio stream from the smartphone spirometer as reference points. The audio stream was
segmented automatically starting one second before and ending six seconds after the maximum
audio amplitude.

[0077] Ten participants were selected to return for two more data collection sessions (two days
up to two weeks apart), so as to enable assessment of the consistency of measurements from the
smartphone spirometer over longer periods. The ten participants were selected based on specific
demographics — an cqual number of men and women, and equal number with normal and
abnormal shaped spirometric curves. The abnormal shaped spirometric curves did not
necessarily exhibit reduced lung function measures. In total, data was collected from 248 clinical
spirometer uses and 864 uses of the smartphone spirometer.

[0078] Interestingly, six subjects were found to have abnormally shaped curves from ailments
that they were unaware of. Eight of the thirteen subjects who reported lung ailments produced
normally shaped curves, albeit with less than expected lung function measures.

[0079] ALGORITHM AND THEORY OF OPERATION

[0080] Sound is measured in pressure. Sound is also generated during a subject’s forced

expiratory maneuver by the resulting expiratory airflow. For example, sound is generated by the
expiratory airflow as it passes through the subject’s vocal tract, through the subject’s mouth, and
through the environment surrounding the subject. In the sound-based spirometric devices,
systems, and methods disclosed herein, a digital audio file of sound generated during a subject’s
forced expiratory maneuver is processed to generate expiratory flow-based pulmonary function
data that can be used to asscss the pulmonary function of the patient. The digital audio file can
be gencrated using, for cxample, any suitable microphone such as included in many cxisting
portable devices.

[0081] The sound of a subject’s forced expiratory maneuver at the microphone is influenced by
the flow rate of air from the subject’s lungs and includes superfluous sounds generated by the

expiratory airflow, for example, as the expiratory airflow passes through the subject’s vocal tract,
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through the subject’s mouth, and through the subject’s surrounding environment. In many
embodiments, one or more superfluous sounds generated by the expiratory airflow are modeled
and removed from the sound recording, thereby modifying the sound recording to remove
pressure fluctuations that are less directly relatable to the rate of the expiratory airflow. These
modeled and removed superfluous sounds are referred to herein as a first class of feature.

[0082] The sound of a subject’s forced expiratory maneuver at the microphone also includes
additional sounds that, in many embodiments, are used to infer expiratory flow rate because the
intensity of these additional sounds is related to the rate of airflow. Such additional sounds
include items such as wind shear, vocal tract resonances, wheezes, and nasal resonances. In
many embodiments, one or more of such additional sounds are isolated and the intensity of the
additional sound is used as a feature.

[0083] In many embodiments, sound pressure reductions that occur as the sound travels between
the subject’s mouth and the microphone and/or reverberation of sound in the subject’s
environment are accounted for during processing of the digital audio file. For example, in many
cmbodiments, inverse radiation modeling (e.g., a model of a spherical baffle in an infinite plane —
also known as Flanagan’s sound production model) is used to account for the sound pressure
reductions that occur as the sound travels between the subject’s mouth and the microphone
and/or reverberation of sound in the subject’s environment. In many embodiments, the distance
is approximated from user’s height and arm length, and can be adjusted by readings from an
accelerometer (e.g., if a mobile device including the microphone and the accelerometer is moved
closer in).

[0084] In many embodiments, the expiratory airflow rate (distance/time — e.g., meters/second) is
modeled from the combined features using non-parametric regression. Table 2 below
summarizes feature categories used in many embodiments. In many embodiments, the volume of
the expiratory airflow is calculated by estimating the area of the subject’s mouth opening and
integrating the flow. For example, the flow rate of air can be measured in m/sec. The estimated
area of the subject’s mouth opening can be used to convert the flow rate of air to a volumetric

flow rate (e.g., liters/second). The volumetric flow rate can be directly integrated to get volume.
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[0085] Table 2. Summary of Example Feature Categories

Feature Note:
Linear Predictive Gains (34 features) Removes Vocal Tract Sounds
Envelope Detection (12 features) Summative Sound Pressure, Wind Shear,

AC coupling removal

Spectral Modeling (50 features) Resonance Tracking, Wheeze Detection, Wind
Shear, Cough

[0086] The data collection resulted in a dataset of digitized audio samples from the smartphone
spirometer. These audio samples are uncalibrated, AC-coupled measures of pressure, p(z), at the
microphone of smartphone spirometer. In many embodiments, the digitized audio sample is
processed to compensate for pressure losses as the sound travels from the user’s mouth to the
microphone, convert the pressure values to an approximation of flow, and remove the effects of
AC coupling. In many embodiments, pressure losses are approximated using an inverse model of
the sound reverberation around the user’s head. Turbulent airflow, as it passes through a fixed
opening (e.g., the user’s mouth), has a characteristic pressure drop, which, in many embodiments,
is used for converting pressure into flow. In many embodiments, at least one of: (1) signal power
and frequency characteristics, and (2) models of the vocal tract is used to remove the effects of
AC-coupling and refine the flow approximations.

[0087] In many embodiments, regression is used to combine these flow approximations and
remove non-lincarity. In many ecmbodiments, the processing of the digitized audio sample(s)
includes compensation and feature extraction (as illustrated in FIGS. 7A through 71) and
machine learning regression (as illustrated in FIG. 8).

[0088] Distance and Flow Compensation

[0089] In many embodiments, the first stage in processing a digitized audio sample (e.g.,
obtained by the smartphone spirometer) is to use inverse radiation modeling to compensate for
pressure losses sustained over the distance from the user’s mouth to microphone and for
reverberation/reflections caused in and around the user's body. Any suitable inverse radiation
modeling can be used. For example, the transfer function from the microphone to the user’s
mouth can be approximated by equation 1, which is corresponds to a spherical baffle in an

infinite plane.

(0090] H(eh) = L) Joleas gy (_ JoDarm) - quation (1)

Plips(ejw) Darm c
[0091] where: Dy 18 the arm length (e.g., approximated from user’s height);

[0092] Chead 18 the head circumference (e.g., approximated from user’s height); and
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[0093] ¢ is the speed of sound

[0094] The transfer function inverse is applied by converting it to the time domain, 4;,,(2), and
using Finite Impulse Response (FIR) filtering with the incoming audio. Once applied, the output
is an approximation of the pressure at the lips, pps(?).

[0095] The pressure at the lips (pps(?)) is then converted to a flow rate. For turbulent airflow,
equation (2) is a non-linear equation that can be used to convert pressure drop across the lips to

flow rate through the lips.
[0096] Uips (t)~27rr12ip51/ 2D1ips(£) equation (2)

[0097] where: rips is the radius of the user’s mouth opening (a constant resistance across
frequency).

Some scaling constants have been removed from each of equation (1) and (2) and the equations
are only proportional. The scaling constants were removed because p() is not calibrated, so
Uips(t) 1s only proportional to the actual flow rate. Moreover, it is unclear how well these
equations (1) and (2) perform when using approximations of Dym, Cheaa, and 77;,g; and how non-
linearity in the microphone affects inverse modeling. Thercfore, in many embodiments, cach
measure p(t), pips(t), and ups(t) 1s used for teature extraction and regression is used to determine
which features are most stable.

[0098] Feature Extraction

[0099] Referring to FIG. 7A, cach measure, p(t), piips (t), and u;(t), 1s a high frequency,
AC-coupled signal, from which a separate volumetric flow rate is approximated. In many
embodiments, approximating volumetric flow rate from these signals includes using three
transformations of these signals: (1) envelope detection, (2) spectrogram processing, and

(3) linear predictive coding (LPC). Each envelope of the signals (p(2), pips, (1), and u;;,5(2)) can be
assumed to be a reasonable approximation of the flow rate because it is a measure of the overall
signal power (or amplitude) at low frequency. Spectrogram processing is used to extract
resonances. In the frequency domain, resonances are assumed to be amplitudes excited by
reflections in the vocal tract and mouth opening and therefore should be proportional to the flow
rate that causes them. Linear prediction is then used as a flow approximation. Linear prediction
assumcs that a signal can be divided into a source and a shaping filter and it cstimatcs the source
powecr and shaping filter cocfficients. The "filter" in this casc is an approximation of the vocal
tract (scc, e.g., Wakita, H. Dircct cstimation of the vocal tract shape by inverse filtering of
acoustic speech waveforms. Audio and Electroacoustics, IEEE Transactions on 21,5 (1973),

417-427). The "source variance" is an estimate of the white noise process exciting the vocal tract
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filter and is an approximation of the power of the flow rate from the lungs. The implementation
of cach stage is explained below in turn.

[00100] Envelope Detection: These features measure the energy of the data in each audio
file over different frames. The low frequency envelope of the signal (proportional to power here)
can be extracted by squaring the signal and low pass filtering at a sub 1 Hz cutoff. The time
domain envelope can also be taken using the Hilbert envelope. The Hilbert transform 38 of the
signal can be taken and added back to the original signal. Low pass filtering 40 can then be used
to extract the envelope using cascaded second order system filters (an example envelope is
shown in FIG. 7C). Each signal (p(?), pips,(¢), and uz;,s()) can be down-sampled 42 to have the
same sampling rate as the spectrogram and linear prediction models. Different estimations of the
envelopes can be ascertained from using slightly different low pass filters on the squared data
and Hilbert transformed data. In one embodiment, 12 features are used.

[00101] Spectrogram Processing: In many embodiments, during the forced exhalation,
the audio from the phone is buffered 44 into 30ms frames (with 50% overlap between frames). A
spirometry exhalation typically lasts from four to seven seconds, resulting in 250-500 frames per
exhalation. Each frame can then be windowed using a hamming window and the Fast Fourier
Transform |[FFT|4p 46 is taken to produce the magnitude spectrogram of the signal (an example of
which is illustrated in FIG. 7D). The resonances can be extracted (resonance tracking 48) using
local maxima in each FFT frame, calculated over a sliding window (see, e.g., FIG. 7E). Any
maxima that is greater than a suitable threshold, for example 20% of the global maximum, can be
saved. After all frames have been processed, in order to preserve only large and relatively long
resonances, any resonance less than 300 ms can be discarded as noise. Finally, the average
resonance magnitude in each frame is calculated (Mean 50) and saved (see, e.g., FIG. 7F).
[00102] Linear Prediction Processing (52): In many embodiments, the audio signal is
again windowed into 30ms overlapping frames. For each frame a number of LPC models can be
taken, for example, with filters orders of 2, 4, 8, 16 and 32 (increasing vocal tract complexity).
The approximated "source power" that excites the filter can be saved for each frame as an
approximation of the flow rate. Examples of the LPC from using p(?), pips. (2), and u;ips(t) are
shown FIG. 7G, FIG. TH, and FIG. 71, respectively. Various combinations of LPC order can be
used to ascertain different estimates of the vocal tract. In one embodiment this results in 34
different estimates. The audio signal can be filtered by the inverse LPC model, which leaves
only noise from random noises, such as wind shear. Additionally, the bandwidth and magnitude
of the largest resonance from the LPC model can be calculated and used as another spectral

estimate of the signal. By isolating the resonances between 400 and 900 Hz with different LPC
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models, the reverberation of the lips can be estimated as the lips typically resonate in this
frequency range. In one embodiment, this adds to the number of spectral features, totaling 50.
[00103] Post Feature Processing: In many embodiments, once the approximated flow
rates are returned they are denoised using a Savitsky-Golay polynomial filter of order 3 and size
11 (Low Pass Filter 54) (see, e.g., Savitzky, A. and Golay, M.J.E. Smoothing and Differentiation
of Data by Simplified Least Squares Procedures. Analytical Chemistry 36, 8 (1964)). A third
order polynomial can be fit inside a moving window and is robust to many types of noise while
keeping the relative shape of the most prominent signal intact. The filtered and non-filtered
signals are both fed as features to the subsequent regression stage.

[00104] Machine Iearning Regression

[00105] The above-described feature extraction results in a number of uncalibrated
approximations of the flow rate. Referring to FIG. 8, these features are used in two different
regressions —one to attain specific lung function measures and a second to attain the relative
shape of the curve.

[00106] Folding: The participants in the dataset can be folded into several training
subsets, providing a number of diverse models that can be combined to create a global model.
For example, one subset randomly divides the participants into ten folds equally. Another subsct
divides participants with wheezes together into ten folds. Another subset divides the dataset into
ten folds, but ensures there are equal numbers of abnormal and normal curves to train on. Still
other subsets can be created based on if subjects have a throat clear or based on their level of
obstruction. Each subset is used to create a different regression model and the ensemble can be
clustered together to form one decision. Note that for any subset a participant in a testing fold is
never used in the training fold. Moreover, to investigate "personalizing” the models, augmented
folds were created that contain data from repeat sessions (e.g., for the 10 subjects who performed
three sessions spanning multiple days). In this way, "personalized" models are trained using data
from the same participant (but on different days) mixed with data from the general model.
General and personalized models are evaluated separately. Additionally, past features of
different patients can be saved so that new curves can be compared to their empirical average for
a given feature. Features can then be scaled by dividing them by empirical averages for a given
participant. This adds new “personalized” features to the model without the need for curves from
a spirometer for a participant (i.e., semi-supervised learning).

[00107] Lung Function Regression: The feature extraction creates a number of features
at 15 ms time steps that approximate flow rate over time. Referring to FIG. 8, by treating cach

feature as a flow rate, regression can be used to directly yield PEF, FEV;, and FVC. For
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cxample, PEF is dcfined as the maximum flow reached in a single cffort. Thus, for a curve in a
given fold, the maximum of each feature can be used to regress to the PEF. Integrating tlow with
respect to time gives the volume of air exhaled. Thus for FVC, the integration of each feature is
accomplished. For FEV|, the integration of the features during the first second is used. These
new features can be combined with other demographic features such as gender and age, weight,
and height range. These features can be quantized to discrete ranges to prevent overfitting.
[00108] In many embodiments, regression is implemented using bagged decision trees and
mean square error; 100 trees are used in each forest. Each training subset can be used to predict
lung function for a given test instance, resulting in an ensemble of predictions. The final decision
can be made by clustering the ensemble using k-means (k=2). The centroid of the cluster with
the most instances can be the final prediction of PEF, FEV, and/or FVC.

[00109] Curve Shape Regression: The shape of the curve is a more difficult and
involved regression. Instead of a single measure to regress to for each curve, flow rate and
volume can be measured for each frame (e.g., 15 ms frame) of the curve. Preferably, the
regression should use not only the feature value, but also the correlations across time because
flow rates that are close in time should also be close in value. To exploit this, a conditional
random field (CRF) (see, e.g., Lafferty, J., McCallum, A., and Pereira, F. Conditional Random
Fields: Probabilistic Models for Segmenting and Labeling Sequence Data. Proc. Int. Conf. on
Machine Learning, (2001)) and a bagged decision tree regression can be employed. However,
because CRFs are used to classify time series into classes (and not continuous values), the flow
rates are divided into 11 classes by rounding to the nearest 0.5 L (0-0.25L becomes class “0,”
0.25-0.75L becomes class “1,” etc.). For each curve in each fold, a CRF is run on the entire
curve as one segment. The resulting CRF logs likelihoods of each instance are combined with
the original features to form a new instance vector for each frame (i.e., stacking).

[00110] In order to reduce the complexity for CRF based regression, normalized flow-
volume curves can be generated in support of obtaining the correct shape of the curve. In many
embodiments, cach feature is normalized. Finally, a bagged decision tree regression is used to
obtain the flow rate at each time step. The shape of the curve is the main aim of this regression.
Once the shape is obtained, the curve is scaled by measures from the lung function regression
stage. This process can then be repeated for the volume (i.e., cach feature is integrated and the
volume curve is regressed to instead of the flow curve). This results in separately calculated flow
and volume curves. Much like the regression for lung function measures, the curves from
different subsets are clustered using k-means with k=2 (in this case the area under the curve is

used to cluster). Before clustering, outliers can be removed and curves that are physically
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impossiblc can be discarded (e.g., the volume cannot bec monotonically increasing). Finally, the
average of the curves in the largest cluster can be taken as the final Flow vs. Volume curve.

[00111] Methods and Systems

[00112] While the foregoing description has been presented in the context of the
smartphone spirometer, the approaches disclosed herein, which include processing a digital audio
file of sound produced by a subject’s forced expiratory maneuver to generate expiratory flow-
based pulmonary function data, for example, to measure and/or estimate expiratory flow rate
and/or corresponding lung function parameters, can be embodied in any suitable method (e.g., in
the methods 100 and 110 described herein), device, and/or system. For example, FIG. 9 is a
simplified diagram of acts of a method 100, in accordance with many embodiments, of
generating expiratory flow-based pulmonary function data.

[00113] The method 100 includes receiving a digital data file of sound of a subject’s
forced expiratory maneuver (act 102). The method 100 further includes processing the digital
data file to generate expiratory flow-based pulmonary function data for assessing pulmonary
function of the subject (act 104). Any of the suitable approaches described herein can be used to
process the digital data file to generate the expiratory flow-based pulmonary function data.
[00114] FIG. 10 is a simplified diagram of acts of a method 110, in accordance with many
embodiments, of measuring and/or estimating expiratory volumetric flow rate and/or
corresponding lung function parameters.

[00115] The method 110 includes creating or receiving a digital audio file of sounds
produced by a spirometric expiratory maneuver (act 112). The most common spirometric
expiratory maneuver is the basic forced volume vital capacity (FVC) test. Generally, during a
FVC test, the subject is directed to take the deepest breath possible, and then exhale as hard as
possible, for as long as possible, preferably at least 6 seconds. In many embodiments of the
method 110, the digital audio file is created as described herein via the subject exhaling toward a
microphone that is used to create the digital audio file. The digital audio file contains
uncalibrated, AC-coupled measures of pressure, p(t), at the microphone. The digital audio file
can be created or received in any suitable fashion. For example, the digital audio file can be
created at a remote location and then received via transmission over any suitable communication
nctwork, such as the internct.

[00116] The method 110 further includes processing the measures of pressure, p(), to
estimate corresponding measures of pressure (p_[ips(t)) at the subject’s mouth (act 114). For
example, p(z) can be processed to generate p_lips(t) using any suitable approach including, for

example, using any suitable inverse radiation modeling such as described herein.
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[00117] The estimated measures of pressure at the subject mouth (pys(?)) are then
processed to generate a flow rate estimate (u,5(2)) at the subject’s mouth (act 116). For example,
Piips(t) can be processed using equation (2) as described herein.

[00118] At least one of p(2), prips(t), and ups(2) 1s then processed to generate a
corresponding at least one volumetric flow rate curve (act 118). For example, in many
embodiments, each of p(1), piys(t), and u;,5(2) is separately processed to generate corresponding
flow rate curves. Any suitable approach can be used to process p(t), pips(t), and uy,s(?) to
generate corresponding volumetric flow curves including, for example, (1) envelope detection,
(2) spectrogram processing, and (3) linear predictive coding (LPC) as described herein.

[00119] The separately calculated flow rate curves are then processed to generate one or
more resulting spirometry curves and/or related lung function parameters for the spirometric
expiratory maneuver (act 120). For example, the separately calculated flow rate curves can be
clustered using k-means with k=2 with the average of the curves in the largest cluster being used
to generate the resulting spirometry curves and/or related lung function parameters for the
spirometric expiratory mancuver.

[00120] FIG. 11 is a simplified schematic diagram of the mobile device 200, in
accordance with many embodiments. The mobile device 200 includes a microphone 202, a
display 204, a processor 206, and memory 208. The microphone 202, display 204, and the
memory 208 are communicatively coupled with the processor 206. The memory 208 can include
any suitable configuration of tangible storage medium including, for example, a random access
memory (RAM) 210 and read only memory (ROM) 212 as shown. In many embodiments, the
memory 208 stores instructions executable by the processor 206 for causing the processor to
process a digital audio file created by the microphone 202 of sounds produced by a subject’s
spirometric expiratory maneuver using any of the approaches as described herein so as to
generate one or more spirometry curves and/or one or more related lung function parameters for
the subject’s spirometric expiratory maneuver. The resulting spirometry curves and/or related
lung function parameters can then be displayed on the display 204.

[00121] FIG. 12 is a simplified schematic diagram of a spirometric system 220 that
includes a server 222 configured to remotely process a digital audio file of sounds of a subject’s
spirometric expiratory mancuver received from a remote device 224, so as to generate one or
more spirometry curves and/or one or more rclated lung function paramcters for the subject’s
spirometric expiratory manecuver. The server 220 includes a processor 226 and memory 228. In
many embodiments, the memory 228 stores instructions executable by the processor 226 for

causing the processor to process the digital audio file using any of the approaches as described

22-



CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

herein so as to generate one or more spiromctry curves and/or onc or more related lung function
parameters for the subject’s spirometric expiratory maneuver. The resulting spirometry curves
and/or related lung function parameters can then be utilized in any suitable fashion. For the
resulting spirometry curves and/or related lung function parameters can then be at least one of
(1) transmitted over the communication network (e.g., internet 230) to the remote device 224 for
display and/or storage for future reference, (2) transmitted over the communication network to
any other suitable device, for example, a remote device accessed by a treating professional,

(3) stored in the memory 228 for future reference and/or use in processing other similar digital
audio files, and (4) viewed via a website.

[00122] EMPIRICAL RESULTS AND DISCUSSION

[00123] The performance of smartphone spirometer was compared to a clinical spirometer
in terms of the accuracy of estimated lung function measures and false positive versus false
negative readings. The ability to use the smartphone spirometer without a mouthpiece to control
lip posture and/or a sling to control distance was assessed. The accuracy of the curves generated
by the smartphone spirometer was assessed. And a comparison was made between diagnoses of
pulmonologists based on spirometry tests performed using the smartphone spirometer and
spirometry tests performed using a clinical spirometer. Based on the results of the foregoing
assessments and comparisons, it was concluded that the smartphone spirometer will meet the
needs of home lung function monitoring.

Estimate of Lung Function Measures

[00124] The comparison of measurements from the smartphone spirometer and the clinical
spirometer were broken down by how the percent error is distributed and how well this conforms
to accepted clinical variances in each measure.

[00125] Distribution of Percent Error in Lung Function Measures

[00126] FIG. 13A, FIG. 13B, FIG. 13C, and FIG. 13D present the cumulative percentage
error plots for FVC, FEV, PEF, and FEV/FVC, respectively. The horizontal axis on the top

shows the percent error between the actual and predicted value. The vertical axis shows the
percentile of the lung function measures that are within that percent error. Hence, curves that
approach the top left quickly are more accurate for a greater percentage of subjects. The results
are categorized by normal subjects 232, abnormal subjects 234, and abnormal subjects whose
models have been personalized 236.

[00127] For all lung function measures the spirometry approaches disclosed herein
perform best on normal subjects, and abnormal distributions tend to have longer tails. The mean

percent crrors are 5.2%, 4.8%, 6.3%, and 4.0% for FVC, FEV |, PEF, and FEV, /FVC,
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respectively.  When personalization is used, the mean percent errors improve to 5.0%, 3.5%,
4.6% and 3.6%. The personalized models significantly improve FEV;, PEF, and FEV,/FVC for
abnormal subjects (based on an F-test of the residual variance, p<0.05), but do not significantly
improve FVC. Personalized models for normal subjects (not shown) are not statistically
significant.

[00128] The smartphone spirometer produces results that are consistent with other
handheld spirometers, even without personalization (see, e.g., Rebuck, D. a., Hanania, N. a.,
D'Urzo, a. D., and Chapman, K.R. The Accuracy of a Handheld Portable Spirometer. Chest 109,
1 (1996); and Walters, J., Woodibaker, R., and Walls, J. Stability of the EasyOne ultrasonic
spirometer for use in general practice. Respirology 11,3 (2006)). While the accuracy of the
smartphone spirometer is reduced for abnormal subjects as compared to normal subjects, it
appears that personalization brings the error distributions for abnormal subjects much closer to
that of normal subjects.

[00129] Accuracy of Lung Function Measures

[00130] Bar graphs 242, 244, 246 are also shown in FIG. 13A, FIG. 13B, FIG. 13C, and

FIG. 13D to display the "accuracy” of each measure categorized by normal, abnormal, and
abnormal-personalized, respectively. For FVC, FEV, and PEF, the accuracy was calculated by
finding the number of measures that fall within a certain clinically relevant range. A range is
used because the "actual value" of the measure is not specifically known. As previously
discussed, a subject cannot simultanecously use a spirometer and the smartphone spirometer, so
actual ground truth is unattainable. The range was calculated using ATS criteria for what
constitutes a "reproducible” lung function measure. For example, a subject's FVC values can
consistently be within 0.05 L or within 7% over short durations.

[00131] From the accuracies for the smartphone spirometer, it is apparent that, for normal
individuals, FVC is within the range of expected variability almost 80% of the time and FEV,
and PEF over 90% of the time. There is, however, a significant drop in accuracy for patients
with abnormal lung function. Most subjects will almost always produce similar FEV, and PEF
whether using the smartphone spirometer or a clinical spirometer. When abnormality is detected,
personalization can be performed at a clinic to increase performance. FVC has the least accuracy
and it appears personalization has little effect.

[00132] Whilc preferred embodiments of the present invention have been shown and
described herein, it will be obvious to those skilled in the art that such embodiments are provided
by way of example only. Numerous variations, changes, and substitutions will now occur to

those skilled in the art without departing from the invention. It should be understood that various
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alternatives to the embodiments of the invention described herein may be employed in practicing
the invention. It is intended that the following claims define the scope of the invention and that

methods and structures within the scope of these claims and their equivalents be covered thereby.
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EMBODIMENTS IN WHICH AN EXCLUSIVE PROPERTY OR PRIVILEGE IS CLAIMED
ARE DEFINED AS FOLLOWS:

1. A mobile device configured to generate expiratory flow-based pulmonary function
data, the device comprising:

a microphone operable to convert sound of a subject’s forced expiratory maneuver
into a digital data file, wherein the sound of the subject’s forced expiratory maneuver includes sound
projected from the subject’s mouth during the subject’s forced expiratory maneuver; and

a processor operatively coupled with the microphone; and

a data storage device operatively coupled with the processor and storing
instructions that, when executed by the processor, cause the processor to process the digital data file
to generate expiratory flow-based pulmonary function data for assessing pulmonary function of the
subject, including calculating at least one flow rate based on an estimated model of the subject’s
vocal tract and estimated reverberation of sound around the subject’s head, wherein processing the
digital data file includes at least one of the group consisting of: (1) compensating for estimated
pressure losses sustained over a distance between the subject and the microphone, and (2)
compensating for at least one of reverberations and reflections of sound of the forced expiratory

mancuver.

2. The mobile device of claim 1, wherein the sound of the subject’s forced expiratory
maneuver is converted into the digital data file without contact between the subject’s mouth and the

mobile device.

3. The mobile device of claim 2, wherein the subject exhales through a mouthpiece
during the subject’s forced expiratory maneuver and the sound of the subject’s forced expiratory
maneuver is converted into the digital data file without contact between the mouthpiece and the

mobile device.
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4, The mobile device of claim 1, wherein the expiratory flow-based pulmonary function
data includes at least one expiratory flow-based pulmonary function assessment parameter selected
from the group consisting of: (1) Forced Vital Capacity (FVC), (2) Forced Expiratory Volume in one
second (FEV)), (3) FEV/FVC, (4) Peak Expiratory Flow (PEF), and (5) Forced Expiratory Flow
between 25% and 75% of FVC (FEF(25-75)).

5. The mobile device of claim 4, wherein the expiratory flow-based pulmonary function
data includes at least one expiratory flow-based pulmonary function assessment metric that is based

on at least one of the group consisting of: (1) FVC, (2) FEV|, (3) PEF, and (4) FEF(25-75).

6. The mobile device of claim 1, wherein the expiratory flow-based pulmonary function
data includes at least one expiratory flow-based pulmonary function assessment relationship selected
from the group consisting of: (1) Flow vs. Time (FT), (2) Volume vs. Time (VT), and (3) Flow vs.
Volume (FV).

7. The mobile device of claim 1, wherein processing the first digital data file includes

modeling and removing superfluous sound generated by airflow of the forced expiratory maneuver.

8. The mobile device of claim 7, wherein the superfluous sound is generated by airflow
of the forced expiratory maneuver through at least one of the group consisting of: (1) the subject’s

vocal tract, (2) the subject’s mouth, and (3) the subject’s surrounding environment.

0. The mobile device of claim 1, wherein processing the digital data file includes
isolating at least one sound related to airflow of the forced expiratory maneuver and assessing

intensity of the isolated at least one sound.

10. The mobile device of claim 9, wherein the isolated at least one sound includes sound
from at least one of the group consisting of: (1) wind shear, (2) vocal tract resonances, (3) wheezes,

and (4) nasal resonances.
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11.  The mobile device of claim 1, wherein processing the digital data file includes using
inverse radiation modeling to at least one of the group consisting of: (1) compensate for estimated
pressure losses sustained over a distance between the subject and the microphone, and (2)
compensate for at least one of reverberations and reflections of sound of the forced expiratory

maneuver.

12. The mobile device of claim 1, wherein processing the digital data file includes
removing the effects of AC-coupling by using at least one of the group consisting of: (1) signal

power, (2) frequency characteristics, and (3) models of the subject’s vocal tract.

13.  The mobile device of claim 1, wherein processing the digital data file includes

removing non-linearity by combining at least two flow approximations based on the digital data file.

14. The mobile device of claim 1, wherein processing the digital data file includes
calculating flow volume expelled through the subject’s mouth by estimating tflow velocity through

the subject’s mouth and flow area of the subject’s mouth.

15. The mobile device of claim I, wherein processing the digital data file includes using a
personalized model for a particular subject that is created by calibrating the expiratory flow-based
pulmonary function data generated by the mobile device for the particular subject relative to
expiratory flow-based pulmonary function data for the particular subject that is generated by another

device.

16. The mobile device of claim 1, wherein processing the digital data file includes

estimating flow velocity through the subject’s mouth.

17. A mobile device configured to generate expiratory flow-based pulmonary function

data, the device comprising:
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a microphone operable to convert sound of a subject’s forced expiratory maneuver
into a digital data file, wherein the sound of the subject’s forced expiratory maneuver includes sound
projected from the subject’s mouth during the subject’s forced expiratory maneuver; and

a processor operatively coupled with the microphone; and

a data storage device operatively coupled with the processor and storing
instructions that, when executed by the processor, cause the processor to process the digital data file
to generate expiratory flow-based pulmonary function data for assessing pulmonary function of the
subject, including calculating at least one flow rate based on an estimated model of the subject’s
vocal tract and estimated reverberation of sound around the subject’s head, wherein processing the
digital data file includes using a global model that is based on a plurality of digital data files of

sound recorded during different forced expiratory maneuvers.

18.  The mobile device of claim 17, wherein processing the digital data file includes
generating Peak Expiratory Flow (PEF) by using a global model of PEF rates of different expiratory

mancuvers.

19. The mobile device of claim 17, wherein processing the digital data file includes
generating Forced Vital Capacity (FVC) by using a global model of FVC values of different

expiratory maneuvers.

20.  The mobile device of claim 17, wherein processing the digital data file includes
generating Forced Expiratory Volume in one second (FEV1) by using a global model of FEV; values

of different expiratory maneuvers.

21. A method of generating expiratory flow-based pulmonary function data, the method
comprising:
receiving a digital data file of sound of a subject’s forced expiratory maneuver, and
processing the digital data file to generate expiratory flow-based pulmonary function
data for assessing pulmonary function of the subject, including calculating at least one flow rate

based on an estimated model of the subject’s vocal tract and estimated reverberation of sound around
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the subject’s head, wherein processing the digital data file includes at least one of the group
consisting of: (1) compensating for estimated pressure losses sustained over a distance between the
subject and a microphone, and (2) compensating for at least one of reverberations and reflections of

sound of the forced expiratory maneuver.

22.  The method of claim 21, wherein the expiratory flow-based pulmonary function data
includes at least one expiratory flow-based pulmonary function assessment parameter selected from
the group consisting of: (1) Forced Vital Capacity (FVC), (2) Forced Expiratory Volume in one
second (FEV1), (3) FEV1/FVC, (4) Peak Expiratory Flow (PEF), and (5) Forced Expiratory Flow
between 25% and 75% of FVC (FEF(25-75)).

23.  The method of claim 21, wherein the expiratory flow-based pulmonary function data
includes at least one expiratory flow-based pulmonary function assessment relationship selected
from the group consisting of: (1) Flow vs. Time (FT), (2) Volume vs. Time (VT), and (3) Flow vs.
Volume (FV).

24.  The method of claim 21, wherein processing the digital data file includes estimating

flow velocity through the subject’s mouth.

25. The method of claim 21, wherein the digital data file is produced by the subject
exhaling through a mouthpiece during the subject’s forced expiratory maneuver and the sound
produced by the subject’s forced expiratory maneuver is converted into the digital data file without
contact between the mouthpiece and a mobile device; and wherein instructions, when executed,
cause a processor to process the digital data file to generate expiratory flow-based pulmonary

function data for assessing pulmonary function of the subject.

26. A system for remotely generating expiratory flow-based pulmonary function data, the
system comprising:
a server communicatively coupled with a communication network, the server

including a processor and a data storage device operatively coupled with the processor and storing
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instructions that, when executed by the processor, cause the processor to process a digital data file of
sound generated by a subject’s forced expiratory maneuver, the digital data file being received by the
server via the communication network, the digital data file being processed to generate expiratory
flow-based pulmonary function data for assessing pulmonary function of the subject, including
calculating at least one flow rate based on an estimated model of the subject’s vocal tract and
estimated reverberation of sound around the subject’s head, wherein processing the digital data file
includes at least one of the group consisting of: (1) compensating for estimated pressure losses
sustained over a distance between the subject and a microphone, and (2) compensating for at least

one of reverberations and reflections of sound of the forced expiratory maneuver.

27. The system of claim 26, wherein the expiratory flow-based pulmonary function data
includes at least one expiratory flow-based pulmonary function assessment parameter selected from
the group consisting of: (1) Forced Vital Capacity (FVC), (2) Forced Expiratory Volume in one
second (FEV1), (3) FEV1/FVC, (4) Peak Expiratory Flow (PEF), and (5) Forced Expiratory Flow
between 25% and 75% of FVC (FEF(25-75)).

28. The system of claim 26, wherein the expiratory flow-based pulmonary function data
includes at least one expiratory flow-based pulmonary function assessment relationship selected
from the group consisting of: (1) Flow vs. Time (FT), (2) Volume vs. Time (VT), and (3) Flow vs.

Volume (FV).

29.  The system of claim 26, wherein the expiratory flow-based pulmonary function data

is transmitted over the communication network to a remote device for display on the remote device.

30.  The system of claim 26, wherein the expiratory flow-based pulmonary function data

1s viewed via a website.

31.  The system of claim 26, wherein processing the digital data file includes estimating

flow velocity through the subject’s mouth.
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32.  The system of claim 26, wherein the digital data file is produced by the subject
exhaling through a mouthpiece during the subject’s forced expiratory maneuver and the sound
produced by the subject’s forced expiratory maneuver is converted into the digital data file without
contact between the mouthpiece and a mobile device; and wherein the instructions, when executed,
cause the processor to process the digital data file to generate expiratory flow-based pulmonary

function data for assessing pulmonary function of the subject.

-32-

Date Regue/Date Received 2020-09-16



WO 2013/170131 PCT/US2013/040518

Normal
14 ~----Obstructive
16 ~ = ~ Restrictive

)
Flow (liters/sec.} @

\»’a%umé{iiter‘s} R 4 FE-»V& ‘ ?C

(PRIOR ART)
FIG. 2



WO 2013/170131 PCT/US2013/040518

2/14

FIG. 4A (PRIOR ART)
| FIG. 4B



CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

3/14

T




WO 2013/170131 PCT/US2013/040518




CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

Bufiar
ﬂ

Hitbert 38 |
| Transformatior

LPC Gain Rasonance

Pass

LOw

Max, and Sum

LOW PASS FILTER 54

Flow Hate Paatures

FIG. 7A



CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

| perscid?
,."/'/

. HILBERT
| ENVELOPE

FIG. 7C

NN e ARG, L L

pes
i & % OO 5 O s

O

FIG. 7D



CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

Y

AL




PCT/US2013/040518

8/14

CA 02872785 2014-11-05

e,
e TN

R A ptnp o,
W,

WO 2013/170131




CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

9/14

Flow Rate Features

Lung Function
Regression

Subsets

Subsets

g Raw F/V Regression >

Normalized F/V Regression E

IR IR NI KWLS LG

A

Monatonicity & Qutlier
Filtering

T KT




CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

10/14

/ 100

RECEIVING A DIGITAL DATA FILE OF SOUND OF A SUBJECT’S FORCED
EXPIRATORY MANEUVER - ACT 102

v

PROCESSING THE DIGITAL DATA FILE TO GENERATE EXPIRATORY FLOW-
BASED PULMONARY FUNCTION DATA FOR ASSESSING PULMONARY
FUNCTION OF THE SUBJECT - ACT 104

FIG. 9

/-110

CREATING OR RECEIVING AUDIO FILE OF SOUNDS PRODUCED BY A
SPIROMETRIC EXPIRATORY MANUEVER, THE AUDIO FILE INCLUDING
MEASURES OR PRESSURE (p(t)) AT MICROPHONE - ACT 112

v

PROCESSING p(t) TO ESTIMATE MEASURES OF PRESSURE (p_lips(t)) AT
SUBJECT’S MOUTH - ACT 114

v

PROCESSING p_lips(t) TO GENERATE A FLOW RATE ESTIMATE (u_lips(t)) AT
THE SUBJECT’S MOUTH — ACT 116

v

PROCESSING AT LEAST ONE OF p(t), p_lips(t), and u_lips(t) TO
GENERATE CORRESPONDING AT LEAST ONE VOLUMETRIC FLOW RATE
CURVE — ACT 118

v

PROCESSING THE AT LEAST ONE VOLUMETRIC FLOW RATE CURVE TO
GENERATE ONE OR MORE SPIROMETRY CURVES AND/OR RELATED LUNG
FUNCTION PARAMETER(S) FOR THE SPIROMETRIC EXPIRATORY
MANEUVER - ACT 120

FIG. 10



CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

11/14

/- 200

I{ 202

DISPLAY
204

I

PROCESSOR
206

I

RAM - 210

MEMORY - 208

ROM - 212

FIG. 11



CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

12/14

—

DISPLAY 220
\ 222

| 4

PROCESSOR
| INTERNET [ | PROCESSOR
230 226
RAM
RAM
MEMORY MEMORY - 228
ROM
ROM

FIG. 12



CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

13/14

Fercentkrror
0 5 "iﬁ 18 :3{} 25 )

244

FIG. 13A

?‘?’&ém@m EE%‘%‘Q%"

244

Accuracy
FIG. 13B



CA 02872785 2014-11-05

WO 2013/170131 PCT/US2013/040518

14/14

FercentError
g 5 *% § 2& 25 30

§§ i _242
60
;«}{} -
40+
30

s‘;}{} _T
10

244

FIG. 13C

Absolute Error

G &5 10 ‘%*33{}‘2 30

/ ‘ﬁ

246

244

FIG. 13D



/ 100

RECEIVING A DIGITAL DATA FILE OF SOUND OF A SUBJECT'S FORCED
EXPIRATORY MANEUVER — ACT 102

¥

PROCESSING THE DIGITAL DATA FILE TO GENERATE EXFIRATORY FLOW-
BASED PULMONARY FUNCTION DATA FOR ASSESSING PULMONARY
FUNCTION OF THE SUBJECT — ACT 104




	Page 1 - COVER_PAGE
	Page 2 - ABSTRACT
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - DESCRIPTION
	Page 26 - DESCRIPTION
	Page 27 - DESCRIPTION
	Page 28 - DESCRIPTION
	Page 29 - CLAIMS
	Page 30 - CLAIMS
	Page 31 - CLAIMS
	Page 32 - CLAIMS
	Page 33 - CLAIMS
	Page 34 - CLAIMS
	Page 35 - CLAIMS
	Page 36 - DRAWINGS
	Page 37 - DRAWINGS
	Page 38 - DRAWINGS
	Page 39 - DRAWINGS
	Page 40 - DRAWINGS
	Page 41 - DRAWINGS
	Page 42 - DRAWINGS
	Page 43 - DRAWINGS
	Page 44 - DRAWINGS
	Page 45 - DRAWINGS
	Page 46 - DRAWINGS
	Page 47 - DRAWINGS
	Page 48 - DRAWINGS
	Page 49 - DRAWINGS
	Page 50 - REPRESENTATIVE_DRAWING

