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tions and recommendations to the clinician when Auto-PEEP is implicated. The suitable notifications and recommendations may
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VENTILATOR-INITIATED PROMPT REGARDING AUTO-PEEP DETECTION
DURING PRESSURE VENTILATION

Introduction

A ventilator is a device that mechanically helps patients breathe by replacing
some or all of the muscular effort required to inflate and deflate the lungs. Tn recent
years, there has been an accelerated trend towards an integrated clinical environment.
That is, medical devices are becoming increasingly integrated with communication,
computing, and confrol technologies. As a result, modern ventilatory equipment has
become increasingly complex, providing for detection and evaluation of a myriad of
ventilatory parameters. However, due to the shear magnitude of available ventilatory
data, many clinicians may not readily assess and evaluate the diverse ventilatory data to
detect certain patient conditions and/or changes in patient condition. For example, Auto-
PEEP is a dangerous condition associated with gas-trapping in the lungs that may be
implicated by slight changes in a variety of different parameters. Although quite serious,
Auto-PEEP is difficult to diagnose because it is not easily recognized or detected by
clinicians during the ventilation of a patient.

Indeed, clinicians and patients may greatly benefit from ventilator notifications
when evaluation of various ventilatory data is indicative of certain patient conditions,

changes in patient condition, effectiveness of ventilatory therapy, or otherwise.

YVentilator-Initiated Prompt Regarding Auto-PEEP Detection during Pressure

Ventilation

This disclosure describes systems and methods for monitoring and evaluating
ventilatory parameters, analyzing ventilatory data associated with those parameters, and
providing useful notifications and/or recommendations to clinicians. Modern ventilators
monitor, evaluate, and graphically represent a myriad of ventilatory parameters.
However, many clinicians may not casily identify or recognize data patterns and
correlations indicative of certain patient conditions, changes in patient condition, and/or
effectiveness of ventilatory treatment, Further, clinicians may not readily determine
appropriate ventilatory adjustments that may address certain patient conditions and/or the
effectiveness of ventilatory treatment. Specifically, clinicians may not readily detect or
recognize the presence of Auto-PEEP during various types of pressure ventilation (e.g.,

pressure-control ventilation (PCV), bi-level (BL) pressure ventilation, or volume-
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targeted-pressure-controlled (VC+) ventilation). According to embodiments, a ventilator
may be configured to monitor and evaluate diverse ventilatory parameters to detect Auto-
PEEP and may issue suitable notifications and recommendations to the clinician when
Auto-PEEP is implicated. The suitable notifications and recommendations may further
be provided in a hierarchical format such that the clinician may selectively access
summarized and/or detailed information regarding the presence of Auto-PEEP. In more
automated systems, recommendations may be automatically implemented.

According to embodiments, a ventilator-implemented method for detecting Auto-
PEEP during pressure ventilation may be provided. The method may include collecting
data associated with ventilatory parameters and processing the collected ventilatory
parameter data, wherein processing the collected ventilatory parameter data includes
deriving ventilatory parameter data from the collected ventilatory parameter data.
Further, the methods may involve analyzing the processed ventilatory parameter data,
including receiving one or more predetermined thresholds associated with the processed
ventilatory parameter data and detecting whether the processed ventilatory parameter
data breaches the one or more predetermined thresholds. Upon detecting that the
processed ventilatory data breaches the one or more predetermined thresholds, the
methods may determine that Auto-PEEP is implicated. Upon determining that Auto-
PEEP is implicated, a smart prompt may be issued.

According to further embodiments, a ventilatory system for issuing a smart
prompt when Auto-PEEP is implicated during pressure ventilation may be provided.
The ventilatory system may perform a method comprising detecting that Auto-PEEP is
implicated. Upon detecting that Auto-PEEP is implicated, the methods may determine
an appropriate notification message, determine an appropriate recommendation message,
and display at east one of the appropriate notification message and the appropriate
recommendation message.

According to further embodiments, a graphical user interface for displaying one
ot more smatt prompts corresponding to a detected condition may be provided. The
graphical user interface may further comprise at least one window and one or more
elements within the at least one window comprising at least one smart prompt element
for communicating information regarding the detected condition, wherein the detected

condition is Auto-PEEP.
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These and various other features as well as advantages which characterize the
systems and methods described herein will be apparent from a reading of the following
detailed description and a review of the associated drawings. Additional features are set
forth in the description which follows, and in part will be apparent from the description,
or may be learned by practice of the technology. The benefits and features of the
technology will be realized and attained by the structure particularly pointed out in the
written description and claims hereof as well as the appended drawings.

It is to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory and are intended to provide

further explanation of the claims,

Brief Description of the Drawings
The following drawing figures, which form a part of this application, are

illustrative of described technology and are not meant to limit the scope of the claims in
any manner, which scope shall be based on the claims appended hereto.

FiG. 1 is a diagram illustrating an embodiment of an exemplary ventilator
connected to a human patient.

FIG. 2 is a block-diagram illustrating an embodiment of a ventilatory system for
monitoring and evaluating ventilatory parameters associated with Auto-PEEP.

FIG. 3 is a flow chart itlustrating an embodiment of a method for detecting an
implication of Auto-PEEP.

FIG. 4 is a flow chart illustrating an embodiment of a method for issuing a smart
prompt upon detecting an implication of Auto-PEEP.

FIG. 5 is an illustration of an embodiment of a graphical user interface displaying
a smart prompt having a notification message comprising an Auto-PEEP alert during
pressure ventilation of a triggering patient.

FIG. 6 is an illustration of an embodiment of a graphical user interface displaying
a smart prompt having a notification message comprising an Auto-PEEP alert during
pressure ventilation of a non-{riggering patient.

FIG. 7 is an illustration of an embodiment of a graphical user interface displaying
an expanded smart prompt having a notification message and one or more
recommendation messages for mitigating Auto-PEEP during pressure ventilation of a

triggering patient.
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FIG. 8 is an illustration of an embodiment of a graphical user interface displaying
an expanded smart prompt having a notification message and one or more
recommendation messages for mitigating Auto-PEEP during pressure ventilation of a

non-triggering patient.

Detailed Description

Although the techniques introduced above and discussed in detail below may be
implemented for a variety of medical devices, the present disclosure will discuss the
implementation of these techniques for use in a mechanical ventilator system. The
reader will understand that the technology described in the context of a ventilator system
could be adapted for use with other therapeutic equipment for alerting and advising
clinicians regarding detected patient conditions.

This disclosure describes systems and methods for monitoring and evaluating
ventilatory parameters, analyzing ventilatory data associated with those parameters, and
providing useful notifications and/or recommendations to clinicians. Modern ventilators
monitor, evaluate, and graphically represent a myriad of ventilatory parameters,
However, many clinicians may not easily identify or recognize data patterns and
correlations indicative of certain patient conditions, changes in patient condition, and/or
effectiveness of ventilatory treatment. Further, clinicians may not readily determine
appropriate ventilatory adjustments that may address certain patient conditions and/or the
effectivencss of ventilatory treatment. Specifically, clinicians may not readily detect or
recognize the presence of Auto-PEEP during pressure ventilation.

According to embodiments, a ventilator may be configured to monitor and
evaluate diverse ventilatory parameters to detect Auto-PEEP and may issue suitable
notifications and recommendations to the clinician when Auto-PEEP is implicated. The
suitable notifications and recommendations may further be provided in a hierarchical
format such that the clinician may selectively access summarized and/or detailed
information regarding the presence of Auto-PEEP. In more automated systems,
recommendations may be automatically implemented.

Yentilator System

FIG. 1 is a diagram illustrating an embodiment of an exemplary ventilator 100
connected to a human patient 150. Ventilator 100 includes a pneumatic system 102 (also

referred to as a pressure generating system 102) for circulating breathing gases to and
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from patient 150 via the ventilation tubing system 130, which couples the patient to the
pneumatic system via an invasive (e.g., endotracheal tube, as shown) or a non-invasive
(e.g., nasal mask) patient interface,

Ventilation tubing system 130 may be a two-limb (shown) or a one-limb circuit
for carrying gases to and from the patient 150. In a two-limb embodiment, a fitting,
typically referred to as a “wye-fitting” 170, may be provided to couple a patient interface
180 (as shown, an endotracheal tube) to an inspiratory limb 132 and an expiratory limb
134 of the ventilation tubing system 130.

Pneumatic system 102 may be configured in a variety of ways. In the present
example, system 102 includes an expiratory module 108 coupled with the expiratory
limb 134 and an inspiratory module 104 coupled with the inspiratory limb 132.
Compressor 106 or other source(s) of pressurized gases (e.g., air, oxygen, and/or helium)
is coupled with inspiratory module 104 to provide a gas source for ventilatory support
via inspiratory limb 132.

The pneumatic system 102 may include a variety of other components, including
mixing modules, valves, sensors, tubing, accumulators, filters, etc. Controller 110 is
operatively coupled with pneumatic system 102, signal measurement and acquisition
systems, and an operator interface 120 that may enable an operator to interact with the
ventilator 100 (e.g., change ventilator settings, select operational modes, view monitored
parameters, etc.). Controller 110 may include memory 112, one or more processors 116,
storage 114, and/or other components of the type commonly found in command and
control computing devices. In the depicted example, operator interface 120 includes a
display 122 that may be touch-sensitive and/or voice-activated, enabling the display to
serve both as an input and output device.

The memory 112 includes non-transitory, computer-readable storage media that
stores software that is executed by the processor 116 and which controls the operation of
the ventilator 100. In an embodiment, the memory 112 includes one or more solid-state
storage devices such as flash memory chips. In an alternative embodiment, the memory
112 may be mass storage connected to the processor 116 through a mass storage
controller (not shown) and a communications bus (not shown). Although the description
of computer-readable media contained herein refers to a solid-state storage, it should be

appreciated by those skilled in the arf that computer-readable storage media can be any
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available media that can be accessed by the processor 116, That is, computer-readable
storage media includes non-transitory, volatile and non-volatile, removable and non-
removable media implemented in any method or technology for storage of information
such as computer-readable instructions, data structures, program modules or other data,
For example, computer-readable storage media includes RAM, ROM, EPROM,
EEPROM, flash memory or other solid state memory technology, CD-ROM, DVD, or
other optical storage, magnetic cassettes, magnetic tape, magnetic disk storage or other
magnetic storage devices, or any other medium which can be used to store the desired
information and which can be accessed by the computer.

Communication between components of the ventilatory system or between the
ventilatory system and other therapeutic equipment and/or remote monitoring systems
may be conducted over a distributed network, as described further herein, via wired or
wireless means. Further, the present methods may be configured as a presentation layer
built over the TCP/IP protocol. TCP/IP stands for “Transmission Control
Protocol/Internet Protocol” and provides a basic communication language for many local
networks (such as intra- or extranets) and is the primary communication language for the
Internet. Specifically, TCP/IP is a bi-layer protocol that allows for the transmission of
data over a network. The higher layer, or TCP layer, divides a message into smaller
packets, which are reassembled by a receiving TCP layer info the original message. The
lower layer, or IP layer, handles addressing and routing of packets so that they are
properly received at a destination.

Yentilator Components

FIG. 2 is a block-diagram illustrating an embodiment of a ventilatory system for
monitoring and evaluating ventilatory parameters associated with Auto-PEEP.

Ventilatory system 200 includes ventilator 202 with its various modules and
components. That is, ventilator 202 may further include, infer alia, memory 208, one or
more processors 206, user interface 210, and ventilation module 212 (which may further
include an inspiration module 214 and an expiration module 216). Memory 208 is
defined as described above for memory 112, Similarly, the one or more processors 206
are defined as described above for one or more processors 116. Processors 206 may
further be configured with a clock whereby elapsed time may be monitored by the system

200.
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The ventilatory system 200 may also include a display module 204
communicatively coupled to ventilator 202, Display module 204 provides various input
screens, for receiving clinician input, and various display s‘creens, for presenting useful
information to the clinician. The display module 204 is configured to communicate with
user interface 210 and may include a graphical user interface (GUI). The GUI may be an
interactive display, e.g., a touch-sensitive screen or otherwise, and may provide various
windows and elements for receiving input and interface command operations.
Alternatively, other suitable means of communication with the ventilator 202 may be
provided, for instance by a wheel, keyboard, mouse, or other suitable interactive device.
Thus, user interface 210 may accept commands and input through display module 204,
Display module 204 may also provide useful information in the form of various
ventilatory data regarding the physical condition of a patient and/or a prescribed
respiratory treatment, The useful information may be derived by the ventilator 202,
based on data collected by a data processing module 222, and the useful information may
be displayed to the clinician in the form of graphs, wave representations, pie graphs, or
other suitable forms of graphic display. For example, one or more smart prompts may be
displayed on the GUI and/or display module 204 upon detection of an implication of
Auto-PEEP by the ventilator, Additionally or alternatively, one or more smart prompts
may be communicated to a remote monitoring system coupled via any suitable means to
the ventilatory system 200.

Equation of Motion

Ventilation module 212 may oversee ventilation of a patient according to
prescribed ventilatory settings. By way of general overview, the basic elements
impacting ventilation may be described by the following ventilatory equation (also

known as the Equation of Motion):
Pﬂf + P‘r = VT/C + R*F

Here, P, is a measure of muscular effort that is equivalent to the pressure generated by
the muscles of a patient. If the patient’s muscles are inactive, the P, is equivalent to 0
cm H,0. During inspiration, P, represents the positive pressure delivered by a ventilator
(generally in ecm Hz0). Vo represents the tidal volume delivered based on the pressure

supplied, C refers to the respiratory compliance, R represents the respiratory resistance,
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and F represents the gas flow during inspiration (generally in liters per min (L/m)),

Alternatively, during expiration, the Equation of Motion may be represented as:
P, +P,=V/C + R*F

Here, P, represents the positive pressure existing in the lungs (generally in cm HxO), P
represents the transairway pressure, Vg represents the tidal volume exhaled, C refers to
the respiratory compliance, R represents the respiratory resistance, and F represents the
gas flow during expiration (generally in liters per min (L/m)).
Pressure

For positive pressure ventilation, pressure at the upper airway opening (¢.g., in
the patient’s mouth) is positive relative to the pressure at the body’s surface (i.e., relative
to the ambient atmospheric pressure to which the patient’s body surface is exposed,
about 0 cm H,0). As such, when Py is zero, i.e., no ventilatory pressure is being
delivered, the upper airway opening pressure will be equal to the ambient pressure (i.e.,
about 0 cm HyQ). However, when inspiratory pressute is applied (i.e., positive
pressure), a pressute gradient is created that allows gases to flow into the airway and
ultimately into the lungs of a patient during inspiration (or, inhalation) until the pressure
is equalized. When an inspiratory volume (or V) has been delivered to the lungs such
that the inspiratory pressure is achieved and maintained, pressure is equalized and gases
no longer flow into the lungs (i.e., zero flow).

According to embodiments, additional pressure measurements may be obtained
and evaluated. For example, transairway pressure, Py, which refers to the pressure
differential or gradient between the upper airway opening and the alveoli, may also be

determined. P, may be represented mathematically as:
Pf = PGH’O - Pa

Where P, refers to the pressure in the upper airway opening, or mouth, and P, refers to
the pressure within the alveolar space, or the lungs (as described above). P, may also be

represented as follows:

P] =F*R
Where F refers to flow and R refers to respiratory resistance, as described below.

-8-



10

15

20

25

30

WO 2012/003081 PCT/US2011/039899

Additionally, lung pressure or alveolar pressure, P,, may be measured or derived.
For example, P, may be measured via a distal pressure transducer or other sensor near the
lungs and/or the diaphragm. Alternatively, P, may be estimated by measuring the
plateau pressure, Ppy,, via a proximal pressure transducer or other sensor at or near the
airway opening. Plateau pressure, Ppjy, refers to a slight plateau in pressure that is
observed at the end of inspiration when inspiration is held for a period of time,
sometimes referred to as an inspitatory hold or pause maneuver, or a breath-hold
maneuver. That is, when inspiration is held, pressure inside the alveoli and mouth are
equal (i.e., no gas flow). However, as a result of muscular relaxation and elastance of
the lungs during the hold period, forces are exerted on the inflated lungs that create a
positive pressure. This positive pressure is observed as a plateau in the pressure
waveform that is slightly below the peak inspiratory pressure, Ppeq, prior to initiation of
expiration. As may be appreciated, for accurate measurement of Pry, the patient should
be sedated or non-spontaneous (as muscular effort during the inspiratory pause may skew
the pressure measurement). Upon determining Ppy, based on the pressure waveform or
otherwise, Ppjyy may be used as an estimate of P, (alveolar pressure).

Flow and Volume

Volume refers to the amount of gas delivered to a patient’s lungs, usually in liters
(L). Flow refers to a rate of change in volume over time (F = A V/At). Flow is
generally expressed in liters per minute (L/m or Ipm) and, depending on whether gases
are flowing into or out of the lungs, flow may be referred to as inspiratory flow or
expiratory flow, respectively. According to embodiments, the ventilator may control the
rate of delivery of gases to the patient, i.e., inspiratory flow, and may control the rate of
release of gases from the patient, i.c., expiratory flow.

As may be appreciated, volume and flow are closely related. That is, where flow
is known or I'egulated,l volume may be derived based on elapsed time. Indeed, volume
may be derived by integrating the flow waveform. According to embodiments, a tidal
volume, Vr, may be delivered upon reaching a set inspiratory time (T7) at set inspiratory
flow. Alternatively, set Vr and set inspiratory flow may determine the amount of time

required for inspiration, i.e., Tt.
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Respiratory Compliance

Additional ventilatory parameters that may be measured and/or derived may
include respiratory compliance and respiratory resistance, which refer to the load against
which the patient and/or the ventilator must work to deliver gases to the lungs.
Respiratory compliance may be interchangeably referred to herein as compliance. |
Generally, compliance refers to a relative ease with which something distends and is the
inverse of elastance, which refers to the tendency of something to return to its original
form after being deformed. As related to ventilation, compliance refers to the lung
volume achieved for a given amount of delivered pressure (C=A V /A P). Increased
compliance may be detected when the ventilator measures an increased volume relative
to the given amount of delivered pressure. Some lung diseases (e.g., acute respiratory
distress syndrome (ARDS)) may decrease compliance and, thus, require increased
pressure to inflate the lungs. Alternatively, other lung diseases may increase compliance,
¢.g., emphysema, and may require less pressure to inflate the lungs.

Additionally or alternatively, static compliance and dynamic compliance may be
calculated. Static compliance, C,, represents compliance impacted by elastic recoil at
zero flow (e.g., of the chest wall, patient circuit, and alveoli). As elastic recoil of the
chest wall and patient circuit may remain relatively constant, static compliance may
generally represent compliance as affected by elastic recoil of the alveoli. As described
above, Ppyy refers to a slight plateau in pressure that is observed after relaxation of
pleural muscles and elastic recoil, i.e., representing pressure delivered to overcome

elastic forces. As such, Ppy, provides a basis for estimating Cs as follows:
Cs= V1 /(Ppiy— EEP)

Where Vo refers to tidal volume, Ppyy refers to plateau pressure, and EEP refers to end-
expiratory pressure, ot baseline pressure (including PEEP and/or Auto-PEEP), as
discussed below. Note that proper calculation of Cg depends on accurate measurement
of Vr and Ppps.

Dynamic compliance, Cp, is measured during airflow and, as such, is impacted
by both elastic recoil and airway resistance. Peak inspiratory pressure, Ppeqr, which

represents the highest pressure measured during inspiration, i.e., pressure delivered to

-10-
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overcome both elastic and resistive forces to inflate the lungs, is used to calculate Cp as

follows:
Cp = V1/ (Ppear — EEP)

Where V7 refers to tidal volume, Ppeq refers to peak inspiratory pressure, and EEP refers
to end-expiratory pressure. According to embodiments, ventilatory data may be more
readily available for trending compliance of non-triggering patients than of triggering
patients.

Respiratory Resistance

Respiratory resistance refers to frictional forces that resist airflow, e.g., due to
synthetic structures (e.g., endotracheal tube, expiratory valve, etc.), anatomical structures
(e.g., bronchial tree, esophagus, etc.), or viscous tissues of the lungs and adjacent organs.
Respiratory resistance may be interchangeably referred to herein as resistance.
Resistance is highly dependant on the diameter of the airway. That is, a larger airway
diameter entails less resistance and a higher concomitant flow. Alternatively, a smaller
airway diameter entails higher resistance and a lower concomitant flow. In fact,
decreasing the diameter of the airway results in an exponential increase in resistance
(e.g., two-times reduction of diameter increases resistance by sixteen times). As may be
appreciated, resistance may also increase due to a restriction of the airway that is the
result of, infer alia, increased secretions, bronchial edema, mucous plugs, brochospasm,
and/or kinking of the patient interface (e.g., invasive endotracheal or tracheostomy
tubes).

Airway resistance may further be represented mathematically as:
R= P[ /F

Where P, refers to the transairway pressure and F refers to the flow. That is, P, refers to
the pressure necessary to overcome resistive forces of the airway. Resistance may be
expressed in centimeters of water per liter per second (i.e., cm HpO/L/s).
Pulmonary Time Constant

As discussed above, compliance refers to the lung volume achieved for a given
amount of delivered pressure (C=AV /A P). That is, stated differently, volume

delivered is equivalent to the compliance multiplied by the delivered pressure (A V =
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C*A P), However, as the lungs are not perfectly elastic, a period of time is needed to
deliver the volume A V at pressure A P. A pulmonary time constant, T, may represent a
time necessary to inflate or exhale a given percentage of the volume at delivered pressure
A P. The pulmonary time constant, t, may be calculated by multiplying the respiratory
resistance by the respiratory compliance (t = R*C) for a given patient and v is generally
represented in seconds, s. The pulmonary time constant associated with exhalation of
the given percentage of volume may be termed an expiratory time constant and the
pulmonary time constant associated with inhalation of the given percentage of volume
may be termed an inspiratory time constant,

According to some embodiments, when expiratory resistance data is available,
the pulmonary time constant may be calculated by multiplying expiratory resistance by
compliance, According to alternative embodiments, the pulmonary time constant may be
calculated based on inspiratory resistance and compliance. According to further
embodiments, the expiratory time, Tg, should be equal to or greater than a predetermined
number of pulmonary time constants (e.g., about three pulmonary time constants) to
ensure adequate exhalation. The predetermined number of pulmonary time constants
may be selected via any suitable means, ¢.g., a standard protocol, an institutional
protocol, clinician input, etc. According to embodiments, for a triggering patient, Tg
(e.g., determined by trending Ty or otherwise) should be equal to or greater than the
predetermined number of pulmonary time constants. For a non-triggering patient, set RR
should yield a Tg that is equal to or greater than the predetermined number of pulmonaty
time constants,.

Normal Resistance and Compliance

According to embodiments, normal respiratory resistance and compliance may be
determined based on a patient’s predicted body weight (PBW) (or ideal body weight
(IBW)). That is, according to a standardized protocol or otherwise, patient data may be
compiled such that normal respiratory resistance and compliance values and/or ranges of
values may be determined and provided to the ventilatory system. That is, a
manufacturer, clinical facility, clinician, or otherwise, may configure the ventilator with
normal respiratory resistance and compliance values and/or ranges of values based on
PBWs (or IBWs) of a patient population. Thereafter, during ventilation of a particular

patient, respiratory resistance and compliance data may be trended for the patient and
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compared to normal values and/or ranges of values based on the particular patient’s
PBW (or IBW). According to embodiments, the ventilator may give an indication to the
clinician regarding whether the trended respiratory resistance and compliance data of the
particular patient falls into normal ranges. According to some embodiments, data may
be more readily available for trending resistance and compliance for non-triggering
patients than for triggering patients.

According to further embodiments, a predicted Tr may be determined based on a
patient’s PBW (or IBW). That is, according to a standardized protocol or otherwise,
patient population data may be compiled such that predicted T values and/or ranges of
values may be determined based on PBWs (or IBWs) of the patient population and
provided to the ventilatory system. Actual (or frended) Ty for a particular patient may
then be compared to the predicted Tr. As noted previously, increased resistance and/or
compliance may result in an actual Tg that is longer than predicted Tg. However, when
actual Tg is consistent with predicted T, this may indicate that resistance and
compliance for the particular patient fall into normal ranges.

According to further embodiments, a normal pulmonary time constant, 7, may be
determined based on a patient’s PBW (or IBW). That is, according to a standardized
protocol or otherwise, patient data may be compiled such that normal t values and/or
ranges of values may be determined based on PBWs (or IBWs) of a patient population
and provided to the ventilatory system. A calculated T may be determined for a
particular patient by multiplying resistance by compliance (as described above, resistance
and compliance data may be more readily available for a non-triggering patient). As the
product of resistance and compliance results in 7, increased resistance and/or compliance
may result in an elevated 7 value. However, when the calculated t value for the
particular patient is consistent with the normal © value, this may indicate that the
resistance and compliance of the particular patient fall into normal ranges.

I:E Ratio

According to embodiments, an I:E ratio may be calculated (for a triggering
patient) or set (for a non-triggering patient). According to embodiments, a normal
patient (e.g., with a normal T and a normal RR for the patient’s PBW) may have an I:E
ratio of 1:2 to 1:3. That is, under normal conditions, it may be desirable for the Tg to be

double or triple (or even greater) the set Ti, However, under some circumstances the
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length of the Tr approaches Ty. For instance, if set RR is too high (for a non-triggering
patient), T may be too short and may not allow for complete exhalation. Alternatively,
when inspiratory pressure is too high (causing increased delivered volume), Tg may be
too short and may not allow for complete exhalation of the increased delivered volume.
As described previously, when Ty is too short, gas-trapping may occur at the end of
expiration causing Auto-PEEP. Thus, in cases where the I.E ratio is greater than 1:2
(i.e., approaching 1:1 or approaching an inverse ratio, e.g., 2:1) Auto-PEEP may be
implicated.

Obstructive Component

Some patients may exhibit an obstructive component due to vatious conditions
and diseases, e.g., COPD, ARDS, etc. That is, an obstructive component may be
associated with patients that exhibit chronic elevated resistance due to constricted
airways, alveolar collapse, etc. In some cases, patients diagnosed with various
conditions and diseases associated with an obstructive component may exhibit elevated
resistance over many months or years. According to some embodiments, patients having
these conditions may also exhibit elevated compliance.

According to embodiments described herein, a clinician may input a patient
diagnosis, e.g., COPD, ARDS, emphysema, etc. The ventilator may associate the patient
diagnosis with cettain lung and airway characteristics. For example, if the ventilator
receives a patient diagnosis of COPD, the ventilator may associate this patient diagnosts
with elevated resistance. The ventilator may further associate this patient diagnosis with
an obstructive component. Alternatively, if the ventilator receives a patient diagnosis of
emphysema, the ventilator may associate this patient diagnosis with elevated
compliance,

According to further embodiments, normal respiratory resistance and compliance
may be determined based on a patient’s PBW (or IBW), as described above. Duiing
ventilation of a specific patient, respiratory resistance and compliance data may be
trended for the patient and compared to normal values and/or ranges of values based on
the specific patient’s PBW (or IBW). According to embodiments, the ventilator may
alert the clinician when the trended respiratory resistance and/or compliance data of the

particular patient fall outside normal ranges.
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According to further embodiments, predicted Ty may be determined based on a
patient’s PBW (or IBW), as described above. Actual (or trended) Ty for a particular
patient may then be compared to the predicted Tg. When actual T is greater than
predicted Tg, this may indicate that resistance and/or compliance of the particular patient
falls outside normal ranges. When compliance has not changed, an elevated Ty may be
attributable to resistance and the ventilator may alert the clinician that the patient may
have an obstructive component.

According to further embodiments, a normal pulmonary time constant, t, may be
determined based on a patient’s PBW (or IBW), as described above. A calculated © may
be determined for a particular patient by multiplying resistance by compliance. When
the calculated t value is greater than the normal © value, this may indicate that resistance
and/or compliance for the particular patient fall outside normal ranges. When
compliance has not changed, the elevated Tg may be attributable to resistance and the
ventilator may alert the clinician that the patient may have an obstructive component.

According to embodiments, determination of Auto-PEEP and/or determination of
appropriate recommendations for mitigating Auto-PEEP may vary for patients exhibiting
an obstructive component. As such, the ventilator may be configured to detect an
obstructive component, e.g. based on receiving an indication from the clinician that the
patient has been diagnosed with an obstructive disease or condition. According to other
embodiments, the ventilator may detect that the patient exhibits an obstructive
component via other suitable means described herein. According to embodiments, when
an obstructive component is detected, the ventilator may be configured with adjusted
sensitivity to Auto-PEEP and/or may be configured to alter one or more
recommendations for mitigating Auto-PEEP based on the detection of an obstructive
component,

Inspiration

Ventilation module 212 may further include an inspiration module 214
configured to deliver gases to the patient according to prescribed ventilatory settings.
Specifically, inspiration module 214 may correspond to the inspiratory module 104 or
may be otherwise coupled to source(s) of pressurized gases (e.g., air, oxygen, and/or

helium), and may deliver gases to the patient. Inspiration module 214 may be configured

-15-



10

15

20

25

30

WO 2012/003081 PCT/US2011/039899

to provide ventilation according to various ventilatory modes, e.g., via volume-targeted,
pressure-targeted, or via any other suitable mode of ventilation.

Volume ventilation refers to various forms of volume-targeted ventilation that
regulate volume delivery to the patient. Different modes of volume ventilation are
available depending on the specific implementation of volume regulation. For example,
for volume-cycled ventilation, an end of inspiration is determined based on monitoring
the volume delivered to the patient. Volume ventilation may include volume-control
(VC), volume-assist, or volume assist/control ventilation. Volume ventilation may be
accomplished by setting a target volume, or prescribed tidal volume, Vr, for delivery to
the patient. According to embodiments, prescribed Vi and inspiratory time (Tr) may be
set during ventilation start-up, based on the patient’s PBW (or IBW). In this case, flow
will be dependent on the prescribed Vo and set Ty, Alternatively, prescribed Vr and flow
may be set and Tymay result., According to some embodiments, a predicted Ty may be
determined based on normal respiratory and compliance values or value ranges based on
the patient’s PBW (or IBW). Additionally, a respiratory rate (RR) setting, generally in
breaths/min, may be determined and configured. For a non-triggering patient, the set RR
controls the timing for each inspiration. For a triggering patient, the RR setting applies if
the patient stops triggering for some reason and/or the patient’s triggered RR drops
below a threshold level.

According fo embodiments, during volume ventilation, as volume and flow are
regulated by the ventilator, delivered V, flow waveforms (or flow {races), and volume
waveforms may be constant and may not be affected by variations in lung or airway
characteristics (e.g., respiratory compliance and/or respiratory resistance). Alternatively,
pressure readings may fluctuate based on lung or airway characteristics. According to
some embodiments, the ventilator may control the inspiratory flow and then derive
volume based on the inspiratory flow and elapsed time. For volume-cycled ventilation,
when the derived volume is equal to the prescribed Vr, the ventilator may initiate
expiration.

According to alternative embodiments, the inspiration module 214 may provide
ventilation via a form of pressure ventilation. Pressure-targeted modes of ventilation
may be provided by regulating the pressure delivered to the patient in various ways. For

example, during pressure-cycled ventilation, an end of inspiration is determined based on
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monitoring the pressure delivered to the patient. Pressure ventilation may include
pressure-suppott ventilation (PSV) or pressure-control ventilation (PCV), for example.
Pressure ventilation may also include various forms of bi-level (BL) pressure ventilation,
i.e., pressure ventilation in which the inspiratory positive airway pressure (IPAP) is
higher than the expiratory positive airway pressure (EPAP). Specifically, pressure
ventilation may be accomplished by setting a target or prescribed inspiratory pressure for
delivery to the patient. As for volume ventilation, predicted Ty may be determined based
on normal respiratory and compliance values and on the patient’s PBW (or IBW).
According to some embodiments, a predicted Tg may be determined based on normal
respiratory and compliance values and based on the patient’s PBW (or IBW). A
respiratory rate (RR) setting may also be determined and configured. For a non-
triggering patient, the set RR controls the timing for each inspiration. For a triggering
patient, the RR setting applies if the patient stops triggering for some reason and/or
patient triggering drops below a threshold RR level.

According to embodiments, during pressure ventilation, the ventilator may
maintain the same pressure waveform at the mouth, Py, regardless of variations in lung
or airway characteristics, e.g., respiratory compliance and/or respiratory resistance.
However, the volume and flow waveforms may fluctuate based on lung and airway
characteristics. As noted above, pressure delivered to the upper airway creates a pressure
gradient that enables gases to flow into a patient’s lungs. The pressure from which a
ventilator initiates inspiration is termed the end-expiratory pressure (EEP) or “baseline”
pressure. This pressure may be atmospheric pressure (about 0 cm Hy0), also referred to
as zero end-expiratory pressure (ZEEP). However, commonly, the baseline pressure may
be positive, termed positive end-expiratory pressure (PEEP). Among other things, PEEP
may promote higher oxygenation saturation and/or may prevent alveolar collapse during
expiration. Under pressure-cycled ventilation, upon delivering the inspiratory pressure
the ventilator may initiate expiration.

According to still other embodiments, a combination of volume and pressure
ventilation may be delivered to a patient, e.g., volume-targeted-pressure-controlled
(VC+) ventilation, In particular, VC+ ventilation may provide benefits of setting a target
Vr, while also allowing for monitoring variations in flow. As will be detailed further

below, variations in flow may be indicative of various patient conditions,

-17-



10

15

20

25

30

WO 2012/003081 PCT/US2011/039899

Expiration

Ventilation module 212 may further include an expiration module 216 configured
to release gases from the patient’s lungs according to prescribed ventilatory settings.
Specifically, expiration module 216 may correspond to expiratory module 108 or may
otherwise be associated with and/or controlling an expiratory valve for releasing gases
from the patient. By way of general overview, a ventilator may initiate expiration based
on lapse of an inspiratory time setting (Ty) or other cycling criteria set by the clinician or
derived from ventilator settings (e.g., detecting delivery of prescribed Vy or prescribed
inspiratory pressure based on a reference trajectory). Upon initiating the expiratory
phase, expiration module 216 may allow the patient to exhale by opening an expiratory
valve. As such, expiration is passive, and the direction of airflow, as described above, is
governed by the pressure gradient between the patient’s lungs (higher pressure) and the
ambient surface pressure (lower pressure). Although expiratory flow is passive, it may
be regulated by the ventilator based on the size of the expiratory valve opening.

Expiratory time (Tg) is the time from the end of inspiration until the patient
triggers for a spontaneously breathing patient. For a non-triggering patient, it is the time
from the end of inspiration until the next inspiration based on the set RR. In some cases,
however, the time required to return to the functional residual capacity (FRC) or resting
capacity of the lungs is longer than provided by Tr (e.g., because the patient triggets prior
to fully exhaling or the set RR is too high for a non-triggering patient). According to
embodiments, various ventilatory settings may be adjusted to better match the time to
reach FRC with the time available to reach FRC. For example, decreasing set Tj to
thereby increase the amount of time available to reach FRC. Alternatively, inspiratory
pressure may be decreased (decreasing V), resulting in less time required to reach FRC.

As may be further appreciated, at the point of transition between inspiration and
expiration, the direction of airflow may abruptly change from flowing into the lungs to
flowing out of the lungs or vice versa depending on the transition. Stated another way,
inspiratory flow may be measurable in the ventilatory circuit until Ppeq is reached, at
which point flow approximates zero. Thereafter, upon initiation of expiration, expiratoty
flow is measurable in the ventilatory circuit until the pressure gradient between the lungs
and the body’s surface reaches zero (again, resulting in zero flow). However, in some

cases, as will be described further herein, expiratory flow may still be positive, i.e.,
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measurable, at the end of expiration (termed positive end-expiratory flow or positive
EEF). In this case, positive EEF is an indication that the pressure gradient has not
reached zero or, similarly, that the patient has not completely exhaled. Although a single
occurrence of premature inspiration may not warrant concern, repeated detection of
positive EEF may be indicative of Auto-PEEP.

Ventilator Synchrony and Patient Triggering

According to some embodiments, the inspiration module 214 and/or the
expiration module 216 may be configured to synchronize ventilation with a
spontaneously-breathing, or triggering, patient. That is, the ventilator may be configured
to detect patient effort and may initiate a transition from expiration to inspiration (or
from inspiration to expiration) in response. Triggering refers to the transition from
expiration to inspiration in order to distinguish it from the transition from inspiration to
expiration (referred to as cycling). Ventilation systems, depending on their mode of
operation, may trigger and/or cycle automatically, or in response to a detection of patient
effort, or both.

Specifically, the ventilator may detect patient effort via a pressure-monitoring
method, a flow-monitoring method, direct or indirect measurement of nerve impulses, or
any other suitable method. Sensing devices may be either internal or distributed and may
include any suitable sensing device, as described further herein. In addition, the
sensitivity of the ventilator to changes in pressure and/or flow may be adjusted such that
the ventilator may properly detect the patient effort, i.e., the lower the pressure or flow
change setting the more sensitive the ventilator may be to patient triggering,

According to embodiments, a pressure-triggering method may involve the
ventilator monitoring the circuit pressure, as described above, and detecting a slight drop
in circuit pressure. The slight drop in circuit pressure may indicate that the patient’s
respiratory muscles, Py, are creating a slight negative pressure gradient between the
patient’s lungs and the airway opening in an effort to inspire. The ventilator may
interpret the slight drop in circuit pressure as patient effort and may consequently initiate
inspiration by delivering respiratory gases.

Alternatively, the ventilator may detect a flow-triggered event. Specifically, the
ventilator may monitor the circuit flow, as described above. If the ventilator detects a

slight drop in flow during exhalation, this may indicate, again, that the patient is
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attempting to inspire, In this case, the ventilator is detecting a drop in bias flow (or
baseline flow) attributable to a slight redirection of gases into the patient’s lungs (in
response o a slightly negative pressure gradient as discussed above). Bias flow refers to
a constant flow existing in the circuit during exhalation that enables the ventilator to
detect expiratory flow changes and patient triggering. For example, while gases are
generally flowing out of the patient’s lungs during expiration, a drop in flow may occur
as some gas is redirected and flows into the lungs in response to the slightly negative
pressure gradient between the patient’s lungs and the body’s surface. Thus, when the
ventilator detects a slight drop in flow below the bias flow by a predetermined threshold
amount (e.g., 2 L/min below bias flow), it may interpret the drop as a patient trigger and
may consequently initiate inspiration by delivering respiratory gases.

VYentilator Sensory Devices

The ventilatory system 200 may also include one or more distributed sensors 218
communicatively coupled to ventilator 202. Distributed sensors 218 may communicate
with various components of ventilator 202, e.g., ventilation module 212, internal sensors
220, data processing module 222, Auto-PEEP detection module 224, and any other
suitable components and/or modules, Distributed sensors 218 may detect changes in
ventilatory parameters indicative of Auto-PEEP, for example. Distributed sensors 218
may be placed in any suitable location, e.g., within the ventilatory circuitry or other
devices communicatively coupled to the ventilator, For example, sensors may be affixed
to the ventilatory tubing or may be imbedded in the tubing itself. According to some
embodiments, sensors may be provided at or near the lungs (or diaphragm) for detecting
a pressure in the lungs. Additionally or alternatively, sensors may be aftixed or
imbedded in or near wye-fitting 170 and/or patient interface 180, as described above.

Distributed sensors 218 may further include pressure transducers that may detect
changes in circuit pressure (e.g., electromechanical transducers including piezoelectric,
variable capacitance, or strain gauge). Distributed sensors 218 may further include
various flowmeters for detecting airflow (e.g., differential pressure pneumotachometers).
For example, some flowmeters may use obstructions to create a pressure decrease
corresponding to the flow across the device (e.g., differential pressure
pneumotachometers) and other flowmeters may use turbines such that flow may be

determined based on the rate of turbine rotation (e.g., turbine flowmeters). Alternatively,
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sensors may ufilize optical or ultrasound techniques for measuring changes in ventilatory
parameters. A patient’s blood parameters or concentrations of expired gases may also be
monitored by sensors to detect physiological changes that may be used as indicators to
study physiological effects of ventilation, wherein the results of such studies may be used
for diagnostic or therapeutic purposes. Indeed, any distributed sensory device useful for
monitoring changes in measurable parameters during ventilatory treatment may be
employed in accordance with embodiments described herein.

Ventilator 202 may further include one or more internal sensors 220. Similar to
distributed sensors 218, internal sensors 220 may communicate with various components
of ventilator 202, e.g., ventilation module 212, internal sensors 220, data processing
module 222, Auto-PEEP detection module 224, and any other suitable components
and/or modules. Internal sensors 220 may employ any suitable sensory or derivative
technique for monitoring one or more parameters associated with the ventilation of a
patient. However, the one or more internal sensors 220 may be placed in any suitable
internal location, such as, within the ventilatory circuitry or within components or
modules of ventilator 202. For example, sensors may be coupled to the inspiratory
and/or expiratory modules for detecting changes in, for example, circuit pressure and/or
flow. Specifically, internal sensors may include pressure transducers and flowmeters for
measuring changes in circuit pressure and airflow. Additionally or alternatively, internal
sensors may utilize optical or ultrasound techniques for measuring changes in ventilatory
parameters, For example, a patient’s expired gases may be monitored by internal sensots
to detect physiological changes indicative of the patient’s condition and/or treatment, for
example. Indeed, internal sensors may employ any suitable mechanism for monitoring
parameters of inferest in accordance with embodiments described herein. |

| As should be appreciated, with reference to the Equation of Motion, ventilatory
parameters are highly interrelated and, according to embodiments, may be either directly
or indirectly monitored. That is, parameters may be directly monitored by one or more
sensors, as described above, or may be indirectly monitored by derivation according to
the Equation of Motion.

Yentilatory Data

Ventilator 202 may further include a data processing module 222, As noted

above, distributed sensors 218 and internal sensors 220 may collect data regarding
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various ventilatory parameters. A ventilatory parameter refers to any factor,
characteristic, or measurement associated with the ventilation of a patient, whether
monitored by the ventilator or by any other device. Sensors may further transmit
collected data to the data processing module 222 and, according to embodiments, the
data processing module may 222 be configured to collect data regarding some ventilatory
parameters, to derive data regarding other ventilatory parameters, and to graphically
represent collected and derived data to the clinician and/or other modules of the
ventilatory system. Some collected, derived, and/or graphically represented data may be
indicative of Auto-PEEP. For example, data regarding end-expiratory flow (EEF), data
regarding alveolar pressure P, (e.g., via a breath-hold maneuver, as described above),
Ppeai data, Ppiy data, volume data, flow trace data, EEP data, etc., may be collected,
derived, and/or graphically represented by data processing module 222.

Flow Data

For example, according to embodiments, data processing module 222 may be
configured to monitor inspiratory and expiratory flow. Flow may be measured by any
appropriate, internal or distributed device or sensor within the ventilatory system. As
described above, flowmeters may be employed by the ventilatory system to detect circuit
flow. However, any suitable device eithetr known or developed in the future may be used
for detecting airflow in the ventilatory circuit.

Data processing module 222 may be further configured to plot monitored flow
data graphically via any suitable means. For example, according to embodiments, flow
data may be plotted versus time (flow waveform), versus volume (flow-volume loop), or
versus any other suitable parameter as may be useful to a clinician. According to
embodiments, flow may be plotted such that each breath may be independently
identified. Further, flow may be plotted such that inspiratory flow and expiratory flow
may be independently identified, e.g., inspiratory flow may be represented in one color
and expiratory flow may be represented in another color. According to additional
embodiments, flow waveforms and flow-volume loops, for example, may be represented
alongside additional graphical representations, e.g., representations of volume, pressure,
etc., such that clinicians may substantially simultaneously visualize a variety of

ventilatory parameters associated with each breath.
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As may be appreciated, flow decreases as resistance increases, making it more
difficult to pass gases into and out of the lungs (i.e., F=P,/R). For example, when a
patient is intubated, i.e., having either an endotracheal or a tracheostomy tube in place,
resistance may be increased as a result of the smaller diameter of the tube over a
patient’s natural airway. In addition, increased resistance may be observed in patients
with obstructive disorders, such as COPD, asthma, etc. Higher resistance may
necéssitate, inter alia, a higher inspiratory time setting (T1) for delivering a prescribed
pressure or volume of gases, a higher flow setting for delivering prescribed pressure or
volume, a lower respiratory rate resulting in a higher expiratory time (Tg) for complete
exhalation of gases, etc.

Specifically, changes in flow may be detected by evaluating various flow data.
For example, by evaluating FV loops, as described above, an increase in resistance may
be detected over a number of breaths. That is, upon comparing consecutive FV loops,
the expiratory plot for each FV loop may reflect a progressive reduction in expiratory
flow (i.e., a smaller FV loop), indicative of increasing resistance. According to other
embodiments, an evaluation of end-expiratory flow (EEF) may be used to detect Auto-
PEEP, as described further herein. For example, if EEF has not reduced to zero before
inspiration begins, this may indicate that gases may still be trapped in the lungs (¢.g.,
insufficient Tg to return to FRC or elevated FRC).

Pressure Data

According to embodiments, data processing module 222 may be configured to
monitor pressure. Pressure may be measured by any appropriate, internal or distributed
device or sensor within the ventilatory system. For example, pressure may be monitored
by proximal electromechanical transducers connected near the airway opening (e.g., on
the inspiratory limb, expiratory limb, at the patient interface, etc.). Alternatively,
pressure may be monitored distally, at or near the lungs and/or diaphragm of the patient.

For example, Pp,q and/or Ppy; (estimating P,) may be measured proximally (e.g.,
at or near the airway opening) via single-point pressure measurements. According to
embodiments, Ppys (estimating P,) may be measured during an inspiratory pause
maneuver (e.g., expiratory and inspiratory valves are closed briefly at the end of
inspiration for measuring the Ppiy at zero flow). According to other embodiments,

circuit pressure may be measured during an expiratory pause maneuver (e.g., expiratory
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and inspiratory valves are closed briefly at the end of expiration for measuring EEP at
zero flow). In this case, set PEEP may be subtracted from measured EEP for detecting
Auto-PEEP. Alternatively, P, may be distally measured (e.g., at or near the lungs and/or
diaphragm) via multiple-point pressure measurements. This method may also be useful
for detecting Auto-PEEP at the end of expiration. According fo some embodiments,
triggering patients may need to be sedated before taking some of the above-described
pressure measurements,

Data processing module 222 may be further configured to plot monitored
pressure data graphically via any suitable means, For example, according to
embodiments, pressure data may be plotted versus time (pressure waveform), versus
volume (pressure-volume loop or PV loop), or versus any other suitable parameter as
may be useful to a clinician, According to embodiments, pressure may be plotted such
that each breath may be independently identified. Further, pressure may be plotted such
that inspiratory pressure and expiratory pressure may be independently identified, e.g.,
inspiratory pressure may be represented in one color and expiratory pressure may be
tepresented in another color. According to additional embodiments, pressure waveforms
and PV loops, for example, may be represented alongside additional graphical
representations, e.g., representations of volume, flow, etc., such that a clinician may
substantially simultaneously visualize a variety of parameters associated with each
breath.

According to embodiments, PV loops may provide useful clinical and diagnostic
information to clinicians regarding the respiratory resistance or compliance of a patient.
Specifically, upon comparing PV loops from successive breaths, an increase in resistance
may be detected when successive PV loops shorten and widen over time. That is, at
constant pressure, less volume is delivered to the lungs when resistance is increasing,
resulting in a shorter, wider PV loop. According to alternative embodiments, a PV loop
may provide a visual representation, in the area between the inspiratory plot of pressure
vs. volume and the expiratory plot of pressure vs. volume, which is indicative of
respiratory compliance. Further, PV loops may be compared to one another to determine
whether compliance has changed. Additionally or alternatively, optimal compliance may
be determined. That is, optimal compliance may correspond to the dynamic compliance

determined from a PV loop during a recruitment maneuver, for example.
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According to additional embodiments, PV curves may be used to compare Cg and
Cp over a number of breaths. For example, a first PV curve may be plotted for Cg (based
on Ppyy less EEP) and a second PV curve may be plotted for Cp (based on Ppeg less
EEP). Under normal conditions, Cs and Cp curves may be very similar, with the Cp
curve mimicking the Cg curve but shifted to the right (i.e., plotted at higher pressure),
However, in some cases the Cp curve may flatten out and shift to the right relative to the
Cs curve. This graphical representation may illustrate increasing Py, and thus increasing
R, which may be due to mucous plugging or bronchospasm, for example. In other cases,
both the Cp curve and the Cg curves may flatten out and shift to the right. This
graphical representation may illustrate an increase in Ppeq and Ppry, without an increase
in P,, and thus may implicate a decrease in lung compliance, which may be due to
tension pneumothorax, atelectasis, pulmonary edema, pneumonia, bronchial intubation,
etc,

As may be further appreciated, relationships between resistance, static
compliance, dynamic compliance, and various pressure readings may give indications of
patient condition. For example, when Cy increases, Cp increases and, similarly, when R
increases, Cp increases. Additionally, as discussed previously, P, represents the
difference in pressure attributable to resistive forces over elastic forces. Thus, where
Ppeqr and P, are increasing with constant Vi delivery, R is increasing (i.e., where Ppeg is
increasing without a concomitant increase in Ppy,,). Where P, is roughly constant, but
where Pp.q and Ppy, are increasing with a constant Vr delivery, Cg is increasing.
Yolume Data

According to embodiments, data processing module 222 may be configured to
derive volume via any suitable means. For example, as described above, during volume
ventilation, a prescribed V may be set for delivery to the patient. The actual volume
delivered may be derived by monitoring the inspiratory flow over time (i.e., V = F*T).
Stated differently, integration of flow over time will yield volume. According to
embodiments, V is completely delivered upon reaching T;. Similarly, the expiratory
flow may be monitored such that expired tidal volume (V) may be derived. That is,
under ordinary conditions, upon reaching the Tg, the prescribed Ve delivered should be
completely exhaled and FRC should be reached. However, under some conditions Tg is

inadequate for complete exhalation and FRC is not reached.
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Data processing module 222 may be further configured to plot derived volume
data graphically via any suitable means. For example, according to embodiments,
volume data may be plotted versus time (volume waveform), versus flow (flow-volume
loop or FV loop), or versus any other suitable parameter as may be useful to a clinician,
According to embodiments, volume may be plotted such that each breath may be
independently identified. Further, volume may be plotted such that prescribed Vy and
Vg may be independently identified, ¢.g., prescribed Vo may be represented in one color
and Vg may be represented in another color, According to additional embodiments,
volume waveforms and FV loops, for example, may be represented alongside additional
graphical representations, e.g., representations of pressure, flow, etc., such that a
clinician may substantially simultaneously visualize a variety of parameters associated
with each breath.

Auto-PEEP Detection
Ventilator 202 may further include an Auto-PEEP detection module 224. As

described above, the pressure from which a ventilator initiates inspiration is termed the
end-expiratory pressure (EEP) and, when EEP is positive, it is termed positive end-
expiratory pressure (PEEP). PEEP may be prescribed by a clinician for various reasons.
For example, for some patients (e.g., ARDS patients), PEEP may be.prescribed for
supporting oxygenation and preventing alveolar collapse at the end of expiration. PEEP
may also allow a reduction of FO; (fraction inspired oxygen) to safe levels. However, in
some cases, additional gases, i.e., in addition to the prescribed PEEP, may be trapped in
the lungs at the end of expiration. This condition may be commonly referred to as Auto-
PEEP, or intrinsic PEEP, That is, at the end of expiration, when PEEP is prescribed,
EEP is equal to PEEP plus Auto-PEEP; and, where PEEP is not prescribed, EEP is equal
to Auto-PEEP.

More specifically, in some cases, Auto-PEEP may result when the lungs are not
sufficiently emptied during expiration before inspiration is initiated. For example,
during pressure ventilation of a non-triggering patient, the ventilator may regulate
{ransitions between inspiration and expiration and between expiration and inspiration as
well as the respiratory rate (RR), inspiratory pressure (and consequently Vr), etc. In this
case, gas-trapping may result when set RR is too high, when inspiratory pressure (and

consequently V) is too high, Ty is too long and/or T is too short, etc. Alternatively,
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during pressure ventilation of a triggering patient, the patient triggers the transition
between expiration and inspiration, i.e., patient-regulated RR. In this case, gas-trapping
may result when inspiration is triggered by the patient before expiration is complete, e.g.,
when inspiratory pressure (and consequently V) is too high, Ti is too long (resulting in
Tg being insufficient before patient-triggering occurs). Specifically, when incomplete
exhalation occurs, gases may be trapped in the lungs, resulting in an increased FRC.
Indeed, with each breath, additional gases may be trapped and, not surprisingly, Auto-
PEEP has been linked to barotrauma and an increase in the work of breathing (WOB),
among other conditions.

Barotrauma may result from the over-distension of alveoli, which may cause
disruption of the alveolar epithelium. Further, as pressure in the alveoli increases, some
alveoli may rupture, allowing gases to seep into the perivascular sheath and info the
mediastinum. This condition may be referred to as pulmonary interstitial emphysema
(PIE). Further complications associated with PIE may result in a pneumothorax (i.c.,
partial to complete collapse of a lung due to gases collected in the pleural cavity).
Additionally or alternatively, Auto-PEEP has been associated with impeded venous
return, which may lead to reduced cardiac output. Patients suffering from acute
respiratory distress syndrome (ARDS) or acute lung injury (ALI) may be especially
susceptible to Auto-PEEP. The work of breathing (WOB) refers to the amount of energy
required to inhale, i.e., against forces that oppose inspiration as described above. For
spontaneously-breathing patients, an increased WOB may lead to exhaustion of the
respiratory muscles. Indeed, an increased WOB may further damage and/or compromise
a patient’s ability to provide at least some muscular effort during respiration — potentially
extending their time on ventilation.

According to embodiments, Auto-PEEP may occur as a result of various patient
conditions and/or inappropriate ventilatory settings. Thus, according to embodiments,
Auto-PEEP detection module 224 may evaluate various ventilatory parameter data based
on one or mote predetermined thresholds to detect the presence of Auto PEEP. For
example, the Auto-PEEP detection module 224 may evaluate expiratory flow on a flow
waveform, or flow trace, to determine whether EEF has reached zero before inspiration
begins. That is, if EEF breaches a predetermined threshold (e.g., EEF exceeds about 5

L/m), the pressure gradient between the patient’s lungs and the ambient surface pressure
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has likely not reached zero. As such, it is likely that gases have not been completely
exhaled. This condition may occur when inspiration is initiated automatically by the
ventilator (e.g., for a non-triggering patient) or when inspiration is initiated via patient
triggering (e.g., for a spontaneously-breathing patient). If this situation occurs over
several breaths, it may implicate trapping of gases, or Auto-PEEP. Thus, when EEF is
positive (i.c., breaches the predetermined threshold) for several consecutive or
substantially consecutive breaths (e.g., positive EEF detected three or more times in ten
consecutive breaths), the Auto-PEEP detection module 224 may detect an implication of
Auto-PEEP. As may be appreciated, the threshold values disclosed herein are provided
as examples only. Indeed, threshold values may be determined via any suitable standard
protocol or otherwise. Alternatively, threshold values may be determined and configured
for a specific patient according to a specific prescription or otherwise.

According to further embodiments, Auto-PEEP detection module 224 may
evaluate expiratory flow on a flow trace to detect patient effort for a triggering patient.
That is, by evaluating the slope of the expiratory flow curvé, the Auto-PEEP detection
module 224 may determine that the patient attempted to trigger while the patient was still
actively exhaling. That is, if Ty is set too high, Tg may not be long enough for complete
exhalation. Thereafter, a triggering patient may attempt to initiate another inspiration
prior to complete exhalation of gases, potentially trapping gases in the lungs. Thus, when
patient triggering is detected during active exhalation, the Auto-PEEP detection module
224 may detect an implication of Auto-PEEP.

According to further embodiments, Auto-PEEP detection module 224 may
calculate an [:E ratio for a patient. According to embodiments, a normal patient (e.g.,
with a normal Ty and a normal RR for the patient’s PBW) may have an L:E ratio of about
1:2 to 1:3. That is, under normal conditions, it may be desirable for the T to be about
double or triple (or greater) the set T1. However, under some circumstances the length of
the Tg approaches the set Ti. For instance, if set RR is too high (for a non-triggering
patient), Tr may be too short and may not allow for complete exhalation. Alternatively,
when inspiratory pressure is too high (causing increased delivered volume), Tz may be
too short and may not allow for complete exhalation of the increased delivered volume.
As described previously, when Tx is too short, gas-trapping may occur at the end of

expiration causing Auto-PEEP. Thus, in cases where the L:E ratio is greater than 1:2
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(i.c., approaching 1:1 or approaching an inverse ratio, e.g., 2:1) the Auto-PEEP detection
module 224 may detect an implication of Auto-PEEP.

According to further embodiments, Auto-PEEP detection module 224 may utilize
the flow waveform to evaluate inspiratory flow based on one or more predetermined
thresholds. For example, if pressure exists in the lungs (e.g., due to Auto-PEEP), gases
may not begin to flow into the lungs until the pressure in the mouth exceeds the lung
pressute (i.c., until a pressure gradient is established). That is, inspiratory flow may be
slowed at the beginning of inspiration if Auto-PEEP is present. As such, the Auto-PEEP
detection module 224 may be configured to detect whether inspiratory flow fails to
exceed a predetermined threshold within a certain amount of time after initiation of
inspiration (e.g., as automatically initiated by the ventilator based on parameter settings
for a non-triggering patient or initiated based on ventilator detection of patient effort
and/or neural indications for a triggering patient). Thus, when inspiratory flow breaches
a predetermined threshold at the beginning of inspiration, the Auto-PEEP detection
module 224 may detect an implication of Auto-PEEP.

According to further embodiments, Auto-PEEP detection module 224 may
evaluate various ventilatory parameters to determine whether respiratory resistance is
increasing. As described previously, increased resistance may cause a decrease in flow,
Consequently, Tg may not be adequate for complete exhalation to FRC. Resistance may
increase for a number of reasons, as listed above, including ascites (fluid build-up in the
peritoneal cavity surrounding the lungs that may increase viscous tissue resistance),
chronic obstructive pulmonary disease (COPD), asthma, emphysema, mucous blockage,
or otherwise. In some cases, a clinician may be aware of a patient’s obstructive
condition; however, it may be desirable for the ventilator to detect whether an
obstructive disorder is worsening, Alternatively, it may be desirable for the ventilator to
detect whether an obstructive disorder developing or whether resistance is increasing for
some other reason.

For example, Auto-PEEP detection module 224 may monitor ventilatory data
based on one or more predetermined thresholds to determine whether respiratory
resistance is increasing. For example, where P, is increasing with constant Vr delivery,
resistance may be increasing. Further, where flow is decreasing with constant P,

resistance may be increasing (i.e., R =P,/ F). For example, if resistance increases by a
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predetermined threshold, Auto-PEEP may be implicated (e.g., resistance increases by
about 5 cm H,O/L/s or mote). As may be appreciated, the threshold values disclosed
herein are provided as examples only. Indeed, threshold values may be determined via
any suitable standard protocol or otherwise. Alternatively, threshold values may be
determined and configured for a specific patient according to a specific prescription or
otherwise.

Alternatively, the Auto-PEEP detection module 224 may evaluate PV cutrves to
compare Cgand Cp over a number of breaths to detect whether resistance is increasing,
as described above. That is, when the Cp curve flattens out and shifts to the right
relative to the Cs curve, this may indicate that P, is increasing and, thus, that resistance is
increasing, Generally, based on the above evaluations, an inspiratory resistance may be
trended over a period of time. However, according to other embodiments, expiratory
resistance may also be evaluated. For example, by comparing consecutive FV loops, an
expiratory plot for each FV loop may reflect a progressive reduction in expiratory flow
indicative of increasing resistance. Consequently, if Tg is not long enough for complete
exhalation at the decreased flow, gases may be trapped in the lungs.

Alternatively, the Auto-PEEP detection module 224 may evaluate PV loops from
successive breaths to detect an increase in resistance. For example, increased resistance
may be detected when successive PV loops shorten and widen over time. That is, at
constant pressure, less volume is delivered to the lungs when resistance is increasing,
resulting in a shorter, wider PV loop.

Alternatively, the Auto-PEEP detection module 224 may evaluate the expiratory
limb resistance of the patient circuit to detect increased resistance. Where resistance of
the expiratory limb breaches a predetermined threshold, the ventilator may recommend
that the clinician check the exhalation filter for mucous or other obstruction that may be
causing clevated expiratory limb resistance. According to further embodiments, as
increased expiratory limb resistance may prevent complete exhalation, Auto-PEEP may
be implicated.

As may be appreciated from the ab;)ve examples, an increase in resistance may be
detected by evaluating graphical data in the form of PV curves, PV loops and/or FV
loops. That is, the ventilator may determine that resistance has increased by evaluating

changes in the graphical data and/or changes in the underlying data corresponding to the
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graphical data. Alternatively, an increase in resistance may be detected by caleulation,
e.g., by measuring flow and pressure and by calculating resistance (i.e., where
compliance is constant). However, according to embodiments, when increased
resistance is detected via any suitable method, the Auto-PEEP detection module 224 may
detect an implication of Auto-PEEP,

According to further embodiments, Auto-PEEP detection module 224 may
evaluate various ventilatory parameters to determine whether respiratory compliance is
increasing. That is, when elastance decreases (e.g., forces opposing lung inflation), it
may require less pressute to deliver a particular volume (i.e., AV =C*AP).
Consequently, additional volume may be delivered at constant pressure and may over-
distend the lungs and/or result in gas-trapping. For example, Auto-PEEP detection
module 224 may evaluate PV loops based on one or more predetermined thresholds to
detect whether compliance is increasing, i.e., by comparing the area between the
inspiratory plot of pressure vs, volume and the expiratory plot of pressure vs, volume
over a number of breaths. According to alternative embodiments, Auto-PEEP detection
module 224 may cvaluate PV curves to compare Cg and Cp over a number of breaths, as
described above. That is, where both the Cp cutve and the C; curve straighten and shift
to the left (e.g., illustrating decteasing Ppeqr and Ppy) compliance may be increasing.
Alternatively, the ventilator may be configured with a predetermined threshold increase
for compliance (e.g., an increase of about 10 mL/ecmH;0 or more), such that Auto-PEEP
may be implicated when compliance breaches the predetermined threshold increase.
That is, if compliance increases, less pressure may be required to deliver a prescribed Vr
and/or lower Tt may be required to deliver the prescribed V. Thus, if adjustments are
not made, Auto-PEEP may result.

As may be appreciated from the above examples, an increase in compliance may
be detected by evaluating graphical data associated with PV loops or PV curves. That is,
the ventilator may determine that compliance has increased by evaluating changes in the
graphical data and/or changes in the underlying data corresponding to the graphical data.
Alternatively, an increase in compliance may be calculated, e.g., by determining Vr,
Ppar, and EEP to calculate Cg or by determining Vi, Ppeqi, and EEP to calculate Cp. In
either case, when increased compliance is detected, the Auto-PEEP detection module

224 may detect an implication of Auto-PEEP.
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According to further embodiments, the Auto-PEEP detection module 224 may
calculate the pulmonary time constant by multiplying resistance (e.g., expiratory
resistance) by compliance for a particular patient. Additionally, the Auto-PEEP
detection module 224 may trend Ty over multiple breaths. When Tk is less than a
predetermined number of pulmonary time constants, Tg may not be adequate for
complete exhalation and the Auto-PEEP detection module 224 may detect an implication
of Auto-PEEP.

According to alternative embodiments, the Auto-PEEP detection module 224
may trend Tg over multiple breaths based on one or more predetermined thresholds to
detect whether Ty is limited for a triggering patient. For example, if the patient-regulated
respiratory rate (RR) is too high or T7 is too high, the Ty may be limited. That is, for a
triggering patient, Tr may not be long enough to reach FRC before inspiration is
triggered, potentially resulting in Auto-PEEP. For a non-triggering patient, the RR
setting may be set too high such that T is not long enough to reach FRC before the
ventilator initiates inspiration. According to embodiments, a time required to reach FRC
may be calculated, e.g., based on inspiratory pressure (or Vr) and resistance and
compliance data. The time required to reach FRC may then be compared to Tg to
determine whether the time required to reach FRC is greater than Te. When the time
required to reach FRC is greater than Ty by a predetermined threshold, for instance, it
may be determined that Ty is limited. Further, when limited Tg is detected, the Auto-
PEEP detection module 224 may detect an implication of Auto-PEEP.

According to further embodiments, the Auto-PEEP detection module 224 may
evaluate data from an expiratory-pause maneuver. For example, an expiratory-pause
maneuver may be conducted manually by a clinician or automatically at certain intervals
during ventilation. During the expiratory-pause maneuver, expiratory and inspiratory
valves may be momentarily shut at the end of expiration. For example, when the end-
expiratory pressure (EEP) reading in the circuit exceeds set PEEP by a threshold amount
(c.g., about 5 em H,0 above set PEEP), the presence of Auto-PEEP may be implicated.
According to alternative embodiments, EEP readings may be taken by sensors at or near
the patient’s lungs and/or diaphragm to determine the presence of Auto-PEEP. Note that
it is preferable that the patient be sedated or non-triggering for these measurements to be

accurate. Thus, when EEP is greater than sct PEEP at the end of expiration for a

-32-



10

15

20

25

30

WO 2012/003081 PCT/US2011/039899

threshold number of breaths (e.g., thrce or more times in ten consecutive breaths), the
Auto-PEEP detection module 224 may determine that Auto-PEEP is implicated.

As may be appreciated, the threshold values disclosed herein are provided as
examples only. Indeed, threshold values may be determined via any suitable standard
protocol or otherwise. Alternatively, threshold values may be determined and configured
for a specific patient according to a specific prescription or otherwise.

Further, as may be appreciated, an implication of Auto-PEEP may be detected by
one or more of the above methods during pressure ventilation. That is, according to
embodiments of the present disclosure, an implication of Auto-PEEP may be detected by
one of the above methods, by a combination of two or more of the above methods, or by
any other suitable means.

Smart-Prompt Generation

Ventilator 202 may further include a smart prompt module 226. As described
above, the presence of Auto-PEEP may be very difficult for a clinician to detect. As may
be appreciated, multiple ventilatory parameters may be monitored and evaluated in order
to detect an implication of Auto-PEEP. In addition, when Auto-PEEP is implicated,
many clinicians may not be aware of adjustments to ventilatory parameters that may
reduce or eliminate Auto-PEEP. As such, upon detection of Auto-PEEP, the smart
prompt module 226 may be configured to notify the clinician that Auto-PEEP is
implicated and/or to provide recommendations to the clinician for mitigating Auto-
PEEP. For example, smart prompt module 226 may be configured to notify the ¢linician
by displaying a smart prompt on display monitor 204 and/or within a window of the
GUIL According to additional embodiments, the smart prompt may be communicated to
and/or displayed on a remote moniforing system communicatively coupled to ventilatory
system 200. Alternatively, in an automated embodiment, the smart prompt module 226
may communicate with a ventilator control system so that the recommendation may be
automatically implemented to mitigate Auto-PEEP.

In order to accomplish the various aspects of the notification and/or
recommendation message display, the smart prompt module 226 may communicate with
various other components and/or modules. For instance, smart prompt module 226 may
be in communication with data processing module 222, Auto-PEEP detection module

224, or any other suitable module or component of the ventilatory system 200. That is,
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smart prompt module 226 may receive an indication that Auto-PEEP has been
implicated by any suitable means. In addition, smart prompt module 226 may receive
information regarding one or more parameters that implicated the presence of Auto-
PEEP and information regarding the patient’s ventilatory settings and treatment. Further,
according to some embodiments, the smart prompt module 226 may have access to a
patient’s diagnostic information (e.g., regarding whether the patient has ARDS, COPD,
asthma, emphysema, or any other disease, disorder, or condition).

Smart prompt module 226 may further comprise additional modules for making
notifications and/or recommendations to a clinician regarding the presence of Auto-
PEEP. For example, according to embodiments, smart prompt module 226 may include
a notification module 228 and a recommendation module 230. For instance, smart
prompts may be provided according to a hierarchical structure such that a notification
messages and/or a recommendation message may be initially presented in summarized
form and, upon clinician selection, an additional detailed notification and/or
recommendation message may be displayed. According to alternative embodiments, a
notification message may be initially presented and, upon clinician selection, a
recommendation message may be displayed, Alternatively or additionally, the
notification message may be simultancously displayed with the recommendation message
in any suitable format or configuration.

Specifically, according to embediments, the notification message may alert the
clinician as to the detection of a patient condition, a change in patient condition, or an
effectiveness of ventilatory treatment. For example, the notification message may alert
the clinician that Auto-PEEP has been detected. The notification message may further
alert the clinician regarding the particular ventilatory parameter(s) that implicated Auto-
PEEP (e.g., positive EEF over the last # breaths, increased resistance, etc.)

Additionally, according to embodiments, the recommendation message may
provide various suggestions to the clinician for addressing a detected condition. That is,
if Auto-PEEP has been detected, the recommendation message may suggest that the
clinician reduce inspiratory pressure (to lower delivered V) such that Tg may be
sufficient to completely exhale Vr, decrease set T1 to increase T, decrease set RR (for a
non-triggering patient) to increase Tg, etc. Additionally or alternatively, the

recommendation message may be based on the particular ventilatory parameter(s) that
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implicated Auto-PEEP. Additionally or alternatively, the recommendation message may
be based on current ventilatory settings such that suggestions are directed to a particular
patient’s treatment. Additionally or alternatively, the recommendation message may be
based on a diagnosis and/or other patient attributes. Further still, the recommendation
message may include a primary recommendation message and a secondary
recommendation message.

As described above, smart prompt module 226 may also be configured with
notification module 228 and recommendation module 230. The notification module 228
may be in communication with data processing module 222, Auto-PEEP detection
module 224, or any other suitable module to receive an indication that Auto-PEEP has
been detected. Notification module 228 may be responsible for generating a notification
message via any suitable means. For example, the notification message may be provided
as a tab, banner, dialog box, or other similar type of display. Further, the notification
messages may be provided along a border of the graphical user interface, near an alarm
display or bar, or in any other suitable location. A shape and size of the notification
message may further be optimized for easy viewing with minimal interference to other
ventilatory displays. The notification message may be further configured with a
combination of icons and text such that the clinician may readily identify the message as
a notification message.

The recommendation module 230 may be responsible for generating one or more
recommendation messages via any suitable means. The one or more recommendation
messages may provide suggestions and information regarding addressing a detected
condition and may be accessible from the notification message. For example, the one or
more recommendation messages may identify the parameters that implicated the detected
condition, may provide suggestions for adjusting one or more ventilatory parameters to
address the detected condition, may provide suggestions for checking ventilatory
equipment or patient position, or may provide other helpful information. Specifically,
the one or more recommendation messages may provide suggestions and information
regarding Auto-PEEP.

According to embodiments, based on the particular parameters that implicated
Auto-PEEP, the recommendation module may provide suggestions for addressing Auto-

PEEP. That is, if Auto-PEEP was implicated by positive EEF over several breaths, the
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one or more recommendation messages may include suggestions for decreasing set Ty
such that T may be increased, adjusting settings such that EEF approximates zero,
decreasing set RR (for a non-triggering patient) such that Ty may be increased, lowering
inspiratory pressure (to lower V) such that Ty may be adequate, etc. Alternatively, if
Auto-PEEP was implicated by increased resistance, the one or more recommendation
messages may include suggestions for suctioning the patient interface, adjusting patient
position, delivering a bronchodialator or other suitable medication, etc.

Alternately still, if Auto-PEEP was implicated by increased compliance, the
recommendation module may provide one or more suggestions for addressing Auto-
PEEP. For instance, as noted above, when compliance increases, less pressure is
required to deliver a particular V1. As such, when the ventilator detects that compliance
is increasing, the one or more recommendation messages may suggest a corresponding
decrease in inspiratory pressure to maintain V. Alternatively, when an increase in Vr is
desirable for the patient having increased compliance, the one or more recommendation
messages may suggest a corresponding decrease in set Tr (in order to increase Tg) such
that the increased Vo may be completely exhaled.

Additionally or alternatively, the one or more recommendation messages may
also be based on current ventilatory settings for the patient. For example, upon detecting
Auto-PEEP via any suitable means, the ventilator may also detect that the patient’s
current ventilatory settings include a relatively low Ty setting. In this case, according to
an embodiment, the one or more recommendation messages may not suggest decreasing
set Ty, Alternatively, upon detecting Auto-PEEP via any suitable means, the ventilator
may also detect that a non-triggering patient’s current ventilatory settings include a
relatively low RR setting. In this case, according to an embodiment, the one or more
recommendation messages may not suggest decreasing set RR. Indeed, the ventilator
may evaluate settings for RR, Ty, Tg, LE ratio, etc., to determine whether these settings
are within a range that may be appropriately changed, or not, in light of a detection of
Auto-PEEP.

Additionally or alternatively, the one or more recommendation messages may be
based on ventilatory parameters as monitored by the ventilator for the patient. According
to an embodiment, when Auto-PEEP is implicated by any suitable means, the ventilator

may also detect that the set Ty is longer than necessary for delivering Vr. In this case, an
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inspiratory volume (V) may be delivered that achieves and maintains the inspiratory
pressure prior to the end of T, As a result, the ventilator may detect that flow is about
zero prior to the end of T (i.e., pressure is equalized and gases are no longer flowing into
the lungs). Further, the ventilator may determine an amount of time, f (¢.g,, in
milliseconds, ms), from detection of about zero flow until Ty ends. In some
embodiments, the one or more recommendation messages may suggest decreasing Ty by
up to ¢ such that Ty may be increased while maintaining V. In other embodiments, in
cases where a clinician may desire to decrease T\ by more than 7, the one or more
recommendation messages may suggest a corresponding increase in inspiratory pressure
to maintain V when T is decreased by more than £,

Additionally or alternatively, the one or more recommendation messages may be
based on a patient’s diagnosis or other clinical data. According to some embodiments, if
a patient has been diagnosed with COPD, the ventilator may be configured with adjusted
thresholds such that sensitivity to resistance is increased (i.e., a lower predetermined
threshold) or decreased (i.e., a higher predetermined threshold) based on clinician input
or otherwise, According to some embodiments, if a patient has been diagnosed with
emphysema, the ventilator may be configured with adjusted thresholds such that
sensitivity to compliance is increased (i.e., a lower predetermined threshold) or decreased
(i.c., a higher predetermined threshold) based on clinician input or otherwise. According
to other embodiments, if a patient has been diagnosed with ARDS, the ventilator may be
aware that the patient is at higher risk for Auto-PEEP and may configured with increased
sensitivity for defecting implications of Auto-PEEP. Alternatively, Auto-PEEP may be
desirable for an ARDS patient (e.g., preventing alveolar collapse and increasing
oxygenation) and the ventilator may be configured with decreased sensitivity for
detecting implications of Auto-PEEP. When Auto-PEEP is detected, the one or more
recommendation messages may include suggesting decreasing set RR (for a non-

{riggering patient) to increase Tg, decreasing set Ty to increase Ty, decreasing inspiratory

. pressure (to reduce delivered V) such that Tg may be sufficient to completely exhale the

delivered Vi, etc.
According to still other embodiments, the recommendation message may include
a primary message and a secondary message. That is, a primary message may provide

suggestions that are specifically targeted to the detected condition based on the particular
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parameters that implicated the condition. Alternatively, the primary message may
provide suggestions that may provide a higher likelihood of mitigating the detected
condition. The secondary message may provide more general suggestions and/or
information that may aid the clinician in further addressing and/or mitigating the detected
condition. For example, the primary message may provide a specific suggestion for
adjusting a particular parameter to mitigate the detected condition (e.g., consider
decreasing Tj, consider adjusting settings such that EEF approximates zero).
Alternatively, the secondary message may provide general suggestions for addressing the
detected condition (e.g., consider other steps for providing adequate Tg, such as
decreasing inspiratory pressure to decrease delivered Vr so that Ty may be adequate to
completely exhale the delivered V).

Smart prompt module 226 may also be configured such that notification and/or
recommendation messages may be displayed in a partially transparent window or format.
The transparency may allow for notification and/or recommendation messages to be
displayed such that normal ventilator GUI and respiratory data may be visualized behind
the messages. This feature may be particularly useful for displaying detailed messages.
As described previously, notification and/or recommendation messages may be displayed
in areas of the display screen that are either blank or that cause minimal distraction from
the respiratory data and other graphical representations provided by the GUL. However,
upon selective expansion of a message, respitatory data and graphs may be at least
partially obscured. As a result, translucent display may provide the detailed message
such that it is partially transparent, Thus, graphical and other data may be visible behind
the detailed alarm message.

Additionally, notification and/or recommendation messages may provide
immediate access to the display and/or settings screens associated with the detected
condition. For example, an associated parameter settings screen may be accessed from a
notification and/or a recommendation message via a hyperlink such that the clinician may
address the detected condition as necessary. An associated parameter display screen may
also be accessed such that the clinician may view clinical data associated with the
detected condition in the form of charts, graphs, or otherwise. That is, according to
embodiments, the clinician may access the ventilatory data that implicated the detected

condition for verification purposes. For example, when Auto-PEEP has been implicated,
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depending on the particular ventilatory parameters that implicated Auto-PEEP, the
clinician may be able to access ventilatory settings for addressing Auto-PEEP (e.g., a
settings screen for adjusting inspiratory pressure, Tj, etc.) and/or to view associated
ventilatory parameters that implicated Auto-PEEP (e.g., a graphics screen displaying
historical flow waveforms, volume waveforms, and/or pressure waveforms that gave rise
to implications of Auto-PEEP).

According to embodiments, upon viewing the notification and/or
recommendation messages, upon addressing the detected condition by adjusting one or
more ventilatory settings or otherwise, or upon manual selection, the notification and/or
recommendation messages may be cleared from the graphical user interface.
Auto-PEEP Detection during Pressure Ventilation

FIG. 3 is a flow chart illustrating an embodiment of a method for detecting an
implication of Auto-PEEP.

As should be appreciated, the particular steps and methods described herein are
not exclusive and, as will be understood by those skilled in the art, the particular ordering
of steps as described herein is not intended to limit the method, e.g., steps may be
performed in differing order, additional steps may be performed, and disclosed steps may
be excluded without departing from the spirit of the present methods.

The illustrated embodiment of the method 300 depicts a method for detecting
Auto-PEEP during pressure ventilation, According to embodiments described herein,
pressure ventilation may generally include pressure-control ventilation (PCV), bi-level
(BL) pressure ventilation, or volume-targeted-pressure-controlled (VC+) ventilation.

Method 300 begins with an initiate ventilation setup operation 302. Initiate
ventilation sctup operation 302 may further include various additional operations. For
example, initiate ventilation setup operation 302 may include receiving one or more
ventilatory seftings associated with ventilation of a patient (e.g., at receive settings
operation 304), For example, the ventilator may be configured to provide pressure
ventilation to a triggering patient. As such, the ventilatory settings and/or input received
may include an inspiratory pressure (or target inspiratory pressure), predicted or ideal
body weight (PBW or IBW), etc. According to alternative embodiments, the ventilator
may be configured to provide pressure ventilation to a non-triggering patient. As such,

the ventilatory settings and/or input received may include an inspiratory pressure, set RR,
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predicted or ideal body weight (PBW or IBW), etc. According to some embodiments, a
predicted T and a predicted Ty may be determined for either a triggering or'a non-
triggering patient based on normal respiratory and compliance values or value ranges
based on the patient’s PBW or IBW.

According to some embodiments, initiate ventilation setup operation 302 may
further include receiving diagnostic information regarding the patient (e.g., at receive
diagnosis operation 306, represented with dashed lines to identify the operation as
optional). For example, according to embodiments, the clinician may indicate that the
patient has been diagnosed with ARDS, COPD, emphysema, asthma, etc. The ventilator
may be further configured to associate a patient diagnosis with various conditions (e.g.,
increased resistance associated with COPD, increased likelihood of alveolar collapse
associated with ARDS, etc.).

At deliver ventilation operation 308, the ventilator provides pressure ventilation
to the patient, as described above. That is, according to embodiments, the ventilator
provides ventilation based on an inspiratory pressure. For example, during an inspiratory
phase, the ventilator may deliver gases to the patient by delivering a set inspiratory
pressure at the mouth of the patient for a period of time, i.¢., set inspiratory time (T). As
described above, upon delivering an inspiratory volume that achieves and maintains the
inspiratory pressure, gases will no longer flow into the lungs. Thus, in some cases, when
inspiratory volume is delivered prior to reaching the end of Ty, the ventilator may detect
that flow is about zero, According to further embodiments, the ventilator may initiate an
expiratory phase when Ty ends. For a triggering patient, the ventilator may detect patient
effort during the expiratory phase via any suitable means. For example, the ventilator
may detect a slight drop in flow and/or pressure that may be interpreted as a patient
trigger and the ventilator may consequently initiate a next inspiratory phase by delivering
gases to the patient. For a non-triggering patient, the ventilator may initiate a next
inspiratory phase based on set RR, for example.

While pressure ventilation is being delivered, the ventilator may conduct various
data processing operations. For example, at data processing operation 310, the ventilator
may collect and/or derive various ventilatory parameter data associated with pressure
ventilation of a patient. For example, as described above, the ventilator may collect data

regarding flow and pressure parameters. Additionally, the ventilator may derive various
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ventilatory parameter data based on the collected data, e.g., volume, pressure, respiratory
resistance, respiratory compliance, ete. Additionally, the ventilator may generate various
graphical representations of the collected and/or derived ventilatory parameter data, e.g.,
flow waveforms, pressure waveforms, pressure-volume loops, flow-volume loops, etc.

At analyze operation 312, the ventilator may evaluate collected and/or derived
data to determine whether a certain patient condition exists. For example, according to
embodiments, the ventilator may evaluate the various collected and derived parameter
data, including EEF, Tg, EEP, respiratory resistance and/or compliance, P, patient effort,
etc., based on one or more predetermined thresholds, According to embodiments, the
ventilator may further evaluate the ventilatory parameter data in light of the patient’s
specific parameter settings, including inspiratory pressure, set Tr, set RR (for a non-
triggering patient), etc., and/or the patient’s diagnostic information.

According to some embodiments, at detect Auto-PEEP operation 314 the
ventilator may determine whether Auto-PEEP is implicated based on evaluating EEF at
analyze operation 312, For example, according to embodiments, the ventilator may be
configured with a threshold value for EEF. For example, if EEF is greater than or equal
to about 5 L/ when inspiration is initiated, the threshold may be breached and positive
EEF may be detected (c.g., when EEF is greater than or equal to 5 L/m). Further,
according to embodiments, the ventilator may be configured with a threshold number of
breaths, e.g., if positive EEF is detected three or more times in ten consecutive breaths
the threshold may be breached. That is, when three or more of ten consecutive breaths
exhibit positive EEF, it may be determined that Auto-PEEP is implicated. If Auto-PEEP
is implicated, the operation may proceed to issue smart prompt operation 316. If Auto-
PEEP is not implicated, the operation may return to analyze operation 312,

According to other embodiments, at detect Auto-PEEP operation 314 the
ventilator may determine whether Auto-PEEP is implicated based on evaluating
expiratory flow on a flow trace to detect patient effort for a triggering patient. That is, by
evaluating the slope of the expiratory flow curve, the ventilator may determine that the
patient attempted to trigger while the patient was still actively exhaling. When a
triggering patient attempts to initiate inspiration prior to complete exhalation of gases,
gas-trapping may occur due to premature triggering. According to embodiments, the

ventilator may be configured with a threshold number of breaths, e.g., when premature
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triggering is detected three or more times in ten consecutive breaths the threshold may be
breached. That is, when three or more of ten consecutive breaths exhibit premature
triggering, the ventilator may detect an implication of Auto-PEEP. If Auto-PEEP is
implicated, the operation may proceed to issue smart prompt operation 316. If Auto-
PEEP is not implicated, the operation may return to analyze operation 312.

According to further embodiments, at detect Auto-PEEP operation 314 the
ventilator may calculate an I:E ratio for a patient. According to embodiments, a normal
patient (e.g., with a normal T and a normal RR for the patient’s PBW) may have an LE
ratio of 1:2 to 1:3. That is, under normal conditions, it may be desirable for the Tk to be
double or triple (or greater) the set Tr. However, under some circumstances the fength of
the T may approach the set Ty, For instance, if set RR is too high (for a non-triggering
patient), Tr may be too short and may not allow for complete exhalation. Alternatively,
when inspiratory pressure is too high (causing increased delivered volume), Ty may be
too short and may not allow for complete exhalation of the increased delivered volume.
As described previously, when Tk is too short, gas-trapping may occur at the end of
expiration causing Auto-PEEP, Thus, in cases where the I'E ratio is greater than 1.2
(i.e., approaching 1:1 or further approaching an inverse ratio, e.g., 2:1) Auto-PEEP may
be implicated. If Auto-PEEP is implicated, the operation may proceed fo issue smart
prompt operation 316. If Auto-PEEP is not implicated, the operation may return to
analyze operation 312.

According to still other embodiments, at detect Auto-PEEP operation 314 the
ventilator may determine whether Auto-PEEP is implicated based on evaluating EEP at
analyze operation 312. According to embodiments, EEP may be measured distally via
any suitable method (e.g., by one or more pressure transducers at or near the lungs and/or
diaphragm), Alternatively, EEP may be measured proximally via any suitable method
(e.g., during an expiratory hold maneuver). If EEP in excess of set PEEP (if any) is
detected at the end of expiration, Auto-PEEP may be implicated. According to
embodiments, the ventilator may be configured with a threshold value for EEP (e.g.,
about 5 cm H,0 above set PEEP). Further, according to embodiments, the ventilator
may be configured with a threshold number of breaths, e.g., excess pressure detected
three or more times in ten consecutive breaths may breach the threshold. That is, when

three or more of ten consecutive breaths exhibit excess pressure at the end of expiration,
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it may be determined that Auto-PEEP is implicated. If Auto-PEEP is implicated, the
operation may proceed to issue smart prompt operation 316. If Auto-PEEP is not
implicated, the operation may return to analyze operation 312,

According to other embodiments, at detect Auto-PEEP operation 314 the
ventilator may determine whether Auto-PEEP is implicated based on evaluating
resistance and/or compliance at analyze operation 312, According to embodiments, the
ventilator may be configured with a threshold increase for resistance. For example, if
resistance increases by about 5 cim Hp0/L/s or more, it may be determined that Auto-
PEEP is implicated. Alternatively, the ventilator may be configured with a threshold
increase for compliance. For example, if compliance increases by about 10 mL/cm HyO
or more, it may be determined that Auto-PEEP is implicated. If Auto-PEEP is
implicated, the operation may proceed to issue smart prompt operation 316. If Auto-
PEEP is not implicated, the operation may return to analyze operation 312,

According to other embodiments, at detect Auto-PEEP operation 314 the
ventilator may evaluate respiratory resistance data and respiratory compliance data to
calculate a time required to reach functional residual capacity (FRC). Thereafter, the
time required to reach FRC may be compared to the Tg. According to embodiments,
when the time required to reach FRC is greater than the Ty by a predetermined threshold,
it may be determined that Auto-PEEP is implicated. If Auto-PEEP is implicated, the
operation may proceed to issue smart prompt operation 316. If Auto-PEEP is not
implicated, the operation may return to analyze operation 312.

According to further embodiments, at detect Auto-PEEP operation 314 the
ventilator may evaluate the pulmonary time constant and Tg. That is, by multiplying
resistance (e.g., expiratory resistance) by compliance the ventilator may calculate the
pulmonary time constant, The ventilator may also trend Ty over multiple breaths for the
triggering patient. When Ty is less than a predetermined number of pulmonary time
constants (e.g., about three pulmonary time constants), T may not be adequate for
complete exhalation and the ventilator may detect an implication of Auto-PEEP. If Auto-
PEEP is implicated, the operation may proceed to issue smart prompt operation 316. If
Auto-PEEP is not implicated, the operation may return to analyze operation 312.

As may be appreciated, the ventilator may determine whether Auto-PEEP is

implicated at detect Auto-PEEP operation 314 via any suitable means. Indeed, any of the
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above described ventilatory parameters may be evaluated according to various thresholds
for detecting Auto-PEEP, Further, the disclosure regarding specific ventilatory
parameters as they may implicate Auto-PEEP is not intended to be limiting. In fact, any
suitable ventilatory parameter may be monitored and evaluated for detecting Auto-PEEP
within the spirit of the present disclosure. As such, if Auto-PEEP is implicated via any
suitable means, the operation may proceed to issue smart prompt operation 316. If Auto-
PEEP is not implicated, the operation may return to analyze operation 312.

At issue smart prompt operation 316, the ventilator may alert the clinician via any
suitable means that Auto-PEEP has been implicated. For example, according to
embodiments, the ventilator may display a smart prompt including a notification
message and/or a recommendation message regarding the detection of Auto-PEEP on the
GUI. According to alternative embodiments, the ventilator may communicate the smart
prompt, including the notification message and/or the recommendation message, to a
remote monitoring system communicatively coupled to the ventilator.

According to embodiments, the notification message may alert the clinician that
Auto-PEEP has been detected and, optionally, may provide information regarding the
ventilatory parameter(s) that implicated Auto-PEEP. According to additional
embodiments, the recommendation message may provide one or more suggestions for
mitigating Auto-PEEP. According to further embodiments, the one or more suggestions
may be based on the patient’s particular ventilatory settings and/or diagnosis. According
to further embodiments, the one or more suggestions may be based on whether the
patient is triggering or non-triggering. According to some embodiments, the clinician
may access one or more parameter setting and/or display screens from the smatt prompt
via a hyperlink or otherwise for addressing Auto-PEEP. According to additional or
alternative embodiments, a clinician may remotely access one or more parameter and/or
display screens from the smart prompt via a hyperlink or otherwise for remotely
addressing Auto-PEEP,

Smart Prompt Generation regarding Auto-PEEP Detection

FIG. 4 is a flow chart illustrating an embodiment of a method for issuing a smart
prompt upon detecting an implication of Auto-PEEP.
As should be appreciated, the patticular steps and methods described herein are

not exclusive and, as will be understood by those skilled in the art, the particular ordering
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of steps as described herein is not intended to limit the method, e.g., steps may be
performed in differing order, additional steps may be performed, and disclosed steps may
be excluded without departing from the spirit of the present methods,

The illustrated embodiment of the method 400 depicts a method for issuing a
smart prompt upon detecting Auto-PEEP during pressure ventilation of a triggeting or a
non-triggering patient. Method 400 begins with detect operation 402, wherein the
ventilator detects that Auto-PEEP is implicated, as described above in method 300.

At identify ventilatory parameters operation 404, the ventilator may identify one
or more ventilatory parameters that implicated Auto-PEEP. For example, the ventilator
may recognize that Auto-PEEP was implicated by positive EEF over several breaths,
Alternatively, the ventilator may recognize that Auto-PEEP was implicated by excess
EEP over PEEP. Alternatively, the ventilator may recognize that Auto-PEEP was
implicated by increased resistance and/or compliance. Alternatively, the ventilator may
recognize that Auto-PEEP was implicated by determining the time required to reach
FRC is greater than Tg. Indeed, the ventilator may recognize that Auto-PEEP was
implicated by one or more of the above methods, either individually or in combination,
during pressure ventilation of a patient, As may be appreciated, the ventilator may use
information regarding ventilatory parameters that implicated Auto-PEEP in determining
an appropriate notification and/or recommendation message of the smart prompt.

At identify settings operation 406, the ventilator may identify one or more current
ventilatory settings associated with the ventilatory treatment of the patient. For example,
current ventilatory settings may have been received upon initiating ventilation setup for
the patient and may have been determined by the clinician or otherwise (e.g., by
evaluating a patient diagnosis, oxygenation, PBW or IBW, disease conditions, etc.). For
instance, current ventilatory settings associated with pressure ventilation for a triggering
patient may include, infer alia, inspiratory pressure (IP), set Ty, ete. For instance, current
ventilatory settings associated with pressure ventilation for a non-triggering patient may
include, infer alia, inspiratory pressure (IP), set Ty, set RR, etc. In addition, a predicted
Ty and/or a predicted T; may be determined based on normal respiratory resistance and
compliance values and the patient’s PBW (or IBW). As may be appreciated, the
ventilator may use information regarding current ventilatory settings in determining an

appropriate notification and/or recommendation message of the smart prompt.
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At identify patient diagnosis operation 408, the ventilator may optionally identify
patient diagnosis information received from a clinician (represented with dashed lines to
identify the operation as optional). For example, according to embodiments, the
clinician may indicate during ventilation initiation or otherwise that the patient was
diagnosed with COPD, ARDS, emphysema, asthma, etc. As may be appreciated, the
ventilator may use information regarding a patient’s diagnosis in determining an
appropriate notification and/or recommendation message of the smart prompt,

At determine operation 410, the ventilator may determine an appropriate
notification message. For example, the appropriate notification message may alert the
clinician that Auto-PEEP has been implicated and, optionally, may provide information
regarding the ventilatory parameter(s) that implicated Auto-PEEP. For example, the
appropriate notification may alert the clinician that Auto-PEEP was implicated by
positive EEF over several breaths, Auto-PEEP was implicated by excess EEP over
several breaths, Auto-PEEP was implicated by increased resistance, etc.

At determine operation 412, the ventilator may determine an appropriate primary
recommendation message. The appropriate primary recommendation message may
provide one or more specific suggestions for mitigating Auto-PEEP.

According to some embodiments, in determining the appropriate primary
recommendation message, the ventilator may take into consideration whether the patient
is triggering or non-triggering. According to further embodiments, in determining the
appropriate primary recommendation message, the ventilator may take into consideration
the one or more monitored ventilatory parameters that implicated Auto-PEEP. By way
of example, for a triggering patient, if Auto-PEEP was implicated by positive EEF over
several breaths, the appropriate primary recommendation messages may include:
“Consider decreasing set Tr; Adjust settings until EEF approximates zero,” for example.
Additionally or alternatively, for a triggering patient, if Auto-PEEP was implicated by
patient triggering ptior to complete exhalation, the appropriate primary recommendation
messages may include: “Consider reasons for increased respiratory drive,” for example.
By way of an alternative example, for a non-triggering patient, if Auto-PEEP was
implicated by positive EEF over several breaths, the appropriate primary
recommendation messages may include: “Consider decreasing set RR and/or decreasing

set Ty; Adjust settings until EEF approximates zero,” for example.
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According to alternative embodiments, Auto-PEEP may be implicated by
increased compliance. As noted above, when compliance increases, less pressure is
required to deliver a particular V. As such, when compliance increases during
ventilation, the inspiratory pressure setting may deliver an increasingly higher Vr such
that Auto-PEEP may occur if Tk is insufficient for complete exhalation of the delivered
V. As such, when the ventilator detects that Auto-PEEP was implicated by increased
compliance, the appropriate primary recommendation message may suggest: “Consider
decreasing inspiratory pressure (IP) to maintain Vr.” Alternatively, when an increase in
Vo is desirable for the patient having increased compliance, a corresponding decrease in
set Tj (in order to increase Tg) may be suggested such that the increased V may be
completely exhaled. As such, when the ventilator detects that compliance is increasing,
the appropriate primary recommendation message may suggest: “Consider decreasing T
to increase Ty such that increased V may be completely exhaled.”

According to other embodiments, in determining an approptiate primary
recommendation message the ventilator may take into consideration the patient’s current
ventilatory settings, That is, if set flow is already high, the ventilator may not suggest
increasing the set flow. In this case, the primary recommendation message may rather
suggest decieasing inspiratory pressure, or may provide another suitable specific
suggestion. According to further embodiments, in determining the appropriate primary
recommendation message the ventilator may take into consideration the patient’s
diagnosis. For example, if a triggering patient has been diagnosed with COPD, in

determining an appropriate primary recommendation message, the ventilator may

- consider the patient’s diagnosis and suggest “Consider increasing set PEEP.”

According to other embodiments, in determining an appropriate primary
recommendation message the ventilator may take into consideration the ventilatory
parameters as monitored by the ventilator for the patient. According to an embodiment,
when Auto-PEEP is implicated by any suitable means, the ventilator may also detect that
the set Tyis longer than necessary for delivering Vr. That is, the inspiratory volume (V)
is delivered that achieves and maintains the inspiratory pressure prior to the end of Ty, In
this case, the ventilator may detect that flow is about zero prior to reaching the end of Ty
(i.e., pressure is equalized and gases are no longer flowing into the lungs). Further, the

ventilator may determine an amount of time, #, from detection of about zero flow until Ty
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ends. In this case, the appropriate primary recommendation message may suggest:
“Consider decreasing T by up to # such that Tr may be increased while maintaining Vr.”
In other embodiments, in cases where a clinician may desire to decrease T by more than
{, the ventilator may determine an increase in pressure, p, such that when T is decreased
by more than ¢ the inspiratory pressure may be increased by p to maintain V. In this
case, the appropriate primary recommendation message may suggest: “Consider
increasing inspiratory pressure by p to maintain Vr when Ti is decreased by more than 1.

At determine operation 414, the ventilator may determine an approptiate
secondary recommendation message. The secondary recommendation message may
provide one or more additional suggestions for mitigating Auto-PEEP. For example, for
a triggering or a non-triggering patient, the secondary recommendation message may
include: “Consider other steps for providing adequate Tg, such as decreasing inspiratory
pressure (to decrease delivered V) so that Tr may be adequate to completely exhale
delivered V1.”

At issue smart prompt operation 416, the ventilator may alert the clinician via any
suitable means that Auto-PEEP has been implicated. For example, according to
embodiments, a smatt prompt may include an appropriate notification message and an
appropriate recommendation message regarding the presence of Auto-PEEP.
Additionally or alternatively, the smart prompt may include an appropriate notification
message, an appropriate primary recommendation message, and an appropriate
secondary recommendation messagé. The smart prompt may be displayed via any
suitable means, ¢.g., on the ventilator GUI and/or at a remote monitoring station, such
that the clinician is alerted as to the potential presence of Auto-PEEP and offered
additional information and/or recommendations for mitigating the Auto-PEEP, as
described herein.

Ventilator GUI Display of Initial Smart Prompt

FIG. 5 is an illustration of an embodiment of a graphical user interface displaying
a smart prompt having a notification message comprising an Auto-PEEP alert during
pressure ventilation of a triggering patient.

Graphical user interface 500 may display various monitored and/or derived data

to the clinician during ventilation of a patient. In addition, graphical user interface 500
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may display various messages to the clinician (e.g., alarm messages, etc.). Specifically,
graphical user interface 500 may display a smart prompt as described herein.

According to embodiments, the ventilator may monitor and evaluate various
ventilatory parameters based on one or more predetermined thresholds to detect Auto-
PEEP. As illustrated, a flow waveform may be generated and displayed by the ventilator
on graphical user interface 500. As further illustrated, the flow waveform may be
displayed such that inspiratory flow 502 is represented in a different color (e.g., green)
than expiratory flow 504 (e.g., yellow). Although expiratory flow may preferably
approximate zeto at the end of expiration, in some instances EEF may not reach zero
before inspiration begins, as illustrated by positive EEF 506. According to further
embodiments, positive EEF may be identified by a positive EEF icon 508, or other
identifier, such that a clinician may readily identify positive EEF on the flow waveform.
Additionally or alternatively, the flow waveform may be frozen for a period of time such
that the clinician may be alerted as to the position in time of the incidence of positive
EEF along the flow waveform, Additionally or alternatively, positive EEF icon 508 may
also include an informative text message indicating that positive EEF was detected.

That is, positive EEF may be detected if EEF breaches a predetermined threshold
associated with EEF (e.g., if EEF exceeds about 5 L/m). According to embodiments,
when positive EEF is detected in a threshold number of breaths, e.g., three or more times
in ten consecutive breaths, the ventilator may determine that Auto-PEEP is implicated.
According to other embodiments, when patient triggering is detected prior to complete
exhalation in a threshold number of breaths, e.g., three or more times in ten consecutive
breaths, the ventilator may determine that Auto-PEEP is implicated. According to other
embodiments, when resistance increases by a predetermined threshold (e.g., about 5 cm
H,0/L/s or more), the ventilator may determine that Auto-PEEP is implicated.
According to further embodiments, when compliance increases by a predetermined
threshold (e.g., about 10 mL/ecm HyO or more), the ventilator may determine that Auto-
PEEP is implicated. According to further embodiments, e.g., when EEP exceeds PEEP
by a threshold amount for a threshold number of breaths (e.g., about 5 cm H>O above set
PEEP detected in three or more of ten consecutive breaths), the ventilator may determine
that Auto-PEEP is implicated. Upon a determination that Auto-PEEP is implicated, the

graphical user interface 500 may display a smart prompt, e.g., smart prompt 310,
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According to embodiments, smart prompt 510 may be displayed in any suitable
location such that a clinician may be alerted regarding a detected patient condition, but
while allowing other ventilatory displays and data to be visualized substantially
simultancously. As illustrated, smart prompt 510 is presented as a bar or banner across
an upper region of the graphical user interface 500. However, as previously noted, smart
prompt 510 may be displayed as a tab, icon, button, banner, bar, or any other suitable
shape or form, Further, smatt prompt 510 may be displayed in any suitable location
within the graphical user interface 500. For example, smart prompt 510 may be located
along any border region of the graphical user interface 500 (e.g., top, bottom, or side
borders) (not shown), across an uppet region (shown), or in any other suitable location.
Further, as described herein, smart prompt 510 may be partially transparent (not shown)
such that ventilatory displays and data may be at least partially visible behind smart
prompt 510.

Specifically, smart prompt 510 may alert the clinician that Auto-PEEP has been
detected, for example by notification message 512. As described herein, notification
message 512 may alert the clinician that Auto-PEEP is implicated via any suitable
means, €.g., “Auto-PEEP Alert” (shown), “Auto-PEEP Detected” (not shown), or “Auto-
PEEP Implicated” (not shown). Smart prompt 510 may further include information
regarding ventilatory parameters that implicated Auto-PEEP. For example, if Auto-
PEEP was detected based on a positive EEF over multiple breaths, this information may
be provided to the clinician (e.g., “Positive EEF detected 3 or more times in last 10
breaths,” shown). According to the illustrated embodiment, parameter information 514
is provided along with the notification message 512 in a banner, According to alternative
embodiments, in addition to the notification message 512 and the parameter information
514, one or more recommendation messages may be provided in an initial smart prompt
banner (not shown). According to other embodiments, rather than providing information
regarding ventilatory parameters that implicated Auto-PEEP in the initial smart prompt,
this information may be provided within an expanded portion (not shown) of smart
prompt $10,

According to embodiments, smatt prompt 510 may be expanded to provide
additional information and/or recommendations to the clinician regarding a detected

patient condition, For example, an expand icon 516 may be provided within a suitable
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area of the smart prompt 510, According to embodiments, upon selection of the expand

~ icon 516 via any suitable means, the clinician may optionally expand the smart prompt

510 to acquire additional information and/or recommendations for mitigating the
detected patient condition. According to further embodiments, smart prompt 510 may
include links (not shown) to additional settings and/or display screens of the graphical
user interface 500 such that the clinician may easily and quickly mitigate and/or verify
the detected condition.

As may be appreciated, the disclosed data, graphics, and smart prompt illustrated
in graphical user interface 500 may be arranged in any suitable order or configuration
such that information and alerts may be communicated to the clinician in an efficient and
orderly manner. The disclosed data, graphics, and smart prompt are not to be undetstood
as an exclusive array, as any number of similar suitable elements may be displayed for
the clinician within the spirit of the present disclosure. Furthert, the disclosed data,
graphics, and smart prompt are not to be understood as a necessary array, as any number
of the disclosed elements may be appropriately replaced by other suitable elements
without departing from the spirit of the present disclosure. The illustrated embodiment
of the graphical user interface 500 is provided as an example only, including potentially
useful information and alerts that may be provided to the clinician to facilitate
communication of detected Auto-PEEP in an orderly and informative way, as described
herein,

| FIG. 6 is an illustration of an embodiment of a graphical user interface displaying
a smart prompt having a notification message comprising an Auto-PEEP alert during
pressure ventilation of a non-triggering patient.

Graphical user interface 600 may display various monitored and/or derived data
to the clinician during ventilation of a patient. Tn addition, graphical user interface 600
may display various messages to the clinician (e.g., alarm messages, etc.). Specifically,
graphical user interface 600 may display a smart prompt as described herein,

As described above with reference to FIG. 5, according to embodiments, the
ventilator may monitor and evaluate various ventilatory parameters based on one or more
predetermined thresholds to detect Auto-PEEP. As illustrated, a flow waveform may be
generated and displayed by the ventilator on graphical user interface 600. As further

illustrated, the flow waveform may be displayed such that inspiratory flow 602 is
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represented in a different color (e.g., green) than expiratory flow 604 (e.g., yellow).
Although expiratory flow may preferably approximate zero at the end of expiration, in
some instances EEF may not reach zero before inspiration begins, as illustrated by
positive EEF 606. According to further embodiments, positive EEF may be identified by
a positive EEF icon 608, or other identifier, such that a clinician may readily identify
positive EEF on the flow waveform. Additionally or alternatively, the flow waveform
may be frozen for a period of time such that the clinician may be alerted as to the
position in time of the incidence of positive EEF along the flow waveform, Additionally
or alternatively, positive EEF icon 608 may also include an informative text message
indicating that positive EEF was detected.

As described above, an implication of Auto-PEEP may be detected based on
evaluating a number of ventilatory parameters. Upon a determination that Auto-PEEP is
implicated, the graphical user interface 600 may display a smart prompt, .g., smart
prompt 610.

As described above, smart prompt 610 may be displayed in any suitable location
such that a clinician may be alerted regarding a detected patient condition, Further, as
described herein, smart prompt 610 may be partially transparent (not shown) such that
ventilatory displays and data may be at least partially visible behind smart prompt 610.

Specifically, smart prompt 610 may alert the clinician that Auto-PEEP has been
detected, for example by notification message 612. As described above, notification
message 612 may alert the clinician that Auto-PEEP is implicated via any suitable
means, e.g., “Auto-PEEP Alert” (shown). According to embodiments, smart prompt 610
may further include information regarding ventilatory parameters that implicated Auto-
PEEP. For example, if Auto-PEEP was detected based on a positive EEF over multiple
breaths, this information may be provided o the clinician (e.g., “Positive EEF detected 3
or more times in tast 10 breaths,” shown).

According to additional embodiments, smart prompt 610 may be expanded to
provide additional information and/or recommendations to the clinician regarding a
detected patient condition. For example, an expand icon 616 may be provided within any
suitable area of the smatt prompt 610, According to embodiments, upon selection of the
expand icon 616 via any suitable means, the clinician may optionally expand the smart

prompt 610 to acquire additional information and/or recommendations for mitigating the

52



10

15

20

25

30

WO 2012/003081 PCT/US2011/039899

detected patient condition. According to further embodiments, smart prompt 610 may
include links (not shown) to additional settings and/or display screens of the graphical
user interface 600 such that the clinician may easily and quickly mitigate and/or verify
the detected condition.

As may be appreciated, the disclosed data, graphics, and smart prompt illustrated
in graphical user interface 600 may be arranged in any suitable order or configuration
such that information and alerts may be communicated to the clinician in an efficient and
ordetly manner, The illustrated embodiment of the graphical user interface 600 is
provided as an example only, including potentially useful information and alerts that may
be provided to the clinician to facilitate communication of detected Auto-PEEP in an
orderly and informative way, as described herein.

Ventilator GUI Display of Expanded Smart Prompt

FIG. 7 is an illustration of an embodiment of a graphical user interface displaying
an expanded smart prompt having a notification message and one or more
recommendation messages for mitigating Auto-PEEP during pressure ventilation of a
triggering patient.

Graphical user interface 700 may display various monitored and/or derived data
to the clinician during ventilation of a patient. In addition, graphical user interface 700
may display an expanded smart prompt including one or more recommendation messages
as described herein.

According to embodiments, as described above, an expand icon 704 may be
provided within a suitable area of smart prompt 702. Upon selection of the expand icon
704, the clinician may optionally expand smart prompt 702 to acquire additional
information and/or recommendations for mitigating the detected patient condition. For
example, expanded smart prompt 706 may be provided upon selection of expand icon
704. As described above for smart prompt 510 and 610, expanded smart prompt 706
may be displayed as a tab, icon, button, banner, bar, or any other suitable shape or form.
Further, expanded smart prompt 706 may be displayed in any suitable location within the
graphical user interface 700. For example, expanded smart prompt 706 may be
displayed below (shown) smart prompt 702, to a side (not shown) of smart prompt 702,
or otherwise logically associated with smart prompt 702. According to other

embodiments, an initial smart prompt may be hidden (not shown) upon displaying
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expanded smart prompt 706. Expanded smart prompt 706 may also be partially
transparent (not shown) such that ventilatory displays and data may be at least partially
visible behind expanded smart prompt 706.

According to embodiments, expanded smart prompt 706 may comptise additional
information (not shown) and/or one or more recommendation messages 708 regarding
detected Auto-PEEP. For example, the one or more recommendation messages 708 may
include a primary recommendation message and a secondary recommendation message.
The primary recommendation message may provide one or more specific suggestions for
mitigating Auto-PEEP during pressure ventilation of a triggering patient. For example,
if Auto-PEEP was implicated by positive EEF over several breaths, the one or more
recommendation messages may include: “Consider decreasing set Ti; Adjust settings
until EEF approximates zero; Consider reasons for increased respiratory drive.”
According to other embodiments, when Auto-PEEP was implicated by increased
compliance, the one or more recommendation messages may include: “Consider
decreasing inspiratory pressure (IP) to maintain V” or “Consider decreasing Ty to
increase Ty such that increased Vr may be completely exhaled.”

According to still other embodiments, wherein Auto-PEEP is implicated via any
suitable means and flow is detected at about zero before Ty ends (wherein ¢ is the time
from detection of about zero flow until Ty ends), the one or more recommendation
messages may include: “Consider decreasing Ty by up to ¢ such that Tg may be increased
while maintaining V. In other embodiments, the one or more recommendation
messages may include: “Consider increasing inspiratory pressure (IP) by p to maintain Vr
when Ty is decreased by more than £.”

The secondary recommendation message may provide one or more general
suggestions for mitigating Auto-PEEP. For example, the secondary recommendation
message may include: “Consider other steps for providing adequate Tg, such as
decreasing inspitatory pressure (to decrease delivered V) so that Ty may be adequate to
completely exhale delivered Vr.”

According to embodiments, expanded smart prompt 706 may also include one or
more hyperlinks 710, which may provide immediate access to the display and/or settings
screens associated with detected Auto-PEEP. For example, associated parameter settings

screens may be accessed from expanded smart prompt 706 via hyperlink 710 such that
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the clinician may address detected Auto-PEEP by adjusting one or more parameter
settings as necessary. Alternatively, associated parameter display screens may be
accessed such that the clinician may view clinical data associated with Auto-PEEP in the
form of charts, graphs, or otherwise. That is, according to embodiments, the clinician
may access the ventilatory data that implicated Auto-PEEP for verification purposes. For
example, when Auto-PEEP has been implicated, depending on the particular ventilatory
parameters that implicated Auto-PEEP, the clinician may be able to access associated
parameter settings screens for addressing Auto-PEEP (e.g., settings screens for adjusting
Vo, Ty, flow, etc.). Additionally or alternatively, the clinician may be able to access
and/or view display screens associated with the ventilatory parameters that implicated
Auto-PEEP (e.g., a graphics screen displaying historical flow waveforms, volume
waveforms, and/or pressure waveforms that gave rise to implications of Auto-PEEP).

FIG. 8 is an illustration of an embodiment of a graphical user interface displaying
an expanded smart prompt having a notification message and one or more
recommendation messages for mitigating Auto-PEEP during pressure ventilation of a
non-triggering patient.

As described above with reference to FIG. 7, graphical user interface 800 may
display various monitored and/or derived data to the clinician during ventilation of a
patient. In addition, graphical user interface 800 may display an expanded smart prompt
including one or more recommendation messages as described herein.

According to embodiments, as described above, an expand icon 804 may be
provided within a suitable area of smart prompt 802. Upon selection of the expand icon
804, the clinician may optionally expand smart prompt 802 to acquire additional
information and/or recommendations for mitigating the detected patient condition, For
example, expanded smart prompt 806 may be provided upon selection of expand icon
804. As described above for smart prompts 510 and 610, expanded smart prompt 806
may be displayed in any suitable shape or form in any suitable location within the
graphical vser interface 800.

According to embodiments, expanded smart prompt 806 may comprise additional
information (not shown) and/or one or more recommendation messages 808 regarding
detected Auto-PEEP. For example, the one or more recommendation messages 808 may

include a primary recommendation message and a secondary recommendation message.
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The primary tecommendation message may provide one or more specific suggestions for
mitigating Auto-PEEP during pressure ventilation of a non-triggering patient. For
example, if Auto-PEEP was implicated by positive EEF over several breaths, the one or
more recommendation messages may include: “Consider decreasing set RR and/or
decreasing set Ty; Adjust settings until EEF approximates zeto,” for example. According
to other embodiments, when Auto-PEEP was implicated by increased compliance, the
one or more recommendation messages may include: “Consider decreasing inspiratory
pressure (IP) to maintain V¢ or “Consider decreasing Tt to increase Tg such that
increased Vr may be completely exhaled.”

According to still other embodiments, wherein Auto-PEEP is implicated via any
suitable means and flow is detected at about zero before Ty ends (wherein £ is the time
from detection of about zero flow until Ty ends), the one or more recommendation
messages may include: “Consider decreasing Tj by up to £ such that Tg may be increased
while maintaining V1.” In other embodiments, the one or more recommendation
messages may include: “Consider increasing inspiratory pressure (IP) by p to maintain V¢
when T; is decreased by more than £.”

The secondary recommendation message may provide one or more general
suggestions for mitigating Auto-PEEP, For example, the secondary recommendation
message may include: “Consider other steps for providing adequate Tg, such as
decreasing inspiratory i)ressure (to decrease delivered Vy) so that Tg may be adequate to
completely exhale delivered Vr1.”

As described above, according to embodiments, expanded smart prompt 806 may
also include one or more hyperlinks 810, which may provide immediate access fo the
display and/or settings screens associated with detected Auto-PEEP. For example,
associated parameter settings screens may be accessed from expanded smait prompt 806
via hyperlink 810 such that the clinician may address detected Auto-PEEP by adjusting
one or more parameter settings as necessary. Alternatively, associated parameter display
screens may be accessed such that the clinician may view clinical data associated with
Auto-PEEP in the form of charts, graphs, or otherwise.

As may be appreciated, the disclosed smart prompt and recommendation
messages illustrated in graphical user interface 800 may be arranged in any suitable order

or configuration such that information and alerts may be communicated to the clinician
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in an cfficient and orderly manner. Indeed, the illustrated embodiment of the graphical
user interface 800 is provided as an example only, including potentially useful
information and recommendations that may be provided to the clinician to facilitate
communication of suggestions for mitigating detected Auto-PEEP in an orderly and
informative way, as described herein.

Unless otherwise indicated, all numbers expressing measurements, dimensions,
and so forth used in the specification and claims are to be understood as being modified
in all instances by the term “about.” Accordingly, unless indicated to the contrary, the
numerical parameters set forth in the following specification and attached claims are
approximations that may vary depending upon the desired properties sought to be
obtained by the present disclosure. Further, unless otherwise stated, the term “about”
shall expressly include “exactly,” consistent with the discussions regarding ranges and
numerical data. Concentrations, amounts, and other numerical data may be expressed or
presented herein in a range format. It is to be understood that such a range format is used
merely for convenience and brevity and thus should be interpreted flexibly to include not
only the numerical values explicitly recited as the limits of the range, but also to include
all the individual numerical values or sub-ranges encompassed within that range as if
each numerical value and sub-range is explicitly recited. As an illustration, a numerical
range of “about 4 percent to about 7 percent” should be interpreted to include not only
the explicitly recited values of about 4 percent to about 7 percent, but also include
individuat values and sub-ranges within the indicated range. Thus, included in this
numerical range are individual values such as 4.5, 5.25 and 6 and sub-ranges such as
from 4-5, from 5-7, and from 5.5-6.5, etc. This same principle applies to ranges reciting
only one numerical value. Furthermore, such an interpretation should apply regardless of
the breadth of the range or the characteristics being described.

Tt will be clear that the systems and methods described herein are well adapted to
attain the ends and advantages mentioned as well as those inherent therein. Those
skilled in the art will recognize that the methods and systems within this specification
may be implemented in many manners and as such is not to be limited by the foregoing
exemplified embodiments and examples. In other words, functional elements being
performed by a single or multiple components, in various combinations of hardware and

software, and individual functions can be distributed among software applications at
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either the client or server level. In this regard, any number of the features of the different
embodiments described herein may be combined into one single embodiment and
alternative embodiments having fewer than or more than all of the features herein
described are possible.

While various embodiments have been described for purposes of this disclosure,
various changes and modifications may be made which are well within the scope of the
present disclosure. Numerous other changes may be made which will readily suggest
themselves to those skilled in the art and which are encompassed in the spirit of the

disclosure and as defined in the appended claims.
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Claims

What is claimed is:

1. A ventilator-implemented method for detecting Auto-PEEP during
pressure ventilation, the method comprising:
collecting data associated with ventilatory parameters;
processing the collected ventilatory parameter data, wherein processing the
collected ventilatory parameter data includes deriving ventilatory parameter data from
the collected ventilatory parameter data;
analyzing the processed ventilatory parameter data, wherein analyzing the
processed ventilatory parameter data comprises:
receiving one or more predetermined thresholds associated with the
processed ventilatory parameter data; and
detecting whether the processed ventilatory parameter data breaches the
one or more predetermined thresholds;
determining that Auto-PEEP is implicated upon detecting that the processed
ventilatory data breaches the one or more predetermined thresholds; and

issuing a smart prompt when Auto-PEEP is implicated.

2, The method of claim 1, wherein the patient is a triggering patient.
3. The method of claim 1, wherein the patient is a non-triggering patient.
4. The method of claim 1, wherein the processed ventilatory parameter data

includes expiratory flow data, and wherein analyzing the processed ventilatory parameter

data further comprises:

receiving one or more predetermined thresholds associated with end-expiratory
flow (EEF);

detecting that EEF is positive when the EEF breaches the one or more
predetermined thresholds; and

determining that Auto-PEEP is implicated when EEF is positive for a

predetermined number of breaths,
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5. The method of claim 1, wherein the processed ventilatory parameter data
includes an expiratory time (Tg), and wherein analyzing the processed ventilatory
parameter data further comprises:

calculating a time required to reach functional residual capacity (FRC);

comparing the time required to reach FRC with Tg; and

determining that Auto-PEEP is implicated when the time required to reach FRC

is greater than Tg.

6. The method of claim I, wherein the processed ventilatory parameter data
includes pressure data, and wherein analyzing the processed ventilatory parameter data
further comprises:

receiving a positive end-expiratory pressure (PEEP) setting, wherein the PEEP
setting is about 0 cm H;O or greater;

receiving one or more predetermined thresholds associated with end-expiratory
pressure (EEP);

detecting that the EEP breaches the one or more predetermined thresholds when
the EEP minus the PEEP setting is greater than the one or more predetermined thresholds;
and

determining that Auto-PEEP is implicated when the EEP breaches the one or more

predetermined thresholds.

7. The method of claim 1, wherein the processed ventilatory parameter data
includes respiratory resistance data, and wherein analyzing the processed ventilatory
parameter data further comprises:

receiving one or more predetermined thresholds associated with the respiratory
resistance data;

detecting that respiratory resistance has increased when the respiratory resistance
data breaches the one or more predetermined thresholds; and

determining that Auto-PEEP is implicated when the respiratory resistance has

increased.
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8. The method of claim 1, wherein the processed ventilatory parameter data
includes a pulmonary time constant and an expiratory time (Tg), and wherein analyzing
the processed ventilatory parameter data further comprises:

comparing the pulmonary time constant to the Tg; and

determining that Auto-PEEP is implicated when the Tg is less than a

predetermined number of pulmonary time constants.

9. A ventilatory system for issuing a smart prompt when Auto-PEEP is
implicated during pressure ventilation, comprising:
at least one processor; and
at least one memory, communicatively coupled to the at least one processor and
containing instructions that, when executed by the at least one processor, perform a
method comprising:
detecting that Auto-PEEP is implicated;
determining an appropriate notification message;
determining an appropriate recommendation message; and
displaying at least one of the appropriate notification message and the

appropriate recommendation message.

10.  The ventilatory system of claim 9, further comprising:
identifying processed ventilatory parameter data that implicated Auto-PEEP; and
determining the appropriate notification message based at least in part on the

processed ventilatory parameter data that implicated Auto-PEEP.

11.  The ventilatory system of ¢laim 10, wherein the appropriate notification
message comprises an alert that Auto-PEEP is implicated and information regarding the

processed ventilatory parameter data that implicated Auto-PEEP.
12.  The ventilatory system of claim 9, wherein the appropriate

recommendation message comprises a primary recommendation message and a

secondary recommendation message.
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13.  The ventilatory system of claim 12, wherein the patient is a triggering
patient, and wherein the primary recommendation message comprises one or more of:

a suggestion to decrease inspiratory time (T7);

a suggestion to adjust ventilatory secttings until end-expiratory flow (EEF)
approximates zero; and

a suggestion to investigate reasons for an elevated patient respiratory drive.

14,  The ventilatory system of claim 12, wherein the patient is a non-triggering
patient, and wherein the primary recommendation message comprises one or more of?:

a suggestion to decrease respiratory rate (RR);

a suggestion to decrease inspiratory time (I7); and

a suggestion to adjust ventilatory settings until end-expiratory flow (EEF)

approximates zero.

15.  The ventilatory system of claim 12, wherein the ventilator detects that
flow is about zero during inspiration, and wherein the ventilator determines a time, ¢,
from detection of about zero flow until set inspiratory time (T7) ends, the primary
recommendation message comprising one or more of:

a suggestion to decrease Ty by up to 7 such that expiratory time (Tg) may be
increased while maintaining tidal volume (V); and

a suggestion to decrease T by more than 7 such that Tg may be increased, wherein
when T is decreased by more than ¢, the primary recommendation further comprises:

a suggestion to increase inspiratory pressure (IP) to maintain V.

16.  The ventilatory system of claim 12, wherein the secondary
recommendation message includes one or more suggestions for providing adequate
expiratory time (Tg) comprising a suggestion fo decrease inspiratory pressure in order to
decrease delivered tidal volume (V) so that T, may be adequate to completely exhale

delivered V7.

17. A graphical user interface for displaying one or more smart prompts

corresponding to a detected condition, the ventilator configured with a computer having a
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user interface including the graphical user interface for accepting commands and for
displaying information, the graphical user interface comprising:

at least one window; and

one or more elements within the at least one window comprising at least one
smart prompt element for communicating information regarding the detected condition,

whetein the defected condition is Auto-PEEP.

18.  The graphical user interface of claim 17, wherein the at least one smart
prompt element further comprises at least one of a notification message and one or more
recommendation messages, wherein the notification message comprises an alert
associated with a detected implication of Auto-PEEP, and wherein the one or more

recommendation messages comprise one or more suggestions for mitigating Auto-PEEP,

19.  The graphical user interface of claim 18, wherein the patient is a
{riggering patient, and wherein the one or more recommendation messages comprise one
or mote of:

a suggestion to decrease inspiratory time (T7);

a suggestion to adjust ventilatory settings until end-expiratory flow (EEF)
approximates zero;

a suggestion to investigate reasons for an elevated patient respiratory drive; and

a suggestion to decrease inspiratory pressure in order to decrease delivered tidal

volume (V1) so that Tg may be adequate to completely exhale delivered Vo,

20.  The graphical user interface of claim 18, wherein the patient is a non-
triggering patient, and wherein the one or more recommendation messages comprise one
or more of:

a suggestion to decrease respiratory rate (RR);

a suggestion to decrease inspiratory time (1y);

a suggestion to adjust ventilatory settings until end-expiratory flow (EEF)
approximates zero; and

a suggestion to decrease inspiratory pressure in order to decrease delivered tidal

volume (V) so that Tg may be adequate to completely exhale delivered Vr.

-63-



WO 2012/003081 1/8 PCT/US2011/039899

/ 100
j— 102
130

106 \
132 .
Inspiratory
Module Compressor
134
Expiratory
/ Module
/ /—122
(/ \ [ CONTROLLER )
RAM
DISPLAY — 12
Processor
Storage
\_ /L 114 \116 Y,
AaNg \110

120

170

e
o
X
R

Qk\

<

e
el

R
R
P . Ay R




WO 2012/003081 2/8 PCT/US2011/039899
‘J_ 200
4 N
Display Module o
204 Distributed
Sensors
218
\- J
/" 202
Processor Memory
206 208

User Interface
210

Ventilation Module 212

Inspiration Expiration
Module Module
214 216

Internal Sensors

Data Processing Module

220 222
Smart Prompt Module 226
Auto-PEEP
Detection Module Notification Recommend
224 Module Module
228 230

FIG. 2



WO 2012/003081 3/8 PCT/US2011/039899

302
( Initiate ventilation setup )j
l 304

Receive ventilatory settings —j_
l _j_ 306
Receive patient diagnosis

l 308

Deliver pressure ventilation to patient

l _j_ 310
Data processing of ventilatory data

!

Analyze monitored and/or derived
ventilatory data

314

No

Detect Auto-PEEP?

316

C Issue Smart Prompt

FIG. 3




WO 2012/003081 PCT/US2011/039899
4/8 0

402
Detect Auto-PEEP

l

Identify ventilatory parameter(s) that
implicated Auto-PEEP

l

Identify current ventilatory settings

l

Identify patient diagnosis

l

Determine appropriate notification message

l

Determine appropriate primary
recommendation message

l

Determine appropriate secondary
recommendation message

l

Issue Smart Prompt

o
=

o
oo

—
(e

N
N

—_—
N

S5 9N NN YN

416

FIG. 4



PCT/US2011/039899

WO 2012/003081

IN3AT | | A
TYNINYI m_ Amw @ m VY m@mmw
a0¢ 08 3 .
SABISO
333 PR 3 g ;%.\R% i
B R e e VA v e N
B (g 706 Mol
<> 0 5 g : Z @mw 4N o
0L
Ca
£ b ;
2 v N R T TR T
m b / R v OCHW
7 o 7 e e’
GiC uon 1O
@w%%mm OL0ZNAP 2L LT M 3dAL NOLLYDIICIAN
o N 1nay TdAL LINDMIO
015 Wwoid
%Ew//‘?&ﬁ 'SUIBBIQ ()] 158] Ui SO SI0W 1O § PRI0SIP 433 SAIISO MY 43347000y
¥15 voneunoy| m\ m\ N__ mm\ Nmm_%mw%
IBIBUIBIE f et N3N, Woad, HEJHHON




PCT/US2011/039899

WO 2012/003081

wown || B || 0 VY] e
,i@.@‘ A 7 h.m aﬁ&l&gi‘w\mm\\ .
439 SAISOd v o A mm »
& / " . mx i?mqwx / A
809 vooy ¥ / = / — ~ L .
435 SME0d e ém 4% ;/é% xfé% 75 \AN% a%a
S SN Joresdsy
4 bl 59 g b 4 | oﬁi
g1-
@ A ;
% Q  tndadid: =2 it L Pttt Neimic e [ iteiiiitd e Y m
/ j / ) / , / OZHWI
Ty P o
41§ uo
m%m%wm GLOENDT 2L L3yl HHANH
s LNdy AdAL LINTHID
TG dwind
%Em/? { 'SU1ERIG (1] 158] U 8BLUI BJOW 1O © DPEI0SISD 437 SAISOd M3 4334-01NY
P19 uogeLLOuy ~ N m N m\ .NW“ m.mwwmowﬁ
Igpweled —r101 w\w 433 NYZiN AYdd S

oomi



PCT/US2011/039899
7/8

WO 2012/003081

ANAA : A mmmm NP
TYNNYI VY
08
: _ mm ¥
A % g - Y o Ui
7Y [ T W, S S SO N S S O W A0 5
S N S N <7 < LN — 0 A
S SB0R ) N N o e
T17 suisdiy _ < by, I Oy
L palsnieD spuke ARisidiues {9
0 9 enbape a1 Aew 31 jew o8 (LA paisagep 9 y 7 cmm dSN|
; ssE5.08p 01} aunssaid Aojesdsi: Buiseasep S8 Yons Gi-
807 (s)ebessapy 31 aienhape Suipoid 1o} SUHS JSLI0 JBDISLCT) » 01
comwmwcmgﬁoumm/{ NOUYONIWHOO 3 AYYONODES ¢-
La umpuew 0y 4) BuiseesUl JBDISUOD - 0
pug =} aseaiour 0] |} BUISES08D JBpISLICD 'Spus [l i} [ ool - { s
1 810/00 PRISD 10U SI MOY 0ISZ INOTR UBUM » / | | t i 0
iy 16uio! t,. Buiieigw sjum 7/ 7 7 4
LEUS papuedxs pasesou st jey yons || mgwumé% JODISLOD g
//.% ‘spus 1] 210560 pRIOSISD SI MO 0J8Z NOYE USUA,
BAUD AOJEHGSS! DOIBARIS 10} éo%m,u m%m_wnm\am ®
Yol 0i67 sepRwMOIdde 433 1 .
400 puedxs :s&ﬁﬁgzgmggﬁ mﬁx.w&>ﬁzﬂmﬁumxﬁ§3z
- 'SNOUYONINIOI3Y ANV 1nay AdAL LINDHIO

1ducid tmgm/? ¢ 'SUIBBH] () 1SB) U SSUUE QIOW JO § POIDSISD 43T SAIISCY NI d33d-0LNY

VL €l

NV, iEd

mﬂr}

1Ok m\w

004 =




PCT/US2011/039899
8/8

WO 2012/003081

ANZA m WaVal
TYNNYIN @ Q £ AAd
p p ; 0y
" el g 9K
=00
/Y ] ] f / T
¥ i,
m o SO0 - M /f// M mw A
018 yuadAy t, mem}_a; sieyxa Asaidiico = < {0
o) ajenbape aq Aewi 7 ey 08 {1 passyep o 7 | oaw dSNI
505 (s)oBessayy | eseanap oy aissaid bgm sty BUISEA108D 52 yons cl-
UONEPUSWLILOOSY~] = 3 ayenbape Buipinoid Joj SU8IS JBLI0 JADISUCT a1
/I? NOILYONIRNOO3E AAYONGOES G-
T8 dwios v Ly wepew 6 d) Buisesious sopisu0o 0
pue 3| sseaioii of 1] BuiSE5:09p 8PISLIOD ‘SPUB |prmmmmamas o — _ o
HeUG popuRtxs //.% | 8100 PRIDAIED 10U 51 MO 0152 10T USUAL » ) / y / g ZHWI
t, BULIZUIEK SEUM M [
paseaou 5131 1w yons || Buiseaioep JoDisuod
‘ope 1], 210j80 PEIDSIBP S| MOY QIBZ 1NOGE USUM, »
0197 soRwisdde 433 1nun sBumes i
bR {1 Buiseainep JEDISUnT 4
Ho0| PUBGXT 1y 198 BUISEA06 ._m_zm?ou . SH wnm\ﬁ, zﬁ"uﬁ{ommmmm WINH
o NOUYONININODTS ANYIRd LNay AdAL LINOHID
T %gw/.wv ¢ SUIBAKT O} 198} Ul SSLUI SJOW IO § PRIDSIBP 433 SAISO IHIW 4334-01NY
s~ |0 C LS Vel LE l
10k w\w w&) w@& 7| e z<m§& x%m&&




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/039899

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61M16/00 GO6F19/00 A61B5/00
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

A6IM GO6F A61B

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A EP 1 767 236 A2 (GEN ELECTRIC [US])

28 March 2007 (2007-03-28)

paragraph [0064]

paragraph [0071] - paragraph [0076]

A US 2008/236582 Al (TEHRANI FLEUR T [US])
2 October 2008 (2008-10-02)

paragraph [0029] - paragraph [0030]
paragraph [0067]

A EP 1 060 755 Al (LACHMANN BURKHARDT [DE]
LACHMANN BURKHARD PROF DR [DE])

20 December 2000 (2000-12-20)

paragraph [0036]

paragraph [0040]

paragraph [0044]

paragraph [0059]

_/__

1-20

1-20

1-20

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

invention

which is cited to establish the publication date of another
citation or other special reason (as specified)

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
"L" document which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

"O" document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu-
other means ments, such combination being obvious to a person skilled
"P" document published prior to the international filing date but inthe art.
later than the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
5 September 2011 20/09/2011
Name and mailing address of the ISA/ Authorized officer

Tel, (+31-70) 340-2040, .
éx%ﬂ1#&34&ﬁh6 Valfort, Cyril

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2011/039899

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

WO 2006/079152 Al (RESMED LTD [AU];
MULQUEENY QESTRA CAMILLE [AU]; NAVA
STEFANO [IT]) 3 August 2006 (2006-08-03)
paragraph [0030] - paragraph [0035]
paragraph [0016] - paragraph [0024]
paragraph [0093] - paragraph [0094]

1-20

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2011/039899
Patent document Publication Patent family Publication
cited in search report date member(s) date
EP 1767236 A2 28-03-2007 JP 2007083031 A 05-04-2007
US 2007062533 Al 22-03-2007
US 2008236582 Al 02-10-2008  NONE
EP 1060755 Al 20-12-2000  NONE
WO 2006079152 Al 03-08-2006  CN 101043913 A 26-09-2007
EP 1807139 Al 18-07-2007
JP 2008516702 A 22-05-2008
US 2008110461 Al 15-05-2008

Form PCT/ISA/210 (patent family annex) (April 2005)




THMBW(EF)

XFELBESEE B ZE LN FERYE SRR
EP2588175A1 N (E)H

EP2011736212 RiEHR

HRIFRE(ERR)AGE) ARBMREEZANRELT
B (T M) A(F) NELLCOR PURITAN BENNETT LLC

HETHF(FFRN)AGE) COVIDIEN LP

patsnap

2013-05-08

2011-06-10

[#R1& B8 A MILNE GARY
HENSLEY KIRK
DOYLE PETER
KIMM GARDNER
KA MILNE, GARY
HENSLEY, KIRK
DOYLE, PETER
KIMM, GARDNER
IPCH %S AB61M16/00 GO6F19/00 A61B5/00
CPCo %5 AB61M16/0063 A61B5/08 A61M16/0051 A61M16/026 A61M16/0833 A61M2016/0021 A61M2016/0027
A61M2016/0036 A61M2205/502 A61M2205/505 A61M2205/584 A61M2210/1014 A61M2230/20
A61M2230/43 A61M2230/46 G16H40/63 G16H50/20
RENF) F/R , ANDREAS
5 12/827130 2010-06-30 US
H N FF 3Tk EP2588175B1
SAEREE$E Espacenet
HE(R)

ANFERT BFYRNAITEESSE , 2T SBRLESHEXKNBES
BE , UREIRKEEREEANBAN/SZHEENREN S ZE. AKRF
WAL | TENEBERTIEBNBESS . A, T2 HKEE R
FESRBFRFIERELEZERR , BEERRO T/ ESATH
ARENBEEXMERE, A, FREETEHETAZIBEELNE
SET , AUMBARLESERRFN/HBESATNERME, BE4MmMT
I PREE A1 B LR E DB SHIR 8T B 5 KM 1R 3 Auto-PEEP
WEE. BRIBSMEA] , FWRAL A A4 EE J W AT & RS S B
KN BZHPEEP , 7 B LATE 5 R Auto-PEEPRT B IS BREE £ & A EME
HMHEE, EAUNSEEANRESENBAMEE,


https://share-analytics.zhihuiya.com/view/c9c6a369-2ce5-469e-8e4b-e879af3692a4
https://worldwide.espacenet.com/patent/search/family/044509911/publication/EP2588175A1?q=EP2588175A1

