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(M > 1) using M γ values, wherein each P is a leak pressure of the gas delivery system and each γ value is an integer or non-inte
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LEAK ESTIMATION USING LEAK MODEL IDENTIFICATION

[0001] This application claims the priority benefit under 35 U.S.C. § 119(e)

of U.S. Provisional Application No. 61/362,732 filed on July 9, 2010, the contents of

which are herein incorporated by reference.

[0002] The present invention relates to gas delivery systems, such as

positive pressure support systems and other ventilator (e.g., invasive) systems, and,

more particularly, to a method for estimating leak in a gas delivery system, and a gas

delivery system employing such a method.

2 . Description of the Related Art

[0003] There are numerous situations where it is necessary or desirable to

deliver a flow of breathing gas non-invasively to the airway of a patient, i.e., without

intubating the patient or surgically inserting a tracheal tube. Such therapies are

commonly referred to as non-invasive ventilation (NIV) therapies. For example, it is

known to non-invasively deliver continuous positive airway pressure (CPAP) or

variable airway pressure, which varies with the patient's respiratory cycle, to treat

medical disorders, such as obstructive sleep apnea (OSA), Obesity Hypoventilation

Syndrome (OHS) and Chronic Obstructive Pulmonary Disease (COPD).

[0004] NIV therapies involve the placement of a patient interface device

including a mask component on the face of a patient. The mask component may be,

without limitation, a nasal mask that covers the patient's nose, a nasal pillow/cushion

having nasal prongs that are received within the patient's nares, a nasal/oral mask that

covers the nose and mouth, or a full face mask that covers the patient's face. The

patient interface device interfaces the ventilator or pressure support device with the

airway of the patient through one or more delivery conduits (together commonly

referred to as a patient circuit) so that a flow of breathing gas can be delivered from

the pressure/flow generating device to the airway of the patient.

[0005] NIV using a single limb patient circuit has safely ventilated patients

with respiratory insufficiency for over ten years and those with severe sleep apnea for

over twenty years. In NIV, an accurate estimate of the patient flow is required for

consistent and accurate volume delivery and for the ventilator to sense the patient's

respiratory drive. The accuracy of the estimated patient flow is dependent on three

things: (i) the accuracy and precision of the total flow signal (which is measured at the



ventilator outlet and which is the composite of the patient flow and the flow caused by

leaks (both intentional and unintentional) about the patient interface), (ii) the accuracy

and precision of the pressure measurement at the leak sources, and, (iii) the ability to

model the leak flow as a function of one or more parameters such as pressure. Thus,

one of the key technologies for effective NIV is the estimation of leak flow.

[0006] Recent clinical practice has begun to increase pressure support in

NIV patients. Inspiratory Positive Airway Pressure (IPAP) levels above 30 cmH20

where rarely used ten years ago but now have become common practice for COPD

patients. These high pressure support levels amplify errors in the leak estimation.

The two primary sources of leak estimation error are (1) noise in the pressure and

flow data, and (2) that the assumed leak model is different than that of the actual leak

model. In one current leak estimation methodology, known as Auto-Trak™,

developed and employed by the assignee of the present invention, the leak model is

assumed to be an orifice and the leak is proportional to P , wherein P is the patient

pressure. However, the leaks that occur about the mask seals are typically

proportional to Ρ , where γ is above 1.0. Thus, the actual leak behaves differently

than that modeled by P , and the consequence of this leak error is to bias the

estimated patient flow negative in the expiratory phase and to bias the estimated

patient flow positive in the inspiratory phase. As a result, the triggering and cycling of

the positive pressure therapy are desensitized.

[0007] The ability to estimate leak flow is also important in situations

where it is necessary to deliver a flow of breathing gas to the airway of a patient

invasively, i.e., wherein the patient is intubated or has a surgically inserted tracheal

tube. Many of the problems with accurately estimating leak flow in NIV systems

described above are present in invasive ventilation using a gas delivery system like an

invasive ventilator system.

[0008] In one embodiment, a method of determining an estimated leak flow

Qest in a gas delivery system is provided that includes determining for each of N

breaths (N > 1): (i) an average total flow Q tot of the gas delivery system, and (ii) M

values of P7 (M > 1) using M y values, wherein each P is a leak pressure of the gas

delivery system and each y value is an integer or non-integer real number, determining

which one of the y values results in a minimum variation of the values of a coefficient



g over the N breaths, wherein for each breath and each y value the coefficient g is

determined by g = Q
tot

/ P 7 , and determining the estimated leak flow Qest using at

least the determined one of the y values.

[0009] In another embodiment, a gas delivery system is provided that is

adapted/programmed to estimate leak flow in the gas delivery system using the

method just described.

[0010] 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.

[0011] FIG. 1 is a schematic diagram of a pressure support system

according to one particular, non-limiting embodiment in which the leak estimation

methodology of the present invention may be implemented; and

[0012] FIG. 2 is a flowchart showing a methodology for finding g and γ for

leak estimation according to an exemplary embodiment of the present invention.

[0013] As used herein, the singular form of "a", "an", and "the" include

plural references unless the context clearly dictates otherwise. As used herein, the

statement that two or more parts or components are "coupled" shall mean that the

parts are joined or operate together either directly or indirectly, i.e., through one or

more intermediate parts or components, so long as a link occurs. As used herein,

"directly coupled" means that two elements are directly in contact with each other.

As used herein, "fixedly coupled" or "fixed" means that two components are coupled

so as to move as one while maintaining a constant orientation relative to each other.

[0014] As used herein, the word "unitary" means a component is created as

a single piece or unit. That is, a component that includes pieces that are created



separately and then coupled together as a unit is not a "unitary" component or body.

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. As employed herein, the

term "number" shall mean one or an integer greater than one (i.e., a plurality).

[0015] 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.

[0016] As described in greater detail herein, the present invention solves

many of the problems of existing leak estimation methods by providing an improved

leak estimation methodology. FIG. 1 is a schematic diagram of pressure support

system 50 according to one particular, non-limiting embodiment in which the leak

estimation methodology of the present invention may be implemented. It should be

understood that pressure support system 50 is meant to be exemplary only for

purposes of illustrating and describing the present invention, and that the present

invention may be implemented and employed in other types of gas delivery systems,

such as, without limitation, a ventilator, such as an invasive ventilator system, that

delivers volume controlled ventilation. One such alternative gas delivery system is

described in PCT Publication No. WO 2010/044038, entitled "Volume Control in a

Medical Ventilator," assigned to the assignee of the present invention, the disclosure

of which is incorporated herein by reference. Thus, the present invention may be

employed in any type of gas delivery system having leaks where it is necessary or

desirable to model leak flow.

[0017] Referring to FIG. 1, 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 thereof, for delivery to an airway of a patient 54 at relatively higher and

lower pressures, i.e., generally equal to or above ambient atmospheric pressure.



[0018] 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.

[0019] 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.

[0020] 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, exhaust port 57 is provided in the

delivery conduit 56 for venting exhaled gasses from the system to atmosphere as

indicated by arrow E. It should be noted that exhaust port 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 port 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.

[0021] The present invention also contemplates that pressure support

system 50 can be a two-limb system, having a delivery conduit and an exhaust

conduit connected to patient 54. In a two-limb system (also referred to as a dual-limb

system), the exhaust conduit carries exhaust gas from patient 54 and includes an

exhaust valve at the end distal from patient 54. The exhaust valve in such an

embodiment is typically actively controlled to maintain a desired level or pressure in

the system, which is commonly known as positive end expiratory pressure (PEEP).

[0022] 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.

[0023] It is also 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).

[0024] In the illustrated embodiment, pressure support system 50 includes a

pressure controller in the form of 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.

[0025] 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

controlled, for example, by controlling the motor speed of the gas flow/pressure

generator.

[0026] Pressure support system 50 further includes flow sensor 62 that

measures the flow of breathing gas within delivery conduit 56 (and thus the flow

being output by pressure support system 50). 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 Qtot (which, as described elsewhere herein, is the measured total circuit flow)

that is provided to controller 64.



[0027] Pressure support system 50 further includes one or more pressure

sensors that measure the pressure in the patient circuit. As seen in FIG. 1, pressure

sensor 5 1 measures the pressure near the ventilator outlet and pressure sensor 53

measures the pressure on or near patient interface 58. Either or both of these pressure

sensors 51, 53 can be used to generate a pressure signal that is representative of the

pressure at the source of the leak.

[0028] Processing element 64 receives (wired or wirelessly) pressure and

flow signals from the pressure and flow sensors (51, 53, 62), respectively, in order to

estimate Qieak .

[0029] Techniques for calculating the patient flow Qp based on Q tot 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. As stated elsewhere herein, the present invention provides

an improved methodology for calculating leak flow Qieak (which is described in detail

below), which may then be used in calculating Qp based on Q tot .

[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 be 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 leak flow Qieak 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] Having described an exemplary, non-limiting pressure support

system 50 in which the leak estimation methodology of the present invention may be

implemented, the leak estimation methodology of the present invention will now be

described in detail, including an exemplary, non-limiting embodiment thereof. In



addition, for illustrative purposes, the leak estimation methodology of the present

invention will be described as being implemented in pressure support system 50.

However, it will be understood that the leak estimation methodology of the present

invention may be implemented in respiratory positive pressure support systems

having different configurations.

[0033] Qieak is a composite flow of the intentional leak such as that

implemented on patient interface 58 and unintentional leaks that are usually

associated with leaks around the seals between the patient interface 58 and the face of

patient 54. From the conservation of mass, the following relates total flow from

pressure generating system 50, Qtot, to the patient flow, Qp and the leak flow, Q e a k -

Qtot(t) = Q p(t) + Qleak(t) .

[0034] Thus, Qp and combined to form Qtot, the total flow leaving

the ventilator, which in the exemplary embodiment is pressure generating system 50.

[0035] Qieak is a complex function of pressure at the leak, P, and perhaps

secondarily, Qtot, Qp , patient volume (V) and other measures, either directly or

estimated that affect the leak geometry or behavior (indicated generally by X). That

function, F, may be expressed as follows:

Q
l k

=F(P,Q p ,Q
tot

,V,X)

[0036] One simplification of the leak model uses a single coefficient (G) in

front of P raised to an exponent (λ), and may be expressed as follows:

Q
L K

=G .

[0037] Furthermore,
¾

can be divided into intentional leak, Q , and

unintentional leak, Qu , and thus Q e a k may be expressed as follows:

Qleak = Q + Qui.

The intentional leak component of Qleak is often an orifice and has the general form
of

Qu = l

[0038] where _il is a complex function of the orifice geometry. Most

intentional mask leaks have a _il of 0.5 to 0.7. However, the Plateau Exhalation

Valve (PEV) has a constant leak flow with respect to pressure and, thus, its gamma is

0 . Unintentional leaks, such as those from mask seals, facial deformities, facial hair,



and cuff leaks, can have values for λ ranging from about 0.6 to 1.5. A simplified

general form for these leaks is similar to that for the intentional leak and is given by

the following:

The estimate of the leak, Qest, is given below where the basis function for the leak is

Q
t
=gf(P,QP ,Qtot,V,X)

[0039] In keeping with the generalized formulation for the function F

discussed above, a complementary generalized formulation for/is as follows:

f =P
[0040] where γ is the estimate of λ in F. For any given y, the coefficient g

in the function/is found from the following:

§ f '
where the bar denotes an average value over a single breath.

[0041] Where / = P is assumed, then γ can be found using the following

methodology. If the average ofP , Ρ , is sufficiently different between two breathes

(A and B), then g and γ can be found either directly or iteratively such that:

[0042] For most leak scenarios, the Gand λ remain constant for many

breaths. During sleep and calm breathing, the variations between breaths are too

small to use the above methodology to find g and y. Thus, the present invention

provides an alternative methodology for finding g and y that may be used during sleep

and clam breathing that employs a statistical method that minimizes the variation of g .

FIG. 2 is a flowchart illustrating one exemplary embodiment of such a method. In the

exemplary embodiment, the method of FIG. 2 is implemented in controller 64 (i.e., a

program or programs implementing the method is stored in the memory portion of

controller 64 and is executable by the processing portion of controller 64). In

addition, in the exemplary embodiment, after an initial data collection period of a



certain number of breaths, the method of FIG. 2 is executed with each new breath so

that the leak estimation can be updated with each new breath using the determined g

and γ values.

[0043] Referring to FIG. 2, the method begins at step 100, wherein for each

of N breaths (N>1; e.g., 5), the following items are determined: (i) average total flow

Q tot for the breath; (ii) P for M different values of y (M>1) ranging from a first

predetermined value (e.g., 0) to a second predetermined value (e.g., 1.5) by

predetermined increments (e.g., increments of 0.1) (with the result being M

different P 7 values); and (iii) M different values for g using average total flow t for

the breath and each of the M different P values for the breath based on

where f = P 7 .

[0044] In the exemplary embodiment, each of the M different values of y is

an integer or a non-integer (positive or negative) real number. Next, at step 105, for

each of the M different values of y (e.g., ranging from 0 to 1.5 by 0.1 increments),

measure the degree of variation in each of the g values that were calculated over the N

breaths in step 100 using that y . In the exemplary embodiment, this degree of

variation is measured by calculating the standard deviation of the g values. As will

appreciated, other methods for determining the degree of variation of the g values

may be used, such as, without limitation, the variance, average absolute difference or

maximum difference, among others. At step 110, which particular one of values of y

that has the g values having the smallest amount of variation (e.g., the smallest

standard deviation) associated therewith. That particular one of M values of y shall,

for convenience, be refereed to as y sma ii-Var- Then, at step 115, a particular value,

refereed to as g sma ii-Var for convenience, is determined by averaging each of the g

values in the N breaths that are associated with y sma ii-var- Next, at step 120, the leak

flow is estimated based on the following:

mal -var
est small -var

[0045] In one particular, optional embodiment, once the y sma ii-Var is

determined as described above, steps 100 to 115 are repeated for the N breaths, using

a range of values (e.g., X values) around y sma ii-Var with a smaller increment. For



example, suppose the first pass search (γ = 0 to 1.5 by increments of 0.1) found that γ

= 0.9 produced a g with the least variation. Then, a new search range of, for example,

0.8 to 1.0 by increments of 0.02 may be used to yield a further refinement of γ . This

iteration process may be repeated any number of times. The new ysma n-var and g sma ii-var

values that are determined after the iterations are complete would then be used in step

120 to determine leak flow.

[0046] Furthermore, other iterative methods of searching for γ to minimize

the variation of g can be employed. One such method would be:

where k is the iteration index and k describes the step-size towards minimizing

variation in g .

[0047] It can be appreciated from the foregoing that the present invention

provides an improved leak estimation technique for use in gas delivery systems, such

as, without limitation, positive pressure support systems or invasive ventilator

systems, particularly in cases, such as when high pressure support levels are

employed, where errors in leak estimation will be amplified.

[0048] 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.



What is Claimed is:

1. A method of determining an estimated leak flow e t n a gas delivery

system (50), comprising:

determining for each of N breaths (N > 1): (i) an average total flow

Q
tot

of the gas delivery system, and (ii) M values of P 7 (M > 1) using M γ values,

wherein each P is a leak pressure of the gas delivery system and each γ value is an

integer or non-integer real number;

determining which one of the γ values results in a minimum variation of

the values of a coefficient g over the N breaths, wherein for each breath and each γ

value the coefficient g is determined by g = Q
tot

/ P 7 ; and

determining the estimated leak flow Qest using at least the determined one

of the γ values.

2 . The method according to claim 1, wherein the determining the

estimated leak flow Qest comprises determining a particular coefficient g using the

determined one of the γ values, and determining the estimated leak flow Qest using the

determined one of the γ values and the particular coefficient g .

3 . The method according to claim 2, wherein the determining a particular

coefficient g using the determined one of the γ values comprises averaging each of the

values of the coefficient g that were determined using the determined one of the γ

values to provide the particular coefficient g .

4 . The method according to claim 1, wherein the γ values comprises a

range of real numbers extending from a first real number to a second real number by

predetermined increments.

5 . The method according to claim 4, wherein the first real number is 0,

the second real number is 1.5, and each of the predetermined increments is 0.1.



6 . The method according to claim 4, wherein the determining the

estimated leak flow Qest comprises: (i) determining for each of the N breaths X values

of P 7 (X > 1) using X y values in a first range around the determined one of the y

values extending from a third real number to a fourth real number by predetermined

second increments, wherein the predetermined second increments are smaller than the

predetermined increments, (ii) determining which one of the X y values results in a

minimum variation of the values of the coefficient g over the N breaths determined

using the X y values, and determining the estimated leak flow Qest using at least the

determined one of the X y values.

7 . The method according to claim 1, wherein the minimum variation is

determined based on at least one of standard deviation, variance, average absolute

difference or maximum difference.

8. A gas delivery system (50), comprising:

a pressure generating system (52, 60) adapted to produce a first flow of

gas;

a patient circuit (56, 58) operatively coupled to the pressure generating

system; and

a controller (64) operatively coupled to the pressure generating system,

the controller being programmed to determine an estimated leak flow Qest in the gas

delivery system (50) by:

determining for each of N breaths (N > 1): (i) an average total flow

Q tot of the gas delivery system, and (ii) M values of P 7 (M > 1) using M y values,

wherein each P is a leak pressure of the gas delivery system and each y value is an

integer or non-integer real number;

determining which one of the y values results in a minimum variation of

the values of a coefficient g over the N breaths, wherein for each breath and each y

value the coefficient g is determined by g = Q tot / P 7 ; and

determining the estimated leak flow Qest using at least the determined one

of the y values.



9 . The gas delivery system according to claim 8, wherein the

determining the estimated leak flow Q est comprises determining a particular

coefficient g using the determined one of the y values, and determining the estimated

leak flow Q est using the determined one of the y values and the particular coefficient g.

10. The gas delivery system according to claim 9, wherein the

determining a particular coefficient g using the determined one of the y values

comprises averaging each of the values of the coefficient g that were determined

using the determined one of the y values to provide the particular coefficient g.

11. The gas delivery system according to claim 8, wherein the y values

comprises a range of real numbers extending from a first real number to a second real

number by predetermined increments.

12. The gas delivery system according to claim 11, wherein the first real

number is 0, the second real number is 1.5, and each of the predetermined increments

is 0.1.

13. The gas delivery system according to claim 11, wherein the

determining the estimated leak flow Q est comprises: (i) determining for each of the N

breaths X values of Ρ (X > 1) using X y values in a first range around the

determined one of the y values extending from a third real number to a fourth real

number by predetermined second increments, wherein the predetermined second

increments are smaller than the predetermined increments, (ii) determining which one

of the X y values results in a minimum variation of the values of the coefficient g over

the N breaths determined using the X y values, and determining the estimated leak

flow Qest using at least the determined one of the X y values.

14. The gas delivery system according to claim 8, wherein the minimum

variation is determined based on at least one of standard deviation, variance, average

absolute difference or maximum difference.
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