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METHOD AND APPARATUS FOR PROVIDING POSITIVE AIRWAY
PRESSURE TO A PATIENT

RELATED APPLICATIONS

[0001] This application claims priority of U.S. Provisional Patent

Application No. 60/739,501, filed 23 November 2005 and incorporated herein by

reference.

BACKGROUND

[0002] Obstructive Sleep Apnea (OSA) is a breathing disorder that affects

millions of patients having airways that are prone to narrowing and/or collapse during

sleep. The obstruction of the airway can lead to decreased oxyhemoglobin saturation

and increased levels of carbon dioxide, which are clinically associated with

cardiovascular disease and death.

[0003] Continuous Positive Airway Pressure (CPAP) is an effective therapy

for treating OSA. CPAP provides positive pressure to a patient's airway through a

tube connecting an air flow generator to a patient interface, such as a mask, nasal

cannulae, or tracheal device, that is worn while the patient sleeps. The positive

pressure prevents the airway from collapsing. It is estimated, however, that over 30%

of OSA patients are not in compliance with their prescribed CPAP therapy because

the mechanized breathing can be uncomfortable. In particular, the expiratory phase of

CPAP respiration involves breathing against high pressure.

[0004] The main objective of CPAP therapy is to keep the airway open

during inspiration, where the lungs are at lower pressure than the nose or mouth, and

where negative pressure gradients and relaxed muscle may contribute to airway

collapse. To achieve this end, traditional CPAP therapy provides a constant pressure

level, i.e., the pressure required during inspiration. Thus the patient is required to

exhale against high external pressure in the mask, cannulae or other device.

[0005] Bi-level positive airway pressure (bi-level PAP) therapies, such as

those described in U.S. Patent Nos. 5,239,995, 6,105,575, and 6,932,084, lower the

applied pressure during exhalation. However, these bi-level therapies must detect the

phase of patient breathing in order to switch between inspiratory pressure (high

pressure) and expiratory pressure (low pressure). A delay in bi-level systems, which
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is present between detection of a change in respiratory cycle and. adjustment of the

airflow, could present a problem if the pressure at the end of an expiratory phase is

too low to prevent airway collapse at the start of the next inspiration. For this reason,

the average of the inspiratory and expiratory pressures of traditional bi-level therapy

must be close to the CPAP level, i.e., the pressure required to maintain airway

integrity. Bi-level therapy thus fails to offer an optimal treatment.

SUMMARY

[0006] Apparatus and methods are provided for delivering pressurized air to

the airway of a patient for the treatment of OSA and other respiratory and/or

pulmonary disorders.

[0007] In one embodiment, a method for providing positive airway pressure

to a patient includes sensing load on a motor that pressurizes flow of air to an airway

of the patient; comparing a pressure sensed proximate the airway to a therapeutic

pressure, and adjusting motor speed, based on motor load, so that the sensed pressure

equals the therapeutic pressure.

[0008] In one embodiment, an apparatus for providing positive airway

pressure to a patient, includes a flow generator having a motor and a blower for

providing a flow of air at a selected inspiratory pressure, and a patient interface

connected with the flow generator, for conducting the air to an airway of the patient.

A pressure sensor monitors pressure of the air at the interface and generates an

interface pressure signal. A load sensor senses load on the motor and generates a load

signal. A respiratory phase detector, in communication with the load and pressure

sensors, processes the load signal with the interface pressure signal to determine a

respiratory phase, and generates a phase signal. A processor in communication with

the pressure sensor, load sensor and phase detector processes the phase, load and

pressure signals with the inspiratory pressure and a selected expiratory pressure, to

determine an expiratory unloading factor. The expiratory unloading factor indicates a

difference in motor load required to generate the inspiratory and expiratory pressures

at the interface. A pressure controller in communication with the processor and the

flow generator alters operation of the motor during an expiratory phase and according

to the expiratory unloading factor, to achieve the expiratory pressure at the interface.
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[0009] In one embodiment, a method of providing positive airway pressure

to a patient, includes supplying a flow of air to an airway of a patient at a selected

inspiratory pressure; determining an inspiratory phase of respiration; monitoring

pressure of the air proximate the airway, and monitoring load on a motor generating

the flow of air. The pressure proximate the airway, the load and the selected

inspiratory pressure are processed with a selected expiratory pressure that is lower

than the inspiratory pressure, to correlate the inspiratory pressure with an inspiratory

motor load and the expiratory pressure with an expiratory motor load. An expiratory

unloading factor that achieves the expiratory pressure proximate the airway is

determined from the correlated pressures. An expiratory phase of breathing is

determined, and the expiratory unloading factor is applied to reduce pressure

proximate the airway from the inspiratory pressure to the expiratory pressure.

[0010] In one embodiment, a method for providing positive airway pressure

to a patient includes sensing load on a motor that pressurizes flow of air to an airway

of the patient; correlating the load with pressure at the airway, and adjusting motor

speed, based on motor load, so that the correlated pressure equals a therapeutic

pressure that maintains functionality of the airway.

[0011] In one embodiment, a software product has instructions, stored on

computer-readable media, wherein the instructions, when executed by a computer,

perform steps for delivering positive airway pressure to a patient, including:

instructions for supplying a flow of air to an airway of a patient at an inspiratory

pressure; instructions for monitoring load on a motor pressurizing the flow of air;

instructions for processing data indicative of the inspiratory pressure with data

indicative of the load, to correlate the inspiratory pressure with the load; instructions

for determining, from the correlated pressure and load, an expiratory unloading factor

that achieves a selected expiratory pressure at the airway; instructions for determining

an expiratory phase of breathing, and instructions for controlling the motor with the

expiratory unloading factor, to reduce pressure at the patient airway from the

inspiratory pressure to the expiratory pressure.

[0012] In one embodiment, an apparatus for providing positive airway

pressure to a patient has a positive airway pressure module in communication with a

CPAP machine, for regulating pressure of air delivered to a patient during an
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expiratory phase of breathing. The module determines load on a CPAP machine

motor and correlates the load with a therapeutic CPAP level delivered to the patient

by the CPAP machine. Based upon the correlated load and a selected expiratory

pressure, the module reduces the CPAP level delivered to the patient, during the

expiratory phase, to the expiratory pressure.

[0013] In one embodiment, a method for providing positive airway pressure

to a patient, includes sensing pressure of air delivered to a patient airway, during an

inspiratory phase of breathing; sensing load on a motor pressurizing the air to the

patient, during an expiratory phase of breathing, and automatically reducing speed of

the motor according to the sensed load, to reduce pressure at the patient airway,

wherein pressure during the expiratory phase is directly proportional to the motor

load.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a block diagram of a prior art sleep apnea treatment

apparatus.

[0015] FIG. 2 is a graphical representation of a CPAP respiratory flow

waveform.

[0016] FIG. 3 is a graphical representation of load on a motor generating the

CPAP respiratory flow waveform of FIG. 2.

[0017] FIG. 4 is a graphical representation of a pressure waveform for

CPAP without closed loop pressure control.

[0018] FIG. 5 is a graphical representation of a pressure waveform for

CPAP with closed loop pressure control.

[0019] FIG. 6 is a block diagram of an apparatus for providing positive

airway pressure to a patient, in accordance with an embodiment.

[0020] FIG. 7 is a flowchart showing one process for calibrating the

apparatus of FIG. 6.

[0021] FIG. 8 is a flowchart depicting application of an expiratory unloading

factor in a method for providing positive airway pressure to a patient, according to

one embodiment.

[0022] FIG. 9 is a flowchart illustrating determination of an expiratory
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unloading factor, for application in the method of FIG. 8.

[0023] FIG. 10 is a flowchart showing a method for providing positive

airway pressure to a patient, according to one embodiment.

[0024] FIG. 11 is a graph of pressure waveforms for CPAP with expiratory

unloading as a percentage of CPAP according to one embodiment.

[0025] FIG. 12 is a graph of pressure waveforms for CPAP with expiratory

unloading proportional to a motor loading factor, according to one embodiment.

[0026] FIG. 13 is a flowchart showing a method for providing positive

airway pressure to a patient, according to one embodiment.

[0027] FIG. 14 is a flowchart showing a method for providing positive

airway pressure to a patient, according to one embodiment.

DETAILED DESCRIPTION OF THE DRAWINGS

[0028] FIG. 1 is a block diagram of a prior art sleep apnea treatment

apparatus 10. Apparatus 10 delivers air to a patient 12 using an airflow generator 14,

i.e., a conventional CPAP or bi-level PAP blower. Generator 14 may be a

conventional CPAP or bi-level PAP blower that receives air, oxygen or other suitable

breathing gas from a source 15, such as a pressurized bottle and/or the ambient

atmosphere. Generator 14 delivers the air through tubing 16 to a patient interface,

such as a mask 18. Mask 18 may include an exhaust port 20 for conducting exhaled

air out of apparatus 10. A flow transducer 22 measures patient inspiration and

expiration, and generates signals indicative of inspiration and expiration flow rates

within tubing 16. Circuitry 24 receives signals from flow transducer 22 and

additional controls 26, 28, 30. A base pressure control 26 establishes base pressure,

which may correlate with the pressure necessary to maintain an open airway. An

inspiratory pressure control 28 allows for setting a resistive gain to be applied to

detected inspiratory flow, and an expiratory pressure control 30 permits setting of a

resistive gain to be applied to detected expiratory flow.

[0029] In response to output from circuitry 24, pressure controller 32

controls pressure of the air within tubing 16. Thus, the pressure of air delivered to the

patient during an expiratory phase is a function of patient airflow rate. As shown in

the graphs of FIGs. 2-4 and described below, controlling air pressure to the patient
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improves ventilation. However, pressure control based solely upon patient flow rate

may lead to suboptimal ventilation, as it fails to account for load changes associated

with elastic forces that are related to patient lung volume.

[0030] FIGs. 2 and 3 respectively illustrate (a) respiratory flow and (b) load

variations on a motor (or generator, such as flow generator 14, FlG. 1) generating

respiratory flow in CPAP or bi-level PAP therapy. Respiratory graph 40, FIG. 2,

shows a respiratory flow waveform 42. Waveform 42 represents two and one half

respiratory cycles 44A-44C, each respiratory cycle including an inspiration phase and

an expiration phase. Graph 40 for example depicts the manner is which apparatus 10

delivers pressurized air to patient 12. As used herein, "air" refers to ambient air,

oxygen or other suitable breathing gas obtained from the ambient atmosphere or from

a bottle or tank. Inspiration appears as a positive flow where air (e.g., pressurized by

a blower driven by the motor) enters a patient's respiratory system, e.g., between t i

and t . Expiration appears as negative flow where air exits a patient's respiratory

system and apparatus 10 through exhaust port 20, e.g., between t2 and t3.

[0031] Graph 50, shown in FIG. 3, shows changing motor load (e.g., work

required of the motor) during respiratory cycles 44A-44C. During inspiration, for

example from t -t2, the load on the motor, represented by load signal line 52,

increases. The power supplied to the motor increase to maintain the speed that

produces a prescribed air pressure for preventing collapse of a patient's airway.

Hereinafter, preventing collapse of a patient's airway may also be referred to as

maintaining openness or functionality of the airway. During an expiratory phase (e.g.,

t -t3), load on the motor decreases and less power is required to produce the

prescribed air pressure.

[0032] Variations in motor load may affect the actual air pressure delivered

to a patient. FIG. 4 shows a graph 60 of air pressure delivered to a patient in a CPAP

system without closed loop pressure control. In graph 60, the power driving the

motor is not adjusted according to the change of load. Therefore, the load increase

during inspiration (see FIG. 3) causes air pressure, represented by line 62, to be

delivered to the patient at a pressure that is lower than the set CPAP (or below

prescribed therapeutic pressure). The opposite applies to the expiratory phase. Power

to the motor is not adjusted as load on the motor is reduced during expiration (see
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FIG. 3 expiratory phases). The pressure delivered to the patient is thus increased (or

higher than prescribed therapeutic pressure). High pressure during expiration may

cause discomfort to the patient and discourage compliance with a prescribed CPAP or

bi-level PAP regimen. Accordingly, pressure control may Ke provided in CPAP

systems.

[0033] FIG. 5 is a graphical representation 70 showing a pressure waveform

72, as may result from a conventional CPAP system with closed loop pressure

control. Air pressure at a patient's mask (or airway opening) may be sampled and

monitored continuously, for example by a pressure transducer. A pressure control

module, e.g., pressure controller 32, FIG. 1, compares set CPAP to actual pressure at

the patient interface (e.g., a nasal mask such as mask IS) and adjusts power delivered

to the motor according to pressure differences, to maintain a stable pressure at the

patient interface. Inspiratory pressure does not fall below a therapeutic CPAP, as

experienced with the system shown and described with respect to FIG. 4. However,

neither does expiratory pressure drop below the CPAP. Hence, a patient undergoing

therapy must exhale against substantial pressure, which may again lead to discomfort

and non-compliance with CPAP therapy.

[0034] FIG. 6 shows an apparatus 100 that provides positive airway pressure

to a patient. Apparatus 100 controls delivery of air to a patient 102, based not only

upon pressure at a patient interface 104, but also based upon load on a motor.

Apparatus 100 may thus compensate for changes in both resistive load, related to air

pressure, and elastic load, which is related to patient lung volume.

[0035] Apparatus 100 includes an airflow generator 106, which may include

an electro-mechanical valve and/or, as shown, a blower 108 and a motor 110.

Airflow generator 106 receives air from source 112, such as a pressurized bottle, the

ambient atmosphere or a combination thereof. Air is routed through tubing 114 from

airflow generator 106 to patient interface 104. Patient interface 104 is for example a

nasal or full face mask, a mouthpiece, a nasal seal, nasal prongs or cannulae, an

endotracheal tube, a trachea adapter or any other suitable appliance for interfacing

between a source 112 of air and a patient. Patient interface 104 includes an exhaust

port 116 through which exhaled air may exit apparatus 100. Tubing 114 may be a

large bore flexible tube made, for example, of Tygon® or polyvinylchloride (PVC).
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[0036] A pressure sensor 118 monitors pressure of air at patient interface

104. Pressure sensor 118 may connect with a pressure pickup port 120 at patient

interface 104 via a small tube 122, for example. Sensor 118 provides signals

indicative of interface pressure to a processor 124; these signals may be produced

wirelessly or by way of a wire 126, for example. Processor 124 is for example a

microprocessor; an application-specific integrated circuit (ASIC) or intelligent

circuitry may also or alternately be used with apparatus 100 in place of processor 124.

Processor 124 likewise receives signals indicative of motor load, e.g., load on motor

110 of flow generator 106, from a load sensor 128. Load sensor 128 monitors motor

110 throughout the respiratory cycle to determine load on the motor during both

inspiration and expiration. For example, during inspiration, load sensor 128

communicates a signal representative of increased load on motor 110 to processor

124; during expiration, load sensor 128 communicates a signal representative of

decreased load on motor 110 to processor 124.

[0037] Processor 124 receives input from load sensor 128, pressure sensor

118 and a respiratory phase detector 130 that is also in communication with both

pressure and load sensors 118, 128. Phase detector 130 determines breathing phase

(inspiration or expiration) from pressure and load signals received from sensors 118,

128, respectively, and communicates the breathing phase to processor 124. A timer

129 provided with processor 124 may be used to determine average length and timing

of inspiration and expiration phases. Timer 129 may further indicate the time of day,

which may relate to a programmed start and/or stop time. Timer 129 may also be

used to record start times, stop times and dates of use of apparatus 100, to aid in

monitoring compliance with a prescribed treatment.

[0038] In one embodiment, pressure and load sensors 1 1 8, 128 continually

monitor and communicate air pressure and load, respectively, so that timing of

respiratory phases is not required. In this embodiment, processor 124 receives signals

related to pressure and load from sensors 118, 128, along with breathing phase

information from phase detector 130, and determines an air pressure to be provided to

patient 102.

[0039] In one embodiment, a CPAP control 132 and an expiratory unloading

control 134 communicate with processor 124. CPAP control 132 establishes an
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inspiratory pressure or base pressure, usually greater than zero, that is sufficient to

maintain airway integrity, for example during an inspiration phase of the respiratory

cycle. The CPAP level is typically a therapeutic pressure level for maintaining

functionality of the airway, determined or selected by a medical professional, e.g.,

during a sleep study. Expiratory unloading control 134 permits selection of an

expiratory unloading factor (EUF) that relates to a minimum target pressure during an

expiratory phase of the respiratory cycle. A patient, or more typically a medical

professional, may set the expiratory unloading factor to correspond with an expiratory

pressure profile that is more comfortable for the patient and sufficient to maintain

airway integrity during expiration..

[0040] Processor 124 calculates a required or desired air pressure based

upon input from pressure sensor 118, load sensor 128, respiratory phase detector 130,

CPAP control 132 and expiratory unloading control 134, and communicates the

required or desired air pressure to a pressure control 136. Processor 124 for example

directs pressure control 136 to control flow generator 106 by increasing, decreasing or

maintaining speed of motor 110, to in turn control air pressure at patient interface 104.

Pressure may likewise be controlled by use of an electro-mechanical valve. Pressure

controller 136 is continuously governed by, and outputs variable air pressure

responsive to, signals from processor 124. Pressure may be controlled according to a

signal representative of patient interface pressure and/or motor load, along with an

expiratory unloading factor (described below), so as to deliver the air to the patient at

a therapeutic pressure during an inspiratory phase, where the therapeutic pressure is a

pressure sufficient to counter airway collapse, and to deliver the air to the patient at a

generally lower therapeutic pressure during an expiratory phase. A therapeutic

pressure may be any pressure sufficient to prevent collapse of a patient's airway, with

frequently used pressures between 2 to 20 cm H2O, and more typically between 8 to

14 cm H2O.

[0041] A memory 138 may be used to record pressure, load and respiratory

phase data from pressure sensor 118, load sensor 128 and phase detector 130, along

with data from timer 129, (where provided) and programmed parameters, e.g., CPAP

and EUF.

[0042] In order to provide fail-safe operation, pressure controller 136 may
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receive input from CPAP control 132 and expiratory unloading control 134 via

processor 124, to define an acceptable range of pressures that may be applied before a

safeguard is activated. Optionally, the acceptable pressure range may be stored in

memory 138 and provided to pressure controller 136 via processor 124. Safeguards

activated upon breach of the acceptable pressure range may include automatic power

cut-off or an audible/visual alarm 140. A minimum pressure will generally be a

pressure sufficient to maintain airway integrity; a maximum pressure will be less than

a pressure that may result in patient discomfort and/or damage to the patient's lungs.

Collectively, processor 124, load sensor 128, phase detector 130, expiratory unloading

control 134 and (optionally) alarm 140 may be referred to as a positive airway

pressure module 141.

[0043] As described above, apparatus 100 may provide closed-loop or open-

loop pressure control. In closed-loop control, pressure is for example lowered

proportional to the motor's load when an expiratory phase commences. At the end of

an expiratory phase, patient airflow and motor load are both close to zero. Pressure

rises to the therapeutic inspiratory/CPAP level when an inspiratory phase starts. In

open-loop control, pressure at the patient interface is lowered to a fixed, preset value

(e.g., 3 cm H2O lower than inspiratory pressure) briefly and then ramped up to the

inspiratory pressure before next inspiration phase starts. The duration of lowered

pressure and pressure ramping may be determined based on individualized breathing

patterns determined by monitoring a number of patient breathing cycles. For

example, one or more expiratory phases may be monitored and a portion of the

expiratory phase for applying a maximum expiratory unloading pressure estimated,

e.g., from an average of the monitored phases. The maximum expiratory unloading

pressure for example represents the highest pressure used to maintain functionality of

the airway during expiration, without discomfort to the patient. After this maximum

expiratory unloading portion of the expiratory phase has passed, pressure is ramped

up from the maximum expiratory unloading pressure to the inspiratory/CPAP level,

such that the inspiratory/CPAP level is supplied upon inspiration.

[00441 FIGs. 7-10 illustrate exemplary steps performed by an apparatus for

providing positive airway pressure, such as apparatus 100. FIG. 7 shows a process

200 for calibrating apparatus 100. Following initiation in step 202, a constant



Docket No. 456771

minimal pressure (CMP), e.g., 5 cm H2O, is applied, in step 204. The CMP for

example corresponds with a prescribed CPAP level. In one example of steps 202, 204,

apparatus 100 is turned on and a calibration mode is selected. Flow generator 106

provides air/breathing gas to patient interface 104, under control of pressure controller

136. The pressure at the patient interface is sensed, in step 206, and load on flow

generator 106, or more particularly, motor 110, is measured, in step 208. Respiratory

phase is detected in step 210, and pressure, load and phase are recorded in memory

138, in step 212. In one example of steps 206-212, pressure sensor 118 detects

pressure at a pressure pickup port 120 in or near patient interface 104. Pressure

sensor 118 generates a signal indicative of sensed air pressure and relays the signal to

decision circuitry, e.g., processor 124. Processor 124 likewise receives a signal

representative of load on motor 110, from load sensor 128. Respiratory phase

detector 130 receives input from pressure sensor 118 and load sensor 128, to

determine inspiration and expiration phases of patient breathing, and relays phase

information to processor 124. Processor 124 communicates with memory 138 to save

the pressure, load and phase information.

[0045] In step 214, processor 124 correlates the pressure, load and phase

information with the CMP provided in step 204. Processor 124 processes the

correlated parameters with a prescribed CPAP, e.g., 12 cm H O to determine the

requirements on flow generator 106/motor 110 to produce the CPAP at patient

interface 104, in step 216. In one example of steps 214 and 216, processor 124

correlates the pressure and load information with inspiratory phase information and

the constant minimal pressure. Obstruction of a patient's airway most frequently

occurs during inspiration (when negative pressure gradients and relaxed muscle may

lead to collapse of the airway). Therefore adequate CPAP levels are provided to a

patient during inspiration. In step 218, generator requirements (e.g., motor speed)

necessary to achieve the prescribed CPAP level are saved in memory.

[0046] In step 220, a flow generator is controlled as determined in step 216

to produce the prescribed CPAP level at the patient interface. Pressure at the patient

interface is sensed in step 222. Step 224 is a decision. If sensed pressure corresponds

with the prescribed CPAP, calibration process 200 ends. If sensed pressure does not

match the CPAP, the flow generator is controlled to gradually adjust pressure at the
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patient interface until sensed pressure and CPAP are equal, in step 226. Process 200

continues by saving motor requirements, e.g., motor speed related to the achieved

CPAP are recorded in memory, in step 218, and the saved motor requirements as

verified in steps 220-224.

[0047] In one example of steps 220-226, pressure controller 136 increases

the speed of motor 110 to a determined speed for achieving the 12 cm H O CPAP at

patient interface 104 (determined in calibration step 216). Pressure at pressure

pickup port 120 is sensed with pressure sensor 118 and relayed to decision processor

124. If sensed pressure equals the 12 cm H2O prescription, calibration process 200

ends. However, if sensed pressure is less than 12 cm H2O, motor 110 is sped up,

under control of pressure controller 136, until feedback from sensor 118 indicates that

pickup port pressure has risen to 12 cm H2O. Conversely, if sensed pressure is greater

than 12 cm H2O, controller 136 decreases the speed of motor 110 until pickup port

pressure falls to the prescribed CPAP. Once sensed pressure and CPAP are equal,

speed of and/or load on motor 110 at the prescribed CPAP (at patient interface 104)

are saved in memory 138.

[0048] FIG. 8 is a flowchart illustrating one method 300 for providing

positive airway pressure to a patient. Method 300 is for example implemented by

apparatus 100, which may be calibrated as described with respect to FIG. 7. Airflow

is provided to a patient at prescribed CPAP, in step 302. Air pressure at the patient

interface and load upon a flow generator, e.g., motor 110, are measured in steps 304,

306, and air pressure and load signals are provided to decision circuitry in steps 308,

310. In step 312, respiratory phase is determined based upon the pressure and load

signals. In one example of steps 302-310, flow generator 106 and more specifically

motor 110 and blower 108, provide airflow to patient 102, via connected tubing 114

and patient interface 104. Pressure to the patient is controlled by pressure controller

136 according to output from decision processor 124. Pressure controller 136 for

example controls the speed of motor 110 to generate prescribed CPAP, as determined

in calibration process 200. Pressure sensor 118 monitors pressure at pressure pickup

port 120 and relays pressure signals to decision processor 124. Load sensor 128

monitors load on motor 110 and relays load signals to decision processor 124.

Likewise, respiratory phase detector 130 receives load and pressure signals from
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sensors 128, 118. Respiratory phase detector 130 determines phase of breathing

based upon the load and pressure signals, and sends a phase signal to decision

processor 124.

[0049] Step 314 is a decision. If the phase signal indicates an inspiratory

phase (i.e., the patient is inhaling), airflow continues to be supplied at the prescribed

CPAP, according to step 302. If the patient is not inhaling, a determination is made as

to whether the patient is in an expiratory phase (exhaling), in decision 316. Steps 318,

320 are optional and may, for example, be incorporated where method 300 is applied

to an ICU ventilator. If the patient is not inhaling or exhaling, and if a pre-set amount

of time has passed, according to decision 318, an alarm maybe triggered in step 320,

to alert a family member or medical practitioner to the patient's lack of respiration.

[0050] If in decision 316 it is determined that the patient is in an expiratory

phase, an expiratory unloading factor (EUF) is applied to reduce pressure at the

patient interface, in step 322. Expiratory unloading, described further with respect to

FIGs. 9, 12 and 13, refers to reduction in motor speed and a corresponding reduction

in air pressure provided to a patient during an expiratory phase of respiration. During

expiration, pressure is decreased in relation to the change in motor loading.

[0051] FIG. 9 is a flowchart illustrating a method 400 for determining an

expiratory unloading factor. Method 400 branches from calibration method 200, as

indicated. In particular, step 402 of FIG. 9 follows step 214 of FIG. 7; thus, the two

figures may best be understood when viewed together.

[0052] Flow generator or motor requirements for producing a therapeutic

expiratory pressure at the patient interface are determined, in step 402. For example,

circuitry 124 processes the correlated pressure, load and phase information from step

214 with a desired expiratory pressure measurement, e.g., 4 cm H2O, to determine a

motor speed necessary to deliver 4 cm H2O of air to the patient. In step 404, the EUF

is calculated based upon the motor requirements for achieving the desired expiratory

pressure and the motor requirements for achieving the CMP3 as determined in step

204, FIG. 7. The EUF may be calculated as a percentage or proportional reduction in

motor load, where the expiratory pressure is less than the CMP.

[0053] In step 406, flow generator or motor requirements determined in step

402, and the EUF determined in step 404, are saved to a memory. In one example of
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step 406, these requirements are saved to memory 138 of apparatus 100 (FIG. 6).

Respiratory phase is sensed in step 408 and, if the phase is expiratory (decision 410),

the calculated EUF is applied in step 412. In one example of steps 408-412,

respiratory phase detector 130 determines, from input of pressure sensor 118 and load

sensor 128, whether patient 102 is inspiring or expiring. If the patient is expiring,

decision processor 124 accesses the EUF from memory 138 and signals pressure

controller 136 to reduce motor speed by the EUF (e.g., by 40%), to achieve the

prescribed expiratory pressure.

[0054] Interface pressure is then sensed, in step 414. If the interface

pressure is equal to the prescribed expiratory pressure, decision 416, the EUF is

correctly calculated and method 400 ends. Method 400 may be a stand alone method

for determining the EUF and storing the EUF in memory, or method 500 (described

below) may commence once the EUF is correctly calculated.

[0055] Returning to decision 416, if interface pressure does not equal the

prescribed expiratory pressure, interface pressure is gradually adjusted and sensed, in

steps 4 18, 420. If the prescribed expiratory and interface pressures are equal, decision

422, the requirements for producing the prescribed expiratory pressure are

determined, a new EUF is calculated and the requirements and EUF are saved, in

steps 402-406. The new EUF is applied and tested as described above, with respect to

steps 408-422. In one embodiment, steps 408-422 represent a sampling cycle that is

performed at real-time intervals, for example, every 10 ms.

[0056] In one example of steps 414-422, pressure sensor 118 senses pressure

at pressure pickup port 120, and sends signals indicative of pressure to respiratory

phase detector 130 and decision processor 124 (FIG. 6). If the sensed pressure is not

equal to the prescribed expiratory pressure, apparatus 100 gradually adjusts pressure

by controlling speed of motor 110, and senses pressure changes during this

adjustment, with pressure sensor 118. Once the sensed pressure equals the prescribed

expiratory pressure, load on motor 110 (e.g., motor speed) necessary to achieve the

prescribed expiratory pressure (at patient interface 104) is saved in memory 138, and

a new EUF is calculated.

[0057] FIG. 10 is a flowchart showing a method 500 for providing positive

airway pressure to a patient, for example using apparatus 100 calibrated as described
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with respect to FIGs. 7 and 9. Method 500 is for example implemented, at least in

part, by processor 124, FIG. 6. In step 502, airflow is supplied to a patient at a

prescribed CPAP level. Pressure at the patient interface and load upon a motor for

providing air to the patient are sensed, in steps 504, 506. Steps 504, 506 maybe

performed more or less simultaneously, as one sensing step indicated by dotted box

505. Where load and pressure parameters have been correlated, e.g., as described

above with respect to FIGs. 7-9, respiratory phase may be determined based solely

upon measured motor load information, in step 508. Optionally, both motor load

information and pressure information may be used to determine respiratory phase.

Step 510 is optional. If desired, breathing phases may be timed and timing data stored

in a memory. For example, phases maybe determined from load and/or pressure

information obtained in steps 504, 506, and saved to memory 138 of apparatus 100.

[0058] Step 512 is a decision. If the phase is not expiratory, delivery of

prescribed CPAP continues in step 502. If the phase is expiratory, duration for

applying an EUF maybe determined, at optional step 514. In one example of step

514, timer 129 times the duration of a motor load and/or patient interface pressure (or

a range thereof) associated with expiration, and calculates an amount or percentage of

the total expiratory period to which the EUF should be applied. The EUF may be

applied for the first 40 percent of expiration, after which patient interface pressure is

increased or ramped to the prescribed CPAP level, as described further below. The

determined EUF is applied, in step 516.

[0059] In step 518, motor load and/or patient breathing (e.g., pressure) are

monitored to detect a switch in respiratory phase. As expiration ends, decision 520,

pressure is gradually ramped up toward prescribed CPAP, in step 522, so that

prescribed CPAP is provided when inspiration begins, decision 524. Ramping

patterns may be determined by a patient's physician, according to comfort or health

requirements. Steps 502-524 may continue until a programmed end time, for example

when the patient awakes. The end time may be governed by timer 129.

[0060] In one example of steps 516-524, an EUF is provided that reduces air

pressure during expiration to 40% of the prescribed CPAP. The EUF is for example

calculated in step 404, FIG. 9. Based upon an average expiratory phase determination

(e.g., determined by timing and recording a number of expiratory phases in steps 510-



Docket No. 456771

514, FIG. 5) the EUF is applied for 30% of an average expiratory phase. During the

next 70% of the expiratory phase, expiratory unloading is reduced (and air pressure

delivered to the patient is increased to CPAP) in proportion with motor load.

10061] In one example of steps 518-524, apparatus 100 (FIG. 6) monitors

changes in motor load during patient respiratory cycles. Memory 138 for example

includes a range of load values associated with inspiration and a range of load values

associated with expiration, determined during calibration (see, e.g., FIGs. 7-9). As

patient 102 exhales, load requirements on motor 110 may decrease. Decision

processor 124 registers the decrease in load and signals pressure controller 136 to

decrease motor speed accordingly, to deliver decreasing pressure to patient interface

104. A s patient 102 inhales, load sensor 128 senses a motor load associated (e.g., in

memory 138) with inspiration and decision circuitry signals pressure controller 136 to

increase motor speed until the pressure at interface 104 reaches the prescribed CPAP.

Conversely, as inhalation ends, load sensor 128 registers a load value associated with

the end of inspiration and an expiratory unloading factor is applied to decrease motor

speed and accordingly decrease pressure at patient interface 104.

[0062] FIG. 11 is a graphical representation 600 of pressure waveforms for

CPAP with expiratory unloading as a percentage of prescribed CPAP. Inspiratory

pressure is stabilized by compensating for increased motor load by increasing motor

speed during the inspiratory phase. During expiration, pressure is decreased by an

expiratory unloading factor, x , in relation to the change in motor loading. A fixed

maximum expiratory unloading pressure PEuτ_max may be determined by:

PEUT max = (l-*)*PcPAP Eq. 1,

where x is a percentage of applied CPAP level, P CPAP - FIG. 11 shows waveforms 602,

604 and 606, corresponding to respective x values of 10%, 30% and 40% of P CPA P-

PEuτ_max may be a pre-determined number, for example, 3cm H2O below the CPAP

[0063] The fixed maximum expiratory unloading pressure, e.g.,

10% of the applied CPAP, is attained at the beginning of an expiratory phase and

gradually ramped back to the CPAP for the start of an inspiratory phase. In one

embodiment, the expiratory unloading pressure is maintained for a period of time

equal to about 30% of the average expiratory time of the four preceding expiratory
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cycles before pressure ramping begins. The pressure rises to PCPAP immediately every

time an inspiration phase is detected. The maximum unloading pressure may be input

in the form of an expiratory unloading factor, such as a percentage of the desired

inspiratory pressure, to expiratory pressure control 124. Processor 124 may use

programmed parameters such as motor load (e.g., FIG. 9, steps 402-406) and timing

of respiratory cycles (FIG. 10, step 510) to direct pressure controller 136 to regulate

the speed of motor 110.

[0064] FIG. 12 is a graphical representation 700 of pressure waveforms for

CPAP with expiratory unloading proportional to a motor loading factor. During

expiration, pressure is decreased in relation to the change in motor loading. The

pressure at the maximum expiratory unloading point is not fixed. The shape of the

pressure waveform during expiratory phases (t2-t3 and 14-ts) reflects motor loading

signal line 52, FIG. 3. The actual pressure is determined by an expiratory unloading

factor in the form of a gain factor, k. The larger the gain, the more expiratory

unloading:

PEUT (t) = PCPAP + **M(t) Eq. 2,

[0065] where M(t) is a normalized motor loading factor with 0 as no loading

(e.g. at the end of expiratory or start of the next inspiratory phase when the flow is

close to zero), - 1 as minimum loading and + 1 as maximum loading. Any number of

pressure waveforms can be generated by varying gain factor k. FIG. 12 shows

waveforms 702, 704, 706, for k equal to 2, 3 and 4, respectively.

[0066] FIG. 13 is a flowchart illustrating a method 800 for providing

positive airway pressure to a patient. The steps of FIG. 13 are for example

implemented by processor 124, FIG. 6.

[0067] Load on a motor pressurizing a flow of air to an airway of a patient is

sensed, in step 802. In one example of step 802, load sensor 128 (FIG. 6) senses load

on motor 110 of flow generator 106, and communicates sensed load to processor 124.

In step 804, a pressure sensed proximate the airway is compared with a therapeutic

pressure, such as a prescribed CPAP or the inspiratory pressure prescribed for bi-level

PAP treatment. Motor speed is adjusted, based upon motor load, so that the sensed

pressure equals the therapeutic pressure, in step 806. In one example of steps 804,
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806, processor 124 receives a signal indicative of pressure sensed at pressure pickup

port 120, from pressure sensor 118. Processor 124 compares the sensed pressure to a

therapeutic pressure input via CPAP control 132 and directs pressure controller 136 to

increase speed of motor 110, to increase pressure at pickup port 120. Pressure

controller 136 may increase pressure (via motor 110) at pickup port 120 until pressure

sensed by sensor 118 and the therapeutic pressure are equal. For example, processor

124 may signal controller 136 to stop increasing and/or hold pressure, upon

determining that therapeutic and sensed pressures are equal.

[0068] FIQ. 14 is a flowchart showing a method 900 for providing positive

airway pressure to a patient. The steps of FIG. 14 are for example implemented by

processor 124, FIG. 6. In step 902, load on a motor pressurizing a flow of air to a

patient is sensed. For example, load sensor 128 (FIG. 6) senses load on motor 110 of

flow generator 106, and communicates sensed load to processor 124. Motor 110 may

operate with blower 108 to deliver the flow of pressurized air to patient 102, via

tubing 114 and interface 104. The sensed load is correlated with a pressure sensed at

the airway of the patient, in step 904. In one example of step 904, pressure sensor 118

senses air pressure at pickup port 120 and communicates a signal representative of the

pressure to processor 124. Processor 124 correlates the pressure with the load

communicated by load sensor 128.

[0069] In step 906, motor speed is adjusted, based upon motor load, so that

the correlated pressure equals a therapeutic pressure that maintains functionality of

the airway. In one example of step 906, processor 124 directs pressure controller 136

to adjust speed of motor 110 until pressure sensed by sensor 118 is equal to either a

therapeutic pressure input by CPAP control 132, or to a therapeutic expiratory

pressure. Processor 124 directs controller 132 to speed motor 110 up when motor

load is high, for example during inspiration, to achieve a therapeutic inspiratory

pressure/prescribed CPAP level. Processor 124 may also direct controller 132 to slow

motor 110 down when motor load is low, for example during expiration, to achieve an

expiratory pressure selected for patient comfort. Pressure controller 136 may adjust

pressure (by adjusting speed of motor 110) at pickup port 120 until pressure sensed by

sensor 118 and the therapeutic CPAP or expiratory pressure are equal.

[0070] Changes may be made in the apparatus and methods described herein
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without departing from the scope hereof. It should thus be noted that the matter

contained in the above description or shown in the accompanying drawings should be

interpreted as illustrative and not in a limiting sense. The following claims are

intended to cover all generic and specific features described herein, as well as all

statements of the scope of the present method and system, which, as a matter of

language, might be said to fall there between.



Docket No. 456771

CLAIMS

What is claimed is:

1. A method for providing positive airway pressure to a patient,

comprising:

sensing load on a motor that pressurizes flow of air to an airway of the patient;

comparing a pressure sensed proximate the airway to a therapeutic pressure;

and

adjusting motor speed, based on motor load, so that the sensed pressure equals

the therapeutic pressure.

2 . The method of claim 1, further comprising:

correlating the therapeutic pressure with the motor load;

sensing an expiratory phase of breathing, and

reducing motor speed, based upon motor load, to reduce pressure proximate

the airway to an expiratory pressure.

3. The method of claim 2, the therapeutic pressure comprising a pressure

selected to keep the airway open during inspiration and the expiratory pressure

comprising a pressure selected to keep the airway open during expiration.

4. The method of claim 2, wherein reducing motor speed comprises:

determining an expiratory unloading factor for reducing motor speed; and

applying the expiratory unloading factor to reduce the pressure proximate the

airway from the therapeutic pressure to the expiratory pressure.

5. The method of claim 2, the expiratory unloading factor comprising a

gain factor, k, wherein applying the expiratory unloading factor comprises processing

the gain factor k with the therapeutic pressure P CPAP to provide the expiratory pressure

PEUT (t) = PCPAP + A*M(t) ,
M(t) comprising a normalized motor loading factor.
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6. The method of claim 2, the expiratory unloading factor comprising a

percentage x of the therapeutic pressure PCPAP, wherein applying the expiratory

unloading factor comprises providing a fixed maximum expiratory unloading pressure

PEUTjuax = (1-X)*PCPAP -

7. The method of claim 2, further comprising:

sensing one or more additional expiratory phases;

averaging the expiratory phases;

estimating a portion of the expiratory phases for applying a maximum

expiratory unloading pressure; and

during an expiratory phase, ramping pressure from the maximum expiratory

unloading pressure to the therapeutic pressure, after the estimated

portion and prior to commencement of an inspiratory phase of

respiration.

8. The method of claim 7, wherein ramping pressure comprises

increasing motor speed proportional to a difference between the expiratory and

inspiratory pressures.

9. The method of claim 7, wherein ramping pressure comprises

increasing motor speed based upon a motor load value.

10. Apparatus for providing positive airway pressure to a patient,

comprising:

a flow generator having a motor and a blower for providing a flow of air at a

selected inspiratory pressure;

a patient interface connected with the flow generator, for conducting the air to

an airway of the patient;

a pressure sensor for monitoring pressure of the air at the interface and

generating an interface pressure signal;

a load sensor for sensing load on the motor and generating a load signal;

a respiratory phase detector in communication with the load and pressure

sensors, for processing the load signal with the interface pressure
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signal to determine a respiratory phase, and for generating a phase

signal;

a processor in communication with the pressure sensor, load sensor and phase

detector, for processing the phase, load and pressure signals with the

inspiratory pressure and a selected expiratory pressure to determine an

expiratory unloading factor, the expiratory unloading factor indicating

a difference in motor load required for generating the inspiratory and

expiratory pressures at the interface; and

a pressure controller in communication with the processor and the flow

generator, for altering operation of the motor during an expiratory

phase and according to the expiratory unloading factor, to achieve the

expiratory pressure at the interface.

11. The apparatus of claim 10, the expiratory unloading factor indicating a

change in a motor speed required for generating the inspiratory and expiratory

pressures at the interface.

12. The apparatus of claim 11 the change in motor speed comprising a

reduction in motor speed for reducing the interface pressure to the expiratory

pressure.

13. The apparatus of claim 10, the processor communicating with the

pressure controller upon determining the expiratory phase, to reduce speed of the

motor according to the expiratory unloading factor, the expiratory unloading factor

comprising a reduction in motor speed hased upon a motor load that is proportional to

the expiratory pressure.

14. The apparatus of claim 10, wherein upon sensing an expiratory phase,

the processor signals the pressure controller to reduce motor speed according to the

expiratory unloading factor, and wherein upon sensing an inspiratory phase, the

processor signals the pressure controller to increase motor speed, to increase interface

pressure to the inspiratory pressure.

15. The apparatus of claim 10, wherein the expiratory pressure at the

patient interface is directly proportional to the motor load.
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16. The apparatus of claim 10, further comprising a timer for timing one

or more of the expiratory phase, a portion of the expiratory phase for applying the

expiratory unloading factor, and an inspiratory phase.

17. The apparatus of claim 10, further comprising a memory for storing

one or more of the inspiratory pressure, interface pressure, load, phase, expiratory

pressure and expiratory unloading factor.

18. The apparatus of claim 17, further comprising algorithms contained

within the memory, the circuitry accessing the algorithms to determine the expiratory

unloading factor.

19. A method of providing positive airway pressure to a patient,

comprising:

supplying a flow of air to an airway of a patient at a selected inspiratory

pressure;

determining an inspiratory phase of respiration;

monitoring pressure of the air proximate the airway;

monitoring load on a motor generating the flow of air;

processing the pressure proximate the airway, the load and the selected

inspiratory pressure with a selected expiratory pressure that is lower

than the inspiratory pressure, to correlate the inspiratory pressure with

an inspiratory motor load and the expiratory pressure with an

expiratory motor load;

determining, from the correlated pressures, an expiratory unloading factor for

achieving the expiratory pressure proximate the airway;

determining an expiratory phase of breathing; and

applying the expiratory unloading factor to reduce pressure proximate the

airway from the inspiratory pressure to the expiratory pressure.

20. The method of claim 19, wherein determining the expiratory unloading

factor comprises determining a difference between the inspiratory pressure and the

expiratory pressure, and calculating a motor load associated with the expiratory

pressure.
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2 1. The method of claim 20, wherein applying the expiratory unloading

factor comprises reducing motor speed according to the percentage or proportional

difference.

22. The method of claim 20, determining the expiratory phase of breathing

comprising sensing a reduction in motor load correlated with the expiratory pressure,

and applying the expiratory unloading factor comprising reducing motor speed based

upon the reduced motor load.

23. The method of claim 19, determining the expiratory unloading factor

comprising:

determining a percentage or proportional difference between the inspiratory

and expiratory pressures; and

determining a percentage or proportional difference between the inspiratory

and expiratory motor loads,

wherein the load difference is directly proportional to the pressure difference.

24. The method of claim 19, further comprising:

detecting termination of the expiratory phase; and

ramping pressure from the expiratory pressure detected at termination of the

expiratory phase to the inspiratory pressure, prior to commencement of

an inspiratory phase of respiration, by increasing motor speed.

25. The method of claim 19, further comprising:

timing the expiratory phase of respiration;

selecting a portion of the expiratory phase for applying the expiratory

unloading factor;

applying the expiratory unloading factor during the selected portion; and

ramping pressure from the expiratory pressure to the inspiratory pressure upon

termination of the portion and prior to commencement of an

inspiratory phase of respiration.

26. A method for providing positive airway pressure to a patient,

comprising:

sensing load on a motor that pressurizes flow of air to an airway of the patient;
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correlating the load with pressure at the airway; and

adjusting motor speed, based on motor load, so that the correlated pressure

equals a therapeutic pressure that maintains functionality of the airway.

27. The method of claim 26, sensing load comprising sensing a reduced

load correlated with an expiratory phase of breathing, and adjusting motor speed

comprising applying an expiratory unloading factor to reduce motor speed;

wherein reducing motor speed reduces pressure at the airway.

28. The method of claim 27, further comprising:

sensing an increased load correlated with the therapeutic pressure, and

removing the expiratory unloading factor to increase motor speed to achieve

the therapeutic pressure at the airway.

29. A software product, comprising instructions, stored on computer-

readable media, wherein the instructions, when executed by a computer, perform steps

for delivering of positive airway pressure to a patient, comprising:

instructions for supplying a flow of air to an airway of a patient at an

inspiratory pressure;

instructions for monitoring load on a motor pressurizing the flow of air;

instructions for processing data indicative of the inspiratory pressure with data

indicative of the load, to correlate the inspiratory pressure with the

load;

instructions for determining, from the correlated pressure and load, an

expiratory unloading factor that achieves a selected expiratory pressure

at the airway;

instructions for determining an expiratory phase of breathing; and

instructions for controlling the motor with the expiratory unloading factor, to

reduce pressure at the patient airway from the inspiratory pressure to

the expiratory pressure.

30. Apparatus for providing positive airway pressure to a patient,

comprising:
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a positive airway pressure module in communication a CPAP machine, for

regulating pressure of air delivered to a patient during an expiratory

phase of breathing; wherein

the module determines load on a CPAP machine motor and correlates the load

with a therapeutic CPAP level delivered to the patient, by the CPAP

machine; and wherein

based upon the correlated load and a selected expiratory pressure, the module

reduces the CPAP level delivered to the patient during the expiratory

phase, to the expiratory pressure.

31. The apparatus of claim 30, the module comprising a respiratory phase

detector for detecting the expiratory phase; wherein reducing the CPAP level during

the expiratory phase comprises reducing motor speed in proportion to a difference

between the inspiratory pressure and the expiratory pressure.

32. The apparatus of claim 30, the module comprising a processor for

correlating the load and pressure and processing the correlated load and pressure with

the selected expiratory pressure to generate an expiratory unloading factor; wherein

the module controls motor speed by applying the expiratory unloading factor at

commencement of the expiratory phase.

33. A method for providing positive airway pressure to a patient-

comprising:

sensing pressure of air delivered to a patient airway, during an inspiratory

phase of breathing;

sensing load on a motor pressurizing the air to the patient, during an expiratory

phase of breathing; and

automatically reducing speed of the motor according to the sensed load, to

reduce pressure at the patient airway, wherein pressure during the expiratory phase is

directly proportional to the motor load.

34. The method of claim 33, further comprising monitoring pressure at the airway

during the expiratory phase, to insure that the pressure is sufficient to maintain the

aπrvvay in an open position.
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