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METHOD AND APPARATUS FOR
BREATHING ASSISTANCE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 62/411,251 filed Oct. 21,
2016; the entire contents of 62/411,251 is hereby incorpo-
rated herein in its entirety.

FIELD

[0002] Various embodiments are described herein for an
apparatus and method that may be used to operate a breath-
ing device to provide breathing assistance to a user of the
breathing device.

BACKGROUND

[0003] Individuals suffering acute or chronic respiratory
(COPD, asthma, ARDS) or respiratory-related conditions
(e.g. sleep apnea) may require assistive devices to maintain
respiratory functions at normal levels. Assistive devices
such as mechanical ventilators, Positive Airway Pressure
(PAP) devices or Continuous Positive Airway Pressure
(CPAP) devices are common to provide breathing assis-
tance. However, while such assistive devices are critical
with respect to maintaining normal respiratory functions,
these devices may also cause harm and distress to a user as
a result of the stress or strain due to the amount of pressure
or flow imparted on the user’s respiratory system. As such,
there is a desire for methods and systems to identify and
minimize user harm.

SUMMARY OF VARIOUS EMBODIMENTS

[0004] In a broad aspect, at least one embodiment
described herein provides a system for providing breathing
assistance to a user, wherein the system comprises: a breath-
ing assistance device that generates an airflow comprising at
least one pressure impulse or a continuous pressure flow
rate; an entry element that is coupled to the breathing
assistance device and is worn by the user to provide the
airflow to the user during use; and a breathing assistance
device controller that is coupled to the breathing assistance
device to adjust the operation of the breathing assistance
device during use via a control signal that is generated based
on airflow parameters reflecting the user’s respiratory sys-
tem.

[0005] 1In at least one embodiment, the breathing assis-
tance device may be one of a mechanical ventilator and a
continuous positive airway pressure device.

[0006] In at least one embodiment, the breathing assis-
tance device controller comprises sensors for measuring air
pressure and flow rate of the airflow and generating mea-
sured pressure and flow rate signals; and a processor that is
electronically coupled to the sensors to receive the measured
signals, to determine at least one respiratory system char-
acteristic for the user based on the measured signals; to
determine a comfort level index for the user that is related
to their respiratory health status and is based on the mea-
sured flow rate signal and the at least one respiratory system
characteristic; and to generate the control signal based on a
relationship between the comfort level index and the type of
breathing assistance device.
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[0007] 1In at least one embodiment, the system comprises
an actuator that is electrically coupled to and controlled by
the processor to generate an airway pressure perturbation
that is superimposed on the airflow that is provided to the
user.

[0008] In at least one embodiment, the breathing assis-
tance device comprises the actuator or the breathing assis-
tance device controller comprises the actuator.

[0009] In at least one embodiment, the airway pressure
perturbation is generated to have at least one frequency.
[0010] In at least one embodiment, the at least one fre-
quency is in the range of 0.001 Hz to 100 MHz.

[0011] In at least one embodiment, the processor is con-
figured to determine a complex respiratory impedance and a
respiratory volume for the user’s respiratory system based
on the at least one of the measured air pressure and flow rate
signals.

[0012] In at least one embodiment, the respiratory device
controller is further configured to determine a phase differ-
ence between the imaginary portion of the complex respi-
ratory impedance and the respiratory volume.

[0013] In at least one embodiment, at least one of the
phase difference, the at least one frequency, a user breathing
frequency, an assistance frequency of the breathing assis-
tance device, the flow rate signal and the pressure signal is
used to determine the comfort level index for the user.
[0014] In at least one embodiment, the measured signals
are preprocessed before being processed by the processor,
the preprocessing comprising amplification and filtering.
[0015] In at least one embodiment, the respiratory device
controller has a housing with a first end that is releasably
coupled to the breathing assistance device via a first airflow
pathway and a second end that is releasably coupled to the
entry element by a second airflow pathway.

[0016] In at least one embodiment, gaseous medication
comprising one or more of steroids, oxygen, and Nitrogen is
added to the air flow before providing the airflow to the user.
[0017] In another broad aspect, at least one embodiment
described herein provides a breathing assistance device
controller for controlling the operation of a breathing assis-
tance device that provides breathing assistance to a user,
wherein the controller comprises sensors for measuring
airflow parameters of the airflow and generating measured
signals; and a processor that is electronically coupled to the
sensors to receive the measured signals and to generate a
control signal based on the measured signals and at least one
characteristic of the user’s respiratory system to adjust the
operation of the breathing assistance device during use.
[0018] In at least one embodiment, the controller further
comprises a first airflow pathway for receiving an airflow
generated by the breathing assistance device; and a second
airflow pathway for providing the airflow to an entry ele-
ment used by the user.

[0019] In at least one embodiment, the processor is con-
figured to generate the control signal such that the resultant
airflow generated by the breathing assistance device based
on the control signal is used for the treatment of a respiratory
condition.

[0020] In another broad aspect, at least one embodiment
described herein provides a method of for adjusting an
airflow provided by a breathing assistance device to a user,
wherein the method comprises measuring airflow param-
eters of the airflow and generating measured signals; oper-
ating a processor that is electronically coupled to the sensors
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to receive the measured signals and to generate a control
signal based on the measured signals and at least one
characteristic of the user’s respiratory system; and sending
the control signal to the breathing assistance device to adjust
the operation of the breathing assistance device during use.
[0021] In at least one embodiment, the act of measuring
comprises measure a pressure and a flow rate of the airflow
that is provided to the user and generating measured pres-
sure and flow rate signals.

[0022] In at least one embodiment, the method further
comprises determining at least one respiratory system char-
acteristic for the user based on the measured signals; deter-
mining a comfort level index for the user that is related to
their respiratory health status and is based on the measured
signals and the at least one respiratory system characteristic;
and generating the control signal based on a relationship
between the comfort level index and the type of breathing
assistance device.

[0023] In at least one embodiment, the method generally
comprises using an actuator to generate an airway pressure
perturbation that is superimposed on the airflow that is
provided to the user while the sensors perform the measure-
ments.

[0024] In at least one embodiment, the method further
comprises determining a complex respiratory impedance
and a respiratory volume for the user’s respiratory system
based on the measured signals.

[0025] In at least one embodiment, determining the com-
plex respiratory impedance comprises transforming a time-
domain representation of at least one of the pressure and
flow rate signals into a frequency domain representation.
[0026] In at least one embodiment, the method further
comprises determining a phase difference between an imagi-
nary portion of the complex respiratory impedance and the
respiratory volume.

[0027] In at least one embodiment, at least one of the
phase difference, the at least one frequency, a user breathing
frequency, an assistance frequency of the breathing assis-
tance device, the flow rate signal and the pressure signal is
used to determine the comfort level index for the user.
[0028] Inatleast one embodiment, the comfort level index
may be determined at a predefined frequency that corre-
sponds to the at least one oscillation frequency.

[0029] Inatleast one embodiment, the comfort level index
is determined continuously or periodically.

[0030] In at least one embodiment, the method further
comprises adding gaseous medication comprising one or
more of steroids, oxygen, and Nitrogen to the air flow before
providing the airflow to the user.

[0031] Other features and advantages of the present appli-
cation will become apparent from the following detailed
description taken together with the accompanying drawings.
Tt should be understood, however, that the detailed descrip-
tion and the specific examples, while indicating preferred
embodiments of the application, are given by way of illus-
tration only, since various changes and modifications within
the spirit and scope of the application will become apparent
to those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] For a better understanding of the various embodi-
ments described herein, and to show more clearly how these
various embodiments may be carried into effect, reference
will be made, by way of example, to the accompanying
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drawings which show at least one example embodiment, and
which are now described. The drawings are not intended to
limit the scope of the teachings described herein.

[0033] FIG. 1 is a block diagram of an example embodi-
ment of a breathing assistance system for controlling or
tuning a breathing assistance device during use by a user.

[0034] FIG. 2 is a block diagram of another example
embodiment of a breathing assistance system for controlling
or tuning a breathing assistance device during use by a user.

[0035] FIG. 3 is a block diagram of an example embodi-
ment of a breathing assistance device controller that can be
used with the breathing assistance system.

[0036] FIG. 4 is a flowchart of an example embodiment of
a breathing assistance control method.

[0037] FIG. 5 shows example waveforms for a volume
signal V(t) and a corresponding determined reactance X, (t).

[0038] Further aspects and features of the example
embodiments described herein will appear from the follow-
ing description taken together with the accompanying draw-
ings.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0039] Various embodiments in accordance with the
teachings herein will be described below to provide an
example of at least one embodiment of the claimed subject
matter. No embodiment described herein limits any claimed
subject matter. The claimed subject matter is not limited to
devices or methods having all of the features of any one of
the devices or methods described below or to features
commorn to multiple or all of the devices and or methods
described herein. It is possible that there may be a device or
method described herein that is not an embodiment of any
claimed subject matter. Any subject matter that is described
herein that is not claimed in this document may be the
subject matter of another protective instrument, for example,
acontinuing patent application, and the applicants, inventors
or owners do not intend to abandon, disclaim or dedicate to
the public any such subject matter by its disclosure in this
document.

[0040] It will be appreciated that for simplicity and clarity
of illustration, where considered appropriate, reference
numerals may be repeated among the figures to indicate
corresponding or analogous elements. In addition, numerous
specific details are set forth in order to provide a thorough
understanding of the embodiments described herein. How-
ever, it will be understood by those of ordinary skill in the
art that the embodiments described herein may be practiced
without these specific details. In other instances, well-known
methods, procedures and components have not been
described in detail so as not to obscure the embodiments
described herein. Also, the description is not to be consid-
ered as limiting the scope of the embodiments described
herein.

[0041] It should also be noted that the terms “coupled” or
“coupling” as used herein can have several different mean-
ings depending in the context in which these terms are used.
For example, the terms coupled or coupling can have a
mechanical, or a magnetic connotation. For example, as
used herein, the terms coupled or coupling can indicate that
two elements or devices can be directly connected to one
another or connected to one another through one or more
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intermediate elements or devices via an electric signal, or a
mechanical element, such as, conduits, for example, depend-
ing on the particular context.

[0042] It should also be noted that, as used herein, the
wording “and/or” is intended to represent an inclusive-or.
That 1s, “X and/or Y” is intended to mean X or Y or both,
for example. As a further example, “X, Y, and/or Z” is
intended to mean X or Y or Z or any combination thereof.
[0043] It should be noted that terms of degree such as
“substantially”, “about” and “approximately” as used herein
mean a reasonable amount of deviation of the modified term
such that the end result is not significantly changed. These
terms of degree may also be construed as including a
deviation of the modified term such as, but not limited to,
1%, 2%, 5% or 10%, if this deviation would not negate the
meaning of the term it modifies.

[0044] Furthermore, the recitation of numerical ranges by
endpoints herein includes all numbers and fractions sub-
sumed within that range (e.g. 1 to 5 includes 1, 1.5, 2, 2.75,
3,3.90, 4, and 5). It is also to be understood that all numbers
and fractions thereof are presumed to be modified by the
term “about” which means a variation of up to a certain
amount of the number to which reference is being made if
the end result is not significantly changed, such as, but not
limited to, 1%, 2%, 5% or 10%, for example.

[0045] Oscillometry, also known as the forced oscillation
technique (FOT), may be performed within the field of
respiratory diagnostics by superimposing fluctuations on
airway pressure while a user is breathing normally and
measuring the resultant pressure and flow rate to determine
the mechanical properties of the user’s respiratory system.
For example, the measured pressure and flow rate may then
be used to determine the mechanical impedance of the
respiratory system. This mechanical impedance is the ratio
of the oscillatory pressure to the flow rate in the frequency
domain, which can be expressed as a complex quantity as a
function frequency. More specifically, the real part of the
mechanical impedance may be regarded as the respiratory
system resistance (R,,) and the imaginary part can be
regarded as the respiratory system reactance (X,,).

[0046] When the complex mechanical impedance of the
respiratory system is described, it is generally common to
present the average R, and average X,, behavior over a
frequency range of interest. These average values can not-
mally be computed from averaging impedance values esti-
mated using frequency domain methods such as by perform-
ing Fourier transforms on the measured pressure and flow
values taken from multiple finite overlapping time windows,
or from averaging over a time course computed from
recursive time domain methods that can also effectively
examine short duration overlapping time periods.

[0047] However, the temporal variations that occur in R,
and even in X, during respiration may contain information
related to the user’s breathing and their respiratory system.
This variation can be determined using a frequency domain
technique such as the short-time-Fourier transform (STFT)
or the Wavelet transform. Although it has been established
that variations in the amplitude of X _ between inspiration
and expiration contains signs of respiratory health, the
inventor has determined that variations in the phase of X ,
specifically the differences between the phase of determined
X, and volume at the oscillation frequency such as 5 Hz,
which may be used for FOT, can be used to determine the
overall health of an individual’s respiratory system or iden-
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tify potential respiratory conditions. This has not been
determined by others in this field.

[0048] The reactance X, can also be considered to be the
portion of the measured pressure signal that is in phase with
measured volume signal (Hiroyuki Mochizuki et al.,
“Forced Oscillation Technique and Childhood Asthma”,
Allergology International, Volume 61, Issue 3, 2012, pages
373-383). However, the phase difference between airflow
and reactance X, can be the source of the resistance ampli-
tude and frequency dependence of resistance R, and the
inventor has determined that a proportion of this phase
difference can be used to establish a comfort level index that
is based on a health status of the user and can therefore be
used to identify the level of distress being experienced by a
user. Conventionally, this has never been done and advan-
tageously this may be used to improve the respiratory health
status of the user in a short period of time. This observation
was made by the inventor when analyzing data obtained
from people with respiratory disease, such as in, for
example, Chronic Obstructive Pulmonary Disease (COPD)
where people suffer from Expiratory Flow Limitation (EFL).
For example, this may be seen by reviewing data shown in
FIGS. 1 and 3 in R. L. Dellaca et al. (“Detection of
expiratory flow limitation in COPD using the forced oscil-
lation technique”, Eur. Respir. J. 2004; 23: 232-240) where
the inventor realized that within-breath reactance is in fact
not completely in phase with volume which shows that
phase difference is related to disease/status of respiratory
health. This has not been noticed or used by other research-
ers or engineers in this field.

[0049] In a similar fashion, the distress that may be
experienced by a user who is using a breathing assistance
device may be determined by determining the comfort level
index. Depending on the comfort level index, which is a
number, the operating parameters of the breathing assistance
device may then be adjusted to ensure that the user of the
breathing assistance device experiences minimal distress.
Accordingly, the comfort level index can be used to generate
a feedback control signal that is used to control the operation
of the breathing assistance device. The comfort level index
may be determined for a given time period during which
many numbers are generated which can be collectively
referred to as a comfort level index signal. The comfort level
index signal can be used to control the breathing assistance
device over the given time period.

[0050] Previously it was not possible to determine the
respiratory distress of the user of a breathing assistance
device in an automated fashion. Accordingly, conventionally
breathing assistance devices were controlled in a manual
fashion by a medical practitioner who set and then adjusted
the operational parameters of the breathing assistance device
every so often. This was detrimental since if the user started
experiencing respiratory distress it was not conventionally
possible to automatically adjust the breathing assistance
device to reduce the respiratory distress encountered by the
user which may be fatal in some situations where response
time is critical for adjusting the operation of the breathing
assistance device. More recently, other techniques including
traditional FOT/Oscillometry have been used to automati-
cally adjust the parameters of breathing assistance devices.
However, traditional FOT uses averaging and therefore there
is a delay of multiple seconds before any detection can
happen. This is also detrimental to the user/patient’s health
and comfort. Moreover automatic adjusting of breathing
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assistance devices utilizing techniques such as only sensing
the airflow or oxygen levels does not provide enough
information of the health of the complete respiratory system.
[0051] It is believed that the technique of determining the
comfort level index of a user of a breathing assistance device
and generating a control signal to control the breathing
assistance device to maintain the comfort level index of the
user in a certain range where the user is not under distress,
in accordance with the teachings herein, will increase the
rate of adoption of use of breathing assistance devices where
the use is voluntary (i.e. as for sleep apnea devices). This
method also provides technical advantages such as an
increase in the speed of adaptation of the breathing assis-
tance device to any respiratory distress encountered by the
user as the method can detect the respiratory distress rela-
tively quickly and can also react quickly to such distress and
control the breathing assistance device to reduce the level of
respiratory distress that is encountered by the user. This can
be critical in some cases where increased respiratory distress
can have significant, if not fatal, consequences to the user.
[0052] Referring now to FIG. 1, illustrated therein is a
block diagram of a breathing assistance system 100 for
controlling or tuning a breathing assistance device using the
forced oscillation technique in accordance with at least one
embodiment of the teachings herein. The system 100 com-
prises a breathing assistance device 102 that generates an
airflow that is provided to a user 110 via air transport
pathways 104 and 108 and, for example, a laryngeal tube, a
breathing mask or an endotracheal tube 109 (hereinafter
collectively referred to as an “entry element”). The airflow
can be at least one pressure pulse of air, a continuous flow
of air, or a superposition of pressure pulses of air and a
continuous flow of air. The airflow is controllable by adjust-
ing at least one of the air pressure and flow rate via
corresponding input controls on the breathing assistance
device.

[0053] In some embodiments, the breathing assistance
device 102 may be a mechanical ventilator for providing
breathing support to the user. In other embodiments, the
breathing assistance device 102 may be a CPAP or PAP
device for providing breathing support to the user. In other
embodiments, the breathing assistance device 102 may be a
respiratory treatment delivery device such as, but not limited
to, respiratory treatment delivery devices that assist a user in
clearing their lungs and coughing out secretions.

[0054] A breathing assistance device controller 106 is
coupled to the breathing assistance device 102 via the air
transport pathway 104 (which may also be called the flow
passage 104) and receives airflow from the breathing assis-
tance device 102 and delivers the airflow via the air transport
pathway 108 and the entry element 109 to the user 110. It
should be noted that the term “air” in the present disclosure
is used generally to denote the flow of gas and other particles
through the system. For example, the output of a mechanical
ventilator may include gasses and/or vapors other than air
such as, but not limited to, anesthetics, for example which
are typically vapors but can also be gases. In a PAP device,
water vapor may be combined with air. In some embodi-
ments of the breathing assistance device, gaseous medica-
tion (i.e. steroids, oxygen, Nitrogen, etc) may be added to
the air flow and provided to the patient under ventilation
based on respiratory health and/or measured comfort level.
For example, the medication may include an appropriate
amount of steroids that may be used daily to improve the
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CPAP experience for the user. The airflow may be delivered
to the user 110 via the entry element 109. In the present
embodiment, the entry element 109 may be a mask worn
over the user’s 110 nose and mouth or just over the nose for
alternative masks. In other embodiments, the entry element
109 may be an endotracheal tube inserted into the trachea by
means of intubation or tracheostomy.

[0055] In embodiments in which the breathing device 102
is a mechanical ventilator, there are actually two air path-
ways (not shown) instead of just the air transport pathway
104 (which may also be called a flow passage) where one of
the pathways is used for inhalation and the other of these
pathways is used for exhalation. The pathways shown in
FIG. 1 apply for the case where the breathing assistance
device 102 is a PAP device. It may be thus understood that
the breathing assistance device 102 provides at least one
pathway to allow air to flow from the air transport pathway
104 to the air transport pathway 108. It may further be
understood that there can be embodiments in which the
breathing assistance device controller 106 is at least partially
or completely incorporated “inline” with the airflow path-
ways from the breathing assistance device 102 to the user
110.

[0056] In the present example embodiment, the breathing
assistance device controller 106 comprises one or more
sensors (not shown) to measure the various parameters of
the airflow being delivered to the user 110. For example,
sensors can be attached to the mask worn by the user 110
which may result in ideal SNR. Alternatively, the sensors,
such as ultrasonic sensors for example, can be attached in
the tubing pathway. In either case, these sensors can be used
to measure both inspiration and expiration. However, in the
case of a PAP machine, such sensors are located be ¢lose to
the mask because the tube only carries an inspiratory flow
whereas in a mechanical ventilator the sensors can be
attached to the mask or endotracheal tube or they can be
located anywhere along the tubes that are used for the
inspiratory pathway and the expiratory pathway.

[0057] In some embodiments, the breathing assistance
device controller 106 may not include these sensors but may
instead read these parameters from the breathing assistance
device 102 since the breathing assistance device 102 may
also be equipped with sensors for measuring airflow param-
eters. The breathing assistance device controller 106 may
further comprise a device to provide a forced oscillation
signal, which has changes in air pressure. In some embodi-
ments, a sensor for measuring both air pressure and airflow
is present. In other embodiments, dedicated sensors may be
used to measure the airflow or the air pressure such that
more than one sensor may be used with the breathing
assistance device controller 106. For example, some sensor
technologies use a laser to detect movement or ultrasound
can be used to detect both pressure and flow rate in one
sensor (as the measured flow rate can be determined from
dividing the measured pressure by a known resistance).
[0058] The measured airflow parameters such as air vol-
ume, air pressure and airflow may be used by the breathing
assistance device controller 106 to generate a control signal
112 that can be used as feedback to adjust the operation of
the breathing assistance device 102. In some embodiments,
the control signal 112 may be used to adjust one or a few or
all of the adjustable parameters of the breathing assistance
device 102. For example, parameters that may be adjusted
include at least one of the flow rate of the airflow, the volume
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of the airflow, the pressure of the airflow, the frequency of
the airflow, the amplitude of the airflow and the phase of the
airflow that can be generated by the breathing assistance
device 102.

[0059] Referring now to FIG. 2, shown therein is a block
diagram of an example embodiment of a breathing assis-
tance system 200. Elements that correspond to those in FIG.
1 have been numbered similarly. Similar to the configuration
of the breathing assistance system 100, a breathing assis-
tance device 202 generates airflow that is provided to a user
210 via air transport pathways 204 and 204' and the breath-
ing tube 208 and the airflow is monitored by a breathing
assistance device controller 206 for modifying the operation
of the breathing assistance device 202. Similar to FIG. 1, the
airflow may be delivered to the user 210 via an entry element
209. In this example embodiment the entry element 209 may
be a mask worn over the user’s 210 nose and optionally the
user’s mouth. In other embodiments, the entry element 209
may be an endotracheal tube inserted into the trachea by
means of intubation or tracheostomy.

[0060] FIG. 2 provides additional details with respect to
the various system components that may be employed. In
some embodiments, the breathing assistance device 202 may
be a mechanical ventilator for providing breathing support.
In other embodiments, the breathing assistance device 202
may be a PAP device for providing breathing support.
[0061] In the present embodiment, the breathing assis-
tance device 202 is a mechanical ventilator and provides an
inspiratory tube 204 and an expiratory tube 204' for airflow
leaving and returning the breathing assistance device 202.
The inspiratory tube 204 and the expiratory tube 204' may be
connected to the breathing assistance device controller 206
at one airflow pathway using the tube connector 214. The
airflow may then flow to the user 210 through another
airflow pathway of the breathing assistance device controller
206. The airflow from the inspiratory tube 204 may be
subjected to perturbation from a forced oscillation produced
by a motor or an actuator (hereinafter referred to as the
“actuator” to refer to both cases) 216 generating an oscil-
lation of air at a desired frequency. The actuator may be one
of a loud speaker, an electromagnet, a piezoelectric device,
a piston and a motor, for example. The choice of actuator
may be dependent on the design specifications such as the
physical size of the device as well as on the limitations
imposed on the Bill of Materials (BOM). It should be noted
that in some embodiments, the actuator can be included in
the breathing assistance device 202 and not in the breathing
assistance device controller 206. Alternatively, in some
embodiments, both the breathing assistance device 202 and
the breathing assistance device controller 206 can include an
actuator.

[0062] The oscillation pressure signal has an oscillation
frequency that may be at any frequency that is practical for
performing air pressure and airflow measurements. For
example, the frequency may include, but is not limited to the
range of 0.001 Hz to 100 MHz. In some embodiments, a
multi-frequency signal can be used having different harmon-
ics. For example, the oscillation signal may be a square wave
or a triangular wave. Furthermore, a multi-frequency signal
can be used to calculate impedance at different frequencies.
The oscillation pressure signal is superimposed into the
modified and/or spontaneous breathing of the user 210.
[0063] In some embodiments, the generated oscillation
pressure signal may also be controlled to deliver a desired
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pressure. In some cases, it may be preferable to produce
pressures (i.e. amplitude of the generated oscillation signal)
that do not exceed a peak-to-peak value of 2 emH,O. In
some other cases, the pressure may be chosen on the basis
of the frequency of oscillation or on the sensitivity and
precision of the flow rate/pressure sensors. In some cases,
the amplitude of the oscillation (i.e. the pressure) may
follow an inverse frequency trend (1/f). For example, if
frequencies of 6, 11 and 19 Hz are used, the amplitude of
pressure at 6 Hz is higher than the amplitude of pressure at
11 Hz. Similarly, the amplitude of pressure at 11 Hz is higher
than the amplitude of pressure at 19 Hz.

[0064] The inspiratory tube 204 and the expiratory tube
204" may be combined prior to reaching the user 210 at a
junction using a tube fitting 218 connected to a breathing
tube 208. Subsequent to the tube fitting 218, the combined
airflow may be sensed to determine parameters such as the
airflow and the air pressure. In this example embodiment, a
sensing system is used that comprises a flow transducer 220
and a pressure transducer 222. It should be noted that the
flow transducer 220 may also be called a flow rate transducer
or an airflow transducer. The sensor type used for the
transducers 220 and 222 can be any appropriate transducer
device, including but not limited to, ultrasonic, pneumatic
and piezoelectric transducers, for example. In some embodi-
ments, the airflow can be measured and calculated by
recording the pressure drop across a pneumotachograph,
which is used as the sensor.

[0065] The outputs of the flow transducer 220 and the
pressure transducer 222 may be preconditioned prior to
being further processed. For example, the output signals
from the transducers 220 and 222 may be amplified by an
appropriate amplifier 224 to obtain the desired signal ampli-
tudes. For example, in some embodiments, the amplifier 224
may be a lock-in amplifier which may be used to reduce
signal noise to help focus on the frequency of interest. It
should be noted that separate amplifiers can be used for each
measured signal or a dual channel amplifier may be used.

[0066] The amplified signal may then be filtered to remove
extraneous frequency domain information. In the present
embodiment, a band-pass filter 226 with a tuned center-
frequency corresponding to the frequency of the oscillation
produced by the actuator 216 may be used. In some embodi-
ments, the passband may be made sufficiently narrow such
that a notch filter can be used since a single frequency is
used. The bandpass filter has a narrow passband but it is
preferably large enough to contain any side lobes in the
measured signals that contains modulated breathing infor-
mation.

[0067] After the signals have been amplified and filtered,
the signals may be received by the processor 228 for further
processing and analysis in order to generate a control signal
212 that is provided to the breathing assistance device 202
to adjust its operation, as described in more detail below. In
some embodiments, the processor 228 may a programmable
device such as a programmable microcontroller or a field
programmable gate array (FPGA). In other embodiments,
the processor may be part of a single-board computer system
platform such as the Arduino platform, or Raspberry Pi
platform. In vet other embodiments, the signal filtering may
be performed using the processor 228 such as by using
digital signal processing (DSP) techniques such that separate
filtering device 226 may not be necessary.
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[0068] The control signal 212 can be provided to the
breathing assistance device 202 using any method known to
those skilled in the art. For example, the control signal 212
can be provided through a wired connection. However, in
other implementations, the control signal may be commu-
nicated wirelessly to the breathing assistance device 202.
The measured airflow parameters and control signal may
also be shown on an optional display 230 provided on the
breathing assistance device controller 206.

[0069] The breathing assistance device controller 206 can
be configured to operate continuously to monitor the pres-
sure and flowrate of the airflow provided to the user 210 to
allow for constant adjustment of the operation of the breath-
ing assistance device 202. Doing so may permit real-time or
near real-time adaptive adjustments to be made to minimize
any distress experienced by the user 210. In other embodi-
ments, the breathing assistance device controller 206 may
alternatively be controlled to operate intermittently, for
example, at a set time interval such as every 30 seconds or
every 60 seconds. Such operating conditions may be pre-
ferred if the breathing assistance device controller 206 is
battery operated so as to help extend the operational lifetime
of the breathing assistance device 202.

[0070] FIG. 3 shows an example embodiment of an inte-
grated breathing assistance device controller 250 in which
the various components needed for monitoring airflow and
controlling the breathing assistance device 202 are fitted
within a single device so as to allow the device to be used
“inline”. Hence the breathing assistance device controller
250 can be referred to as an inline device. The references
numerals shown in FIG. 3 generally correspond to those
described previously for the components shown in FIG. 2.
[0071] The breathing assistance device controller 250 has
ahousing 252 with first and second ends 2524 and 252b. The
end 252b can be fitted to the inspiratory tube 204 and the
expiratory tube 204' via a tube connector 214. The end 252a
may be attached to the breathing tube 208 using a tube fitting
218 to provide ventilation to the user 210 (not shown). Tt
should be noted that the junction that joins the inspiratory
tube 204 and the expiratory tube 204" is internal to the device
250, and the tube fitting 218 is also internal to the device
250. Therefore, in some embodiments, the breathing assis-
tance device controller 206 can be regarded as an enhanced
tube adaptor to fit, connect or join breathing tube 208 to the
inspiratory tube 204 and the expiratory tube 204'.

[0072] Referring now to FIG. 4, shown therein is a flow-
chart depicting an example embodiment of a breathing
assistance control method 400 that can be used to acquire
pressure and airflow information and use the information to
control the operation of a breathing assistance device. For
ease of explanation, the elements depicted in the breathing
assistance system 200 and the waveforms in FIG. 5 shall be
used to describe the various steps of the method 400.
However, it should be understood that this technique can be
used on the integrated breathing assistance device controller
250.

[0073] The method 400 may begin when the breathing
assistance device 202 has been activated, thereby, supplying
an airflow to the user 210. Starting at act 402, the processor
228 may operate the actuator 216 to generate an oscillation
pressure signal having one or more oscillation frequencies
within a desired frequency range. For example, in some
embodiments the desired frequency range can be any fre-
quency between 0.01 Hz-1 KHz. As mentioned previously,
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the oscillation may be a single frequency oscillation. How-
ever, in other embodiments, the oscillation pressure signal
may comprise a number of oscillation frequencies (i.e.
where the oscillation is not sinusoidal). Act 402 can be done
on a continuous or periodic basis as explained previously.

[0074] At act 404, sensors in the breathing assistance
device controller 206 such as the flow transducer 220 and
pressure transducer 222 measure the flow rate and pressure,
respectively, of the airflow (including the perturbation) that
is sent to the user. The detected signal may be amplified by
the amplifier 224 and filtered by, in this case, band-pass filter
226 with a center-frequency corresponding the frequency of
the oscillation produced by the actuator 216. Also noted
previously, in some embodiments, the passband may be
made sufficiently narrow such that a notch filter can be used
instead since a single frequency is used.

[0075] After the signals have been processed by applying
amplification and filtering, the processed signals are
received by the processor 228 for further processing. At act
406 the processor 228 may use the measured signals to
determine the volume V(1) of the airflow and the mechanical
impedance of the user’s respiratory system over time. The
volume V(t) may be determined as the integral of the flow
rate signal that is measured plus a known bias or constant
volume. To determine, the mechanical impedance, the pro-
cessor 228 can apply a windowing function to the processed
flow rate and pressure signals to help enforce periodicity and
subsequently perform the Fourier transform (e.g. via fast
Fourier Transform FFT) of these signals in each window. In
some embodiments, the signal can be windowed for short
periods, such as 1/6 seconds for a 6 Hz single frequency
sinusoidal oscillation produced by the actuator 216. Under
the uncertainty principle, a shorter period may lead to a loss
of frequency resolution with a gain of time resolution.
Generally a useful windowing period can correspond to an
inverse of the maximum oscillation frequency used in the
oscillation pressure signal to provide a short window that
does not result in a loss of too much frequency resolution.
In other embodiments, the window may be longer, such as
4 seconds, for example. It can be understood that the signals
can be assumed to be sufficiently stationary due to the
bandpass filtering, and because of the short windowing
duration. In some embodiments, a Hanning-type or Ham-
ming-type window can be used to further help enforce
periodicity by reducing the signal amplitude near the win-
dow edges. In other embodiments, the windows can be
overlapping windows (e.g. with a maximum of 50% overlap
between adjacent windows). In other embodiments, other
types of windows may be appropriate for use. For example,
in some cases it may be possible to use certain rectangular
windows.

[0076] After the windowing function has been applied, the
Fourier transform of the pressure and flow rate in each time
window may be used to obtain an estimate of the average
mechanical impedance 7, in that time window. More spe-
cifically the mechanical impedance can be expressed as a
ratio between the Fourier transforms of the pressure and
flow rate in each window:
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where P(w) is the FFT of the measured pressure signal and
Q(w) is the FFT of the measured flow rate signal at the
angular frequency o=2xnf where f is the oscillation fre-
quency of the actuator 216. Equation 1 can be applied to
determine Impedance by using pressure and flow rate mea-
sured at the airway opening of the user 210.

[0077] The mechanical impedance Z,, is a complex quan-
tity with a real part corresponding to respiratory resistance
(R,,) which can be largely due to airflow resistance of
intrathoracic and extrathoracic airways, lung tissue and
chest wall and an imaginary part corresponding to reactance
(X,,) which can arise from elastic properties of the lung and
chest wall, and the inertia of the oscillating air. The imped-
ance can thus be described as a sum of the real and
imaginary parts as shown in equation 2.

Z(0)=R, (0)4X, (@) @

[0078] The parameters R, () and X, (w) may be charac-
terized by fitting various respiratory models to the mea-
sured data to identify various respiratory system charac-
teristics. For example, a commonly used model is the
Single Compartment Model in which R (@) may be
assumed to be constant with frequency o so that

En
Kis(w) = 0l — —,
w

where E,_ and I, can be idealized lumped elements that
represent the elastance and inertance of the respiratory
system, respectively. Accordingly, examples of respiratory
system characteristics include reactance/elastance and also
inertance.

[0079] It may be also noted that the determination of the
resistance and reactance in each time window yields con-
tinuous functions with respect to time, R, (t) and X (1), for
the chosen frequency of oscillation. In cases where multiple
frequencies are used in the FOT oscillation signal, then the
resistance and reactance may be calculated in the manner
described above for each frequency separately. A separate
time course behavior of the R () and X, (t) may be devel-
oped for each frequency considered for analysis. Alterna-
tively, the mean values of X, may be examined for different
frequencies by plotting the mean values of X, against
oscillation frequency. Similarly, the same may be done for
R,,. It may be noted that there may be a single band-pass
filter that may be configured to sequentially filter each
frequency separately or there may be multiple band-pass
filters each tuned at a unique frequency from the set of
oscillation frequencies that are used contemporaneously to
perform filtering (e.g. a comb filter). As noted previously the
volume, V(t) may be determined as the integral of the flow
rate signal.

[0080] FIG. 5 shows plots of amplitude versus time for
example waveforms for a volume signal V(t) 502 and a
corresponding determined reactance signal X, (t) 504. A
phase difference 506 and 506' can be observed between the
reactance signal 502 and the volume signal 506. This phase
difference may be used to detect the severity of a user’s
respiratory problem or current respiratory state, which may
be correlated to the percentage of open airways or non-
aerated lung tissue, and compensate for it by controlling the
breathing assistance device.
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[0081] At act 408, the phase difference between the phase
of the volume signal W and the phase of the reactance
signal W, is determined for a particular moment in time.
The phase difference can reflect the specific portion of the
reactive/elastic part of the user’s respiratory system that is
distancing or deviating itself from the elastic part and
influencing the resistive part instead. The result of this
deviation can cause distress for the user since it may
manifest physically as either an obstruction of their airways
or a deep distress to their respiratory system due to various
factors including, but not limited to, derecruitment of certain
lung regions, increased heterogeneity of the user’s lungs or
the presence of liquid in the user’s lungs. As such the
determined parameters can thus be used to perform at least
one of: tuning of the breathing assistance device 202 to
minimize distress; diagnosis or identification of the presence
of respiratory disease; and operating the breathing assistance
device 202 to obtain therapeutic outcomes, for example,
with respect to adjusting the operating parameters of the
breathing assistance device 202 such as at least one of the
pressure, flow rate, and moisture of the generated airflow to
help COPD patients to breathe or expectorate.

[0082] At act 410 the phase difference can be used to
determine a respiratory health status index as a function of
time in accordance with equation 3.

H()=1-2(¥,- Wy, )im 3)

[0083] The decision of whether to adjust the operational
parameters of the breathing assistance device 202 may be
determined based on the values of the respiratory health
status index over time. For example, if the breathing assis-
tance device 202 is a PAP device, the extent of positive
pressure applied to the respiratory system of the user 210
over time Prp,-(t) may be determined with the following
relationship:

Pregp(t)=H(t)xkgpspxP cpsp )

where kg, » is an empirical coeflicient for the application of
reactive positive airway pressure (RPAP) which can vary in
different patient/user populations, and P, is a base/initial
constant pressure that normal PAP machines can apply. A
patient’s comfort level index can be defined as: Comf{t)=H
(XK ppyp- Accordingly, the determined reactive positive
pressure Py, »(t) may be used to generate a control signal at
act 412 that can be applied to the breathing assistance device
202 to adjust the positive pressure P.p,» produced by the
PAP machine. For example, if a patient’s comfort level index
is at a very high level for 2 seconds and then drops to half
of the level for 4 seconds, the control signal can be deter-
mined to compensate for this change in the comfort level and
control the PAP device to apply O (i.e. default air pressure)
for 2 seconds and twice the default pressure for the next 4
seconds. In some embodiments, this process is updated
every few hundreds of milliseconds to provide an essentially
real-time response. In other embodiments, this process can
be updated continuously. In some other embodiments, the
frequency of update can be a predetermined frequency. This
flexibility in updating the control parameters of the breath-
ing assistance device is useful because it allows for tailoring
to a particular user.
[0084] In embodiments in which the breathing assistance
device 202 is a mechanical ventilator in which volume
controlled modes may be selected, the air volume applied to
the respiratory system of the user 210 over time V,,{t) can
be determined with the following relationship:

Var\=H(Oxbep, 1} Viagr (5)
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where k,, _is an empirical coeflicient for the application of
air volume which can vary in different populations, and V', ,,-
is a constant target volume provided by conventional breath-
ing assistance devices when they are operated in a volume
controlled mode. The air volume V,,(t) can similarly be
used to generate a control signal to control the operation of
the breathing assistance device when it is a mechanical
ventilator operating in a volume controlled mode.

[0085] In yet other embodiments, in which the breathing
assistance device 202 is a mechanical ventilator which
operates in a pressure controlled mode, the air pressure
applied to the respiratory system of user 210 over time
P, ,{(t) can be determined with the following relationship:

Prlt)=H(t)xkp, (%Pl (6)

where k,, is an empirical coeflicient for the application of
air volume which can vary in different populations, and P', ;-
is the target pressure that conventional mechanical ventila-
tors operating in a pressure controlled mode is set to apply.
The air pressure, volume and flow rate limits, cycle, and
trigger can similarly be used to generate a control signal to
control operation of the breathing assistance device operat-
ing in pressure controlled mode.

[0086] At act 414 the generated control signal is sent to the
breathing assistance device. At act 416, the method deter-
mines whether monitoring of the user’s breathing distress
level and subsequent adjustment of the breathing assistance
device (if needed) should be continued. If not, the method
400 proceeds to act 416 and ends. If the method 400 is
continued, then the method proceeds to act 402 where the
oscillation pressure signal is generated and the acts of the
method 400 are performed again.

[0087] The preceding paragraphs illustrate the advantages
of the described embodiments according to the teachings
herein since they are able to fill a gap in current breathing
assistance devices where there is a lack of continuous
information about the condition of the user’s respiratory
system and the resulting comfort level or harm level of the
user. It may be appreciated that a further advantage of
having a breathing assistance device controller that is small
in size and is light weight is that it is adaptable for use with
any breathing assistance devices by using different tube
adapters. While the use of different adaptors may also
require compensation for tubing resistance, in at least some
embodiments the actuator 216 can be kept out of the main
tubing path, so that it that does not add any extra resistance
to the tubing (e.g. <0.6 cmH,O/L/s). Also the breathing
assistance device controller and/or systems that utilize the
controller may be further simplified by operating at a single
frequency. Although known single frequency FOT machines
commonly operate at a frequency close to breathing (e.g. 4-5
Hz), the various embodiments described herein can operate
at a higher frequency which allows for the use of a smaller,
lighter actuator 216, that enables the breathing assistance
device controller to have lower power consumption, more
precise signal processing and a smaller footprint so that it
can more easily be used with existing breathing assistance
devices in an inline fashion. This is because higher frequen-
cies are not contaminated as much by breathing noise which
leads to higher Signal to Noise Ratio (SNR). Consequently,
the required amplitude of oscillation becomes smaller and
may be provided by an actuator that is smaller and lighter
and perhaps cheaper. Furthermore, using a higher frequency

Feb. 13,2020

of oscillation also reduces the discomfort that the user (e.g.
patient) receives from sensing vibrations in the airflow that
is provided to them.

[0088] While the applicant’s teachings described herein
are in conjunction with various embodiments for illustrative
purposes, it is not intended that the applicant’s teachings be
limited to such embodiments as the embodiments described
herein are intended to be examples. On the contrary, the
applicant’s teachings described and illustrated herein
encompass various alternatives, modifications, and equiva-
lents, without departing from the embodiments described
herein, the general scope of which is defined in the appended
claims.

1. A system for providing breathing assistance to a user,
wherein the system comprises:

a breathing assistance device that generates an airflow
comprising at least one pressure impulse or a continu-
ous pressure flow rate;

an entry element that is coupled to the breathing assis-
tance device and is worn by the user to provide the
airflow to the user during use; and

a breathing assistance device controller that is coupled to
the breathing assistance device to adjust the operation
of the breathing assistance device during use via a
control signal that is generated based on a comfort level
index that is determined for the user and is related to
their respiratory health status, the comfort level index
being based on a phase difference between certain
airflow and respiratory system parameters of the user.

2. The system of claim 1, wherein the breathing assistance
device is one of a mechanical ventilator and a continuous
positive airway pressure device.

3. The system of claim 1, wherein the breathing assistance
device controller comprises:

sensors for measuring air pressure and flow rate of the
airflow and generating measured pressure and flow rate
signals; and

a processor that is electronically coupled to the sensors to
receive the measured signals, to determine at least one
respiratory system characteristic for the user based on
the measured signals; to determine the comfort level
index based on the measured flow rate signal and the at
least one respiratory system characteristic; and to gen-
erate the control signal based on a relationship between
the comfort level index and the type of breathing
assistance device.

4. The system of claim 3, wherein the system comprises
an actuator that is electrically coupled to and controlled by
the processor to generate an airway pressure perturbation
that is superimposed on the airflow that is provided to the
user.

5. The system of claim 4, wherein the breathing assistance
device comprises the actuator or the breathing assistance
device controller comprises the actuator.

6. The system of claim 4, wherein the airway pressure
perturbation is generated to have at least one frequency.

7. The system of claim 6, wherein the at least one
frequency is in a frequency range of 0.001 Hz to 100 MHz.

8. The system of claim 3, wherein the processor is
configured to determine a complex respiratory impedance
and a respiratory volume for the user’s respiratory system
based on the at least one of the measured air pressure and
flow rate signals.



US 2020/0046923 A1l

9. The system of claim 8, wherein the respiratory device
controller is further configured to determine a phase differ-
ence between the imaginary portion of the complex respi-
ratory impedance and the respiratory volume.

10. The system of claim 9, wherein at least one of the
phase difference, the at least one frequency, a user breathing
frequency, an assistance frequency of the breathing assis-
tance device, the flow rate signal and the pressure signal is
used to determine the comfort level index for the user.

11. (canceled)

12. The system of claim 1, wherein the respiratory device
controller has a housing with a first end that is releasably
coupled to the breathing assistance device via a first airflow
pathway and a second end that is releasably coupled to the
entry element by a second airflow pathway.

13. The system of claim 1, wherein gaseous medication
comprising one or more of steroids, oxygen, and Nitrogen is
added to the air flow before providing the airflow to the user
based on at least one of the user’s respiratory health and the
comfort level index.

14. The system of claim 1, wherein the determining of the
comfort level index and the generating of the control signal
is performed continuously or periodically to provide a
real-time response.

15. A breathing assistance device controller for control-
ling the operation of a breathing assistance device that
provides breathing assistance to a user, wherein the control-
ler comprises:

sensors for measuring airflow parameters of the airflow

and generating measured signals; and

a processor that is electronically coupled to the sensors to

receive the measured signals and to generate a control
signal based on a comfort level index that is determined
for the user and is related to their respiratory health
status, the comfort level index being based on a phase
difference between the measured signals and at least
one characteristic of the user’s respiratory system to
adjust the operation of the breathing assistance device
during use.

16. (canceled)

17. The controller of claim 15, wherein the processor is
configured to:

determine at least one respiratory system characteristic for

the user based on the measured signals; and

generate the control signal based on a relationship

between the comfort level index and the type of breath-
ing assistance device.

18. The controller of claim 15, wherein the controller
further comprises:

a first airflow pathway for receiving an airflow generated

by the breathing assistance device; and

a second airflow pathway for providing the airflow to an

entry element used by the user.

19. The controller of claim 15, wherein the controller
further comprises an actuator that is electrically coupled to
and controlled by the processor to generate an airway
pressure perturbation that is superimposed on the airflow
that is provided to the user while the sensors perform the
measurements.

20. The controller of claim 19, wherein the airway pres-
sure perturbation is generated to have at least one frequency.

21. The controller of claim 20, wherein the at least one
frequency is in a frequency range of 0.001 Hz to 100 MHz.
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22. The controller of claim 17, wherein the processor is
configured to determine a complex respiratory impedance
and a respiratory volume for the user’s respiratory system
based on the measured signals.

23. The controller of claim 22, wherein the controller is
further configured to determine a phase difference between
an imaginary portion of the complex respiratory impedance
and the respiratory volume.

24. The controller of claim 23, wherein at least one of the
phase difference, the at least one frequency, a user breathing
frequency, an assistance frequency of the breathing assis-
tance device, the flow rate signal and the pressure signal is
used to determine the comfort level index for the user.

25. (canceled)

26. The controller of claim 17, wherein the processor is
configured to determine the comfort level index for the user
at a predefined frequency that corresponds to the at least one
frequency of the airway pressure perturbation signal.

27. (canceled)

28. The controller of claim 15, wherein the processor is
configured to generate the control signal such that the
resultant airflow generated by the breathing assistance
device based on the control signal is used for the treatment
of a respiratory condition thereby improving respiratory
health status for the user.

29. (canceled)

30. The controller of claim 15, wherein gaseous medica-
tion comprising one or more of steroids, oxygen, and
Nitrogen is added to the air flow before providing the airflow
to the user based on at least one of the user’s respiratory
health and the comfort level index.

31. A method of for adjusting an airflow provided by a
breathing assistance device to a user, wherein the method
comprises:

measuring airflow parameters of the airflow and generat-

ing measured signals;

operating a processor that is electronically coupled to the

sensors to receive the measured signals and to generate
a control signal based on a comfort level index that is
determined for the user and is related to their respira-
tory health status, the comfort level index being based
on a phase difference between the measured signals and
at least one characteristic of the user’s respiratory
system; and

sending the control signal to the breathing assistance

device to adjust the operation of the breathing assis-
tance device during use.
32. The method of claim 31, wherein the act of measuring
comprises measure a pressure and a flow rate of the airflow
that is provided to the user and generating measured pres-
sure and flow rate signals.
33. The method of claim 31, wherein the method further
comprises
determining at least one respiratory system characteristic
for the user based on the measured signals; and

generating the control signal based on a relationship
between the comfort level index and the type of breath-
ing assistance device.

34. (canceled)

35. (canceled)

36. (canceled)

37. (canceled)

38. (canceled)
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39. The method of claim 31, wherein the method further
comprises determining a phase difference between an imagi-
nary portion of the complex respiratory impedance and the
respiratory volume.

40. The method of claim 39, wherein at least one of the
phase difference, the at least one frequency, a user breathing
frequency, an assistance frequency of the breathing assis-
tance device, the flow rate signal and the pressure signal is
used to determine the comfort level index for the user.

41. (canceled)

42. (canceled)

43. (canceled)

44. (canceled)
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