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SYSTEM AND METHOD FOR ESTIMATING UPPER AIRWAY RESISTANCE
AND LUNG COMPLIANCE EMPLOYING INDUCED CENTRAL APNEAS

[0001] The present invention relates to a system and method for estimating
the upper airway resistance and/or lung compliance of a subject, and, in particular, a
system and method for estimating the airway resistance and/or lung compliance of a
subject wherein a central apnea is induced in the subject to enable the estimation to be
made simply and effectively without having to account for pressure generated by
respiratory muscles (Pmus).

[0002] Pressure support ventilation systems that provide a flow of
breathing gas to an airway of a patient at an elevated pressure to augment or substitute
the patient’s own ventilatory effort are well known. For example, a mechanical
ventilation technique known as pressure support ventilation (PSV) is commonly used
to decrease work of breathing in patients that require ventilatory assistance. During
PSV, the ventilator applies constant pressure each time the patient’s inspiratory effort
is detected. Proportional assist ventilation (PAV) is another type of mechanical
ventilation technique that provides dynamic inspiratory pressure assistance in linear
proportion to patient-generated volume and flow. Another ventilation technique that
is often used to treat patients with acute lung injury is known as airway pressure
release ventilation (APRV). In APRV mode, a flow of breathing gas, such as air, is
provided to a patient’s airway at two different, alternating positive pressure levels
(often referred to as PEEP High and PEEP Low) to provide ventilation and lung
inflation while allowing the patient to spontancously breath at both pressure levels. In
addition, it is also well known to use a pressure support system to deliver positive
airway pressure (continuous (CPAP) or variable) to treat a medical disorder such as
sleep apnea syndrome or congestive heart failure.

[0003] In providing ventilatory assistance to patients, such as in the various
ventilation therapies described above, it is often helpful and/or necessary to be able to
obtain an estimate of the upper airway resistance and/or the lung compliance of the
patient. However, estimating upper airway resistance and/or lung compliance in
mechanically ventilated patients who have spontaneous respiratory efforts is rather
complex, primarily due to that fact that knowledge of the force applied to the

respiratory system is required and the fact that, in ventilated patients who have
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spontaneous respiratory efforts, that force includes a component related to pressure
generated by respiratory muscles (Pmus), which continuously changes during the
inflation phase of ventilation.

[0004] Additionally, quantification of lung compliance may be a useful tool
in evaluating the health of a subject, including detection of fluid retention associated
with developing acute congestive heart failure.

[0005] Thus, there is a need for a system and method for simply and
effectively estimating the airway resistance and/or lung compliance of a subject,
including ventilated patients who have spontancous respiratory efforts.

[0006] In one embodiment, a method of estimating upper airway resistance
or lung compliance of a patient is provided that includes inducing a central apnea in
the patient, providing a known pressure stimulus comprising a flow of breathing gas
having a known pressure level to the patient while the patient is experiencing the
central apnea, determining a patient flow-related parameter, such as flow rate and/or
flow volume, associated with the known pressure stimulus, and estimating the upper
airway resistance or the lung compliance of the patient using the patient flow-related
parameter using, for example and without limitation, an input-output system
identification method.

[0007] In another embodiment, a system including a pressure generating
system, a patient circuit and a controller is provided that implements that method just
described.

[0008] These and other objects, features, and characteristics of the present
invention, as well as the methods of operation and functions of the related elements of
structure and the combination of parts and economies of manufacture, will become
more apparent upon consideration of the following description and the appended
claims with reference to the accompanying drawings, all of which form a part of this
specification, wherein like reference numerals designate corresponding parts in the
various figures. It is to be expressly understood, however, that the drawings are for
the purpose of illustration and description only and are not intended as a definition of
the limits of the invention. As used in the specification and in the claims, the singular
form of “a”, “an”, and “the” include plural referents unless the context clearly dictates

otherwise.
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[0009] Figure 1 is a schematic diagram of an exemplary positive airway
pressure support system suitable for estimating airway resistance and/or lung
compliance according to the principles of the present invention;

[0010] FIG. 2 is a flowchart showing a method of estimating the airway
resistance and/or lung compliance of a subject wherein a central apnea is induced in
the subject according to one particular, non-limiting embodiment of the invention;

[0011] FIG. 3 is a circuit diagram used in a method for estimating upper
airway resistance and/or lung compliance employing an input-output system
identification method utilizing a single-compartment lung model according to one
exemplary embodiment.

[0012] Directional phrases used herein, such as, for example and without
limitation, top, bottom, left, right, upper, lower, front, back, and derivatives thereof,
relate to the orientation of the elements shown in the drawings and are not limiting
upon the claims unless expressly recited therein.

[0013] As employed, herein, the statement that two or more parts or
components are “coupled” together shall mean that the parts are joined or operate
together either directly or through one or more intermediate parts or components.

[0014] As employed herein, the statement that two or more parts or
components “engage” one another shall mean that the parts exert a force against one
another either directly or through one or more intermediate parts or components.

[0015] As employed herein, the term “number” shall mean one or an
integer greater than one (i.e., a plurality).

[0016] FIG. 1 schematically illustrates an exemplary positive airway
pressure support system 50 suitable for estimating upper airway resistance and/or lung
compliance according to the principles of the present invention. Pressure support
system 50 includes gas flow/pressure generator 52, such as a blower used in a
conventional CPAP or bi-level pressure support device, piston, bellows, compressor,
or any other device that receives breathing gas, generally indicated by arrow C, from
any suitable source, e.g., a pressurized tank of oxygen or air, the ambient atmosphere,
or a combination thereof. Gas flow/pressure generator 52 generates a flow of
breathing gas, such as air, oxygen, or a mixture thercof, for delivery to an airway of a

3



WO 2011/145014 PCT/IB2011/051848

patient 54 at relatively higher and lower pressures, i.c., generally equal to or above
ambient atmospheric pressure.

[0017] The pressurized flow of breathing gas, generally indicated by arrow
D from gas flow/pressure generator 52 is delivered, via a delivery conduit 56, to
breathing mask or patient interface 58 of any known construction, which is typically
worn by or otherwise attached to patient 54 to communicate the flow of breathing gas
to the airway of the patient. Delivery conduit 56 and patient interface device 58 are
typically collectively referred to as a patient circuit.

[0018] Although not shown in FIG. 1, the present invention also contemplates
providing a secondary flow of gas, either alone or in combination with the primary flow
of gas (arrow C) from atmosphere. For example, a flow of oxygen from any suitable
source, such as an oxygen concentrator, or oxygen storage device (liquid or gas), can be
provided upstream of gas flow/pressure generator 52 or downstream of the gas flow
generator, for example, in the patient circuit or at the patient interface device, to control
the fraction of inspired oxygen delivered to the patient.

[0019] Pressure support system 50 shown in FIG. 1 is a single-limb system,
meaning that the patient circuit includes only delivery conduit 56 connecting the
patient to the pressure support device. As such, active exhaust valve 57 (controlled by
controller 64 described below) is provided in the delivery conduit 56 for, at times,
venting exhaled gasses from the system to atmosphere as indicated by arrow E. In
addition, exhaust valve 57 also be selectively actuated (under the control of controller
64) to allow exhaled gasses to re-enter delivery conduit 56 and be re-breathed by
patient 54. The purpose of this functionality in the present invention is described
elsewhere herein. It should be noted that the exhaust valve 57 can be provided at
other locations in addition to or instead of in the delivery conduit, such as in the
patient interface device 58. It should also be understood that exhaust valve 57 can
have a wide variety of configurations depending on the desired manner in which gas
is to be vented from the pressure support system.

[0020] The present invention also contemplates that the variable positive
airway pressure support system can be a two-limb system, having a delivery conduit
and an exhaust conduit connected to the patient. In a two-limb system, the exhaust
conduit carries exhaust gas from the patient and includes an exhaust valve at the end

4
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distal from the patient. The exhaust valve is typically actively controlled to maintain
a desired level of pressure in the system, which is commonly known as positive end
expiratory pressure (PEEP). This is accomplished by controlling the flow of exhaust
gas from the otherwise closed system.

[0021] In the illustrated exemplary embodiment of the present invention,
patient interface 58 is a nasal/oral mask. It is to be understood, however, that patient
interface 58 can include a nasal mask, nasal pillows, tracheal tube, endotracheal tube,
or any other device that provides the gas flow communicating function. Also, for
purposes of the present invention, the phrase “patient interface” can include delivery
conduit 56 and any other structures that connect the source of pressurized breathing
gas to the patient.

[0022] Tt is to be understood that various components may be provided in
or coupled to the patient circuit. For example, a bacteria filter, pressure control valve,
flow control valve, sensor, meter, pressure filter, humidifier and/or heater can be
provided in or attached to the patient circuit. Likewise, other components, such as
muffler and filters can be provided at the inlet of gas flow/pressure generator 52 and
at the outlet of valve 60 (described below).

[0023] In the illustrated embodiment, variable positive airway pressure
support system 50 includes a pressure controller in the form of a valve 60 provided in
delivery conduit 56. Valve 60 controls the pressure of the flow of breathing gas from
gas flow/pressure generator 52 delivered to patient 54. For present purposes, gas
flow/pressure generator 52 and valve 60 are collectively referred to as a “pressure
generating system” because they act in concert to control the pressure and/or flow of
gas delivered to the patient.

[0024] It should be apparent that other techniques for controlling the
pressure delivered to the patient by the gas flow/pressure generator, such as varying
the blower speed, either alone or in combination with a pressure control valve, are
contemplated by the present invention. Thus, valve 60 is optional depending on the
technique used to control the pressure of the flow of breathing gas delivered to the
patient. If valve 60 is eliminated, the pressure generating system corresponds to gas

flow/pressure generator 52 alone, and the pressure of gas in the patient circuit is
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controlled, for example, by controlling the motor speed of the gas flow/pressure
generator.

[0025] Pressure support system 50 further includes flow sensor 62 that
measures the flow of breathing gas within delivery conduit 56. In accordance with
the exemplary embodiment shown in FIG. 1, flow sensor 62 is interposed in line with
delivery conduit 56, most preferably downstream of valve 60. Flow sensor 62
generates a flow signal Qpeasurea that is provided to controller 64 and is used by
controller 64 to determine the flow of gas at the patient Qpatient.

[0026] Techniques for calculating Qpatient based on Qmeasurea are well known,
and take into consideration the pressure drop of the patient circuit, known leaks from
the system, i.e., the intentional exhausting of gas from the circuit as indicated by
arrow E in FIG. 1, and unknown leaks from the system, such a leaks at the
mask/patient interface. The present invention contemplates using any conventional
technique for calculating leak flow Qjeqx, and using this determination in calculating
Qpatient based on Qmeasured. Examples of such techniques are taught by U.S. Patent Nos.
5,148,802; 5,313,937; 5,433,193; 5,632,269; 5,803,0065; 6,029,664; 6,539,940;
6,626,175; and 7,011,091, and by U.S. patent application publication no.
2003/0066528, the contents of each of which are incorporated by reference into the
present invention.

[0027] Other techniques for measuring the patient flow of patient 54 are
contemplated by the present invention. For example, the flow can be measured
directly at patient 54, in which case the measured flow corresponds directly the
patient flow Qpatiens and no flow estimation is necessary. The present invention also
contemplates measuring the flow at other locations along delivery conduit 56.

[0028] In addition, the present invention contemplates determining the
estimated patient flow Qpasent based on other characteristics of the pressure support
system. For example, the operation of the gas flow/pressure generator or a
flow/pressure controller, such as a valve, is affected by the flow in the patient circuit,
or by the systems attempt to maintain the pressure in the system. As a result,
monitoring a characteristic of the system, such as monitoring the power, torque,
and/or rotating speed of the pressure generator or the position of the valve, can be
used as a surrogate for measuring the patient flow directly. It is also known to

6
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measure patient flow using a flow sensor upstream of the gas flow/pressure generator.
Of course, any combination of such flow measuring techniques can also be used. In
these latter cases, an estimation of patient flow Qpasien: based on the measured flow or
other parameter will be needed.

[0029] Furthermore, as is well known in the art, controller 64 may
determine the volume of the gas delivered to patient 54 by integrating patient flow
data (based on data provided by flow sensor 62 and determined in any of the manners
described herein or any other suitable manner).

[0030] Controller 64 includes a processing portion which may be, for
example, a microprocessor, a microcontroller or some other suitable processing
device, and a memory portion that may internal to the processing portion or
operatively coupled to the processing portion and that provides a storage medium for
data and software executable by the processing portion for controlling the operation of
pressure support system 50, including estimating the airway resistance and/or lung
compliance of patient 54 as described in greater detail herein.

[0031] Input/output device 66 is provided for setting various parameters
used by the variable positive airway pressure support system, as well as for displaying
and outputting information and data to a user, such as a clinician or caregiver. It is to
be understood that the present invention contemplates providing input/output
terminals so that the operation information and data collected by the pressure support
system can be monitored and controlled remotely.

[0032] As described elsewhere herein, estimating upper airway resistance
and/or lung compliance in a subject requires knowledge of the force applied to the
respiratory system of the subject. In mechanically ventilated patients who have
spontancous respiratory efforts, that force includes two components: (i) a known
component in the form of the pressure applied to the respiratory system by a pressure
signal (i.c., a delivered breathing gas) from a pressure support system such as pressure
support system 50, and (ii) an unknown component resulting from the diaphragmatic
pressure (Pys). Estimating upper airway resistance and/or lung compliance for such
patient is made particularly complex because typically it is necessary to
compensate/account for this unknown component and because this unknown
component varies with each respiratory cycle. However, if a period exists where the

7



WO 2011/145014 PCT/IB2011/051848

patient applies no diaphragmatic effort, there would be no need to
compensate/account for the unknown component in the upper airway resistance
and/or lung compliance estimation, and, as a result, an input-output system
identification approach or method using a model of the human lungs can be directly
applied to measured patient data to estimate upper airway resistance and/or lung
compliance.

[0033] One period where the patient applies no diaphragmatic effort is
during a central apnea. In particular, a central apnea occurs when there is a cessation
of airflow as a result of a lack of respiratory drive. The present invention provides a
method of estimating upper airway resistance and/or lung compliance wherein a
central apnea is induced in the patient in order to create a period where the unknown
component described above is eliminated, and to therefore allow the upper airway
resistance and/or lung compliance to be more simply estimated using an input-output
system identification approach that employs a model of the human lungs, such as,
without limitation, a known single compartment lung model. An example of a single
compartment lung model is described in United States Patent Application Publication
No. 2004/0097821, entitled “Method and Breathing Apparatus for Assessing
Pulmonary Stress,” the disclosure of which is incorporated herein by reference.

[0034] FIG. 2 is a flowchart showing a method of estimating the upper
airway resistance and/or lung compliance of a subject wherein a central apnea is
induced in the subject to enable the estimation to be made simply and effectively
according to one particular, non-limiting embodiment of the invention. The method
shown in FIG. 2 may be implemented in the exemplary pressure support system 50
shown in FIG. 1 (or in another suitable pressure support system) through appropriate
programming of controller 64. For illustrative purposes, the method will be described
herein as implemented in the pressure support system 50. In addition, the method
shown in FIG. need not be repeated continuously. Instead, it may be performed on a
periodic basis. Additionally, the frequency with which the method is performed may
depend on the quality of the estimation of resistance and/or compliance that is
obtained (the higher the quality, the less frequently it is performed). In the exemplary

embodiment described below, least-squared error estimation is employed, and the
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squared error is commonly used as an assessment of the “quality of fit” and therefore
indicates the quality of the estimation

[0035] The method of FIG. 2 begins at step 100, wherein a central apnea
inducing stimulus is provided to the patient using pressure support system 50. The
central apnea inducing stimulus may take a number of different forms. For example,
pressure support system 50 may increase the tidal volume of the patient for a given
respiratory effort to a point in which the patient’s PCO, level falls below the apneic
threshold. This may be accomplished by causing pressure support system 50 to
provide bi-level pressure with a high level of pressure support (i.c., the difference
between the inspiratory pressure and the expiratory pressure) until a central apnea
occurs. Alternatively, active valve 57 could be actuated in a manner that allows
exhaled air, and thus CO,, to reenter the patient circuit, thereby causing CO,
rebreathing to occur. This would cause hyperventilation and a drop in PCO, below
the apneic threshold to induce a central apnea. These methods, and/or other suitable
central apnea inducing methods, could be applied independently or in combination to
induce a central apnea.

[0036] Next, at step 102, a determination is made as to whether a cessation
of airflow has been detected based on the output of flow sensor 62. The cessation of
airflow would indicate a central apnea has been successfully induced in the patient. If
the answer at step 102 is no, then the method returns to step 100, where efforts to
induce a central apnea are repeated. If, however, the answer at step 102 is yes,
meaning a central apnea has been successfully induced in the patient, then the method
proceeds to step 104. At step 104, a known pressure stimulus in the form of a flow of
breathing gas at a known pressure level is provided to patient 54 by pressure support
system 50 through delivery conduit 56 and patient interface 58. For example, and
without limitation, the pressure stimulus could be a step change in the pressure level
of the flow of breathing gas provided by pressure support system 50. Next, at step
106, the flow rate of gas at the patient 54 (Qpatient) and/or the volume of the flow of
gas at the patient 54 associated with the provided known pressure stimulus is
determined. The flow rate of gas at the patient 54 (Qpatient) may be determined by
controller 64 in any of the manners described herein (e.g., based on the output of flow
sensor 62 ) or in any other suitable manner. In addition, as described elsewhere

9
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herein, the volume of the flow of gas at the patient 54 may be determined by
controller 64 by integrating the patient flow rate or in any other suitable manner. As
will be appreciated, steps 104 and 106 are performed during a period where patient 54
is experiencing a central apnea and thus when patient 54 is exerting no diaphragmatic
effort.

[0037] Following step 106, the method proceeds to step 108, wherein the
upper airway resistance and/or lung compliance of patient 54 is/are estimated using
cither or both of the determined patient flow rate and patient flow volume. In the
exemplary embodiment, upper airway resistance and/or lung compliance is/are
determined directly from either or both of the determined patient flow rate and patient
flow volume using an input-output system identification method based on, for
example, a single compartment lung model.

[0038] In one particular, non-limiting embodiment, upper airway resistance
and/or lung compliance is/are determined directly using an input-output system
identification method utilizing a single-compartment lung model in the following
manner. The transfer function in the s-domain relating patient flow to pressure of the
device and the diaphragm of the subject for the circuit in FIG. 3 is given by:

QP(S) G
P(s)  RCs+1’

(1)
where

(2) Pls)=P,(s)+P,,(s)=Pi(s).

[0039] Additionally, the patient volume is given by the equation
0,()
P

(3) ¥ls)=
[0040] Thus, the transfer function relating the pressure to patient volume is

given by the equation:

vis) C e _
) m_RCSnLl:V(S)_RCSnLIPd(S)’

[0041] Pd(s) represents the pressure of the pressurized flow of breathable
gas generated by a pressure support device. Since the pressures and volumes, for the

inhalation are known, any one of various known numerical estimation techniques can
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be used to determine resistance R and compliance C. By way of non-limiting
example, the technique of least-squared error could be implemented.

[0042] Moreover, one or more parameters relating to the flow of breathing
gas at the patient other than patient flow rate and patient flow volume may be
determined in step 106 and then used to directly to estimate upper airway resistance
and/or lung compliance.

[0043] Although the invention has been described in detail for the purpose
of illustration based on what is currently considered to be the most practical and
preferred embodiments, it is to be understood that such detail is solely for that
purpose and that the invention is not limited to the disclosed embodiments, but, on the
contrary, is intended to cover modifications and equivalent arrangements that are
within the spirit and scope of the appended claims. For example, it is to be
understood that the present invention contemplates that, to the extent possible, one or
more features of any embodiment can be combined with one or more features of any

other embodiment.
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CLAIMS:

1. A method of estimating upper airway resistance or lung compliance of a

patient, comprising:

inducing a central apnea in the patient;

providing a known pressure stimulus comprising a flow of breathing gas
having a known pressure level to the patient while the patient is experiencing the
central apnea;

determining a patient flow-related parameter associated with the known
pressure stimulus; and

estimating the upper airway resistance or the lung compliance of the
patient using the patient flow-related parameter.

2. The method according to claim 1, wherein the patient flow-related
parameter is a flow rate at the patient.

3. The method according to claim 1, wherein the patient flow-related
parameter is a volume of flow at the patient.

4. The method according to claim 1, wherein the estimating employs an
input-output system identification method.

5. The method according to claim 4, wherein the input-output system
identification method is based on a single compartment lung model.

6. The method according to claim 1, wherein the inducing a central apnea in
the patient comprises providing a central apnea inducing stimulus to the patient.

7. The method according to claim 6, wherein the inducing a central apnea
further includes determining whether patient airflow has ceased, and wherein the
providing the known pressure stimulus, the determining the patient flow-related
parameter and the estimating are performed only if it is determined that patient
airflow has ceased.

8. The method according to claim 6, wherein the providing a central apnea
inducing stimulus comprises increasing a tidal volume of gas delivered to the patient

to a point that causes the patient’s PCO, level to fall below an apneic threshold.
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9. The method according to claim 6, wherein the providing a central apnea
inducing stimulus comprises causing CO; rebreathing to occur in the patient to cause
the patient’s PCO, level to fall below an apneic threshold.

10. A system (50) for estimating upper airway resistance or lung compliance,
comprising:

a pressure generating system (52);

a patient circuit (56) operatively coupled to the pressure generating
system; and

a controller (64) operatively coupled to the pressure generating system,
the controller being adapted to estimate the upper airway resistance or the lung
compliance of a patient by:

inducing a central apnea in the patient;

causing the pressure generating system to generate a known pressure
stimulus comprising a flow of breathing gas having a known pressure level while the
patient is experiencing the central apnea, wherein the known pressure stimulus is
provided to the patient through the patient circuit;

determining a patient flow-related parameter associated with the known
pressure stimulus; and

estimating the upper airway resistance or the lung compliance of the
patient using the patient flow-related parameter.

11 The system according to claim 10, wherein the patient flow-related
parameter is a system according to claim 10, wherein the patient flow-related
parameter is a volume of flow at the patient.

12. The system according to claim 10, wherein the estimating employs an
input-output system identification method.

13. The system according to claim 12, wherein the input-output system
identification method is based on a single compartment lung model.

14. The system according to claim 10, wherein the inducing a central apnea
in the patient comprises causing the pressure generating system to provide a central
apnea inducing stimulus to the patient.

15. The system according to claim 14, wherein the inducing a central apnea

further includes determining whether patient airflow has ceased, and wherein the

13



WO 2011/145014 PCT/IB2011/051848

causing the pressure generating system to generate a known pressure stimulus, the
determining the patient flow-related parameter and the estimating are performed only
if it is determined that patient airflow has ceased.

16. The system according to claim 14, wherein the causing the pressure
generating system to provide a central apnea inducing stimulus to the patient
comprises causing the pressure generating system to increase a tidal volume of gas
delivered to the patient to a point that causes the patient’s PCO; level to fall below an
apneic threshold.

17. The system according to claim 14, wherein the causing the pressure
generating system to provide a central apnea inducing stimulus to the patient
comprises causing the patient circuit to allow CO, rebreathing to occur in the patient

to cause the patient’s PCO, level to fall below an apneic threshold.
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