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OXYGENATION-VENTILATION METHODS
AND SYSTEMS

INTRODUCTION

[0001] Medical ventilator systems have long been used to
provide supplemental to total ventilatory support to patients.
These ventilators typically comprise a source of pressurized
air and oxygen which is fluidly connected to the patient
through a conduit. Some ventilators have been adapted to
monitor the patient to ensure that the patient is being properly
ventilated.

[0002] Extracorporeal membrane gas-exchange (ECGE)
devices or more commonly known as lung dialysis machines
provide life-saving temporary lung support to a patient who
experiences respiratory failure. ECGEs or lung dialysis
machines are utilized when patients are unresponsive or fail-
ing under standard ventilator management. ECGEs or lung
dialysis machines remove carbon dioxide from a patient’s
blood and oxygenate a patient’s blood using intrathoracic or
extrathoracic cannulation.

Oxygenation-Ventilation Methods and Systems

[0003] This disclosure describes systems and methods for
oxygenation-ventilation of a patient being monitored or
treated by a medical system, such as a ventilator-extracorpo-
real membrane gas-exchange (ECGE) system. The disclosure
describes novel systems and methods for treating and/or
monitoring a patient with a medical system, such as a venti-
lator-ECGE system. The disclosure also describes novel sys-
tems and methods for monitoring the patient and/or managing
the treatment of a patient with a medical system, such as a
ventilator-ECGE system.
[0004] In part, this disclosure describes a method for man-
aging the treatment of a patient connected to a ventilator-
ECGE system. The method including:

[0005] delivering breathing gas to a patient with a venti-

lator system based on one or more ventilator settings;

[0006] monitoring ventilator sensors with the ventilator
system;
[0007] removing carbon dioxide from and adding a gas

mixture to a bloodstream of the patient to oxygenate the
bloodstream of the patient with an extracorporeal mem-
brane gas-exchange (ECGF) system based on one or
more ECGE settings;

[0008] monitoring ECGE sensors with the ECGE sys-
tem;
[0009] communicating information between the ventila-

tor system and the ECGE system;

[0010] comparing sensor output from the ventilator sen-
sors to a first threshold,;

[0011] comparing the sensor output from the ECGE sen-
sors to a second threshold;

[0012] adjusting atleast one ofthe one or more ventilator
settings and the one or more ECGE settings based on the
comparing of the sensor output to the first threshold and
the comparing of the sensor output to the second thresh-
old.

[0013] Yet another aspect of this disclosure describes a
ventilator-ECGE system including at least one processor and
at least one memory. The at least one memory is communi-
catively coupled to the at least one processor. The memory
contains instructions that, when executed by the at least one
processor cause a controller to issue a notification. The con-
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troller includes a manage module, a notification module, and
adisplay module. The manage module detects improper treat-
ment of a patient based on sensor output from a ventilator
sensor and/or from an ECGE sensor. The improper treatment
includes detecting at least one of improper oxygenation and/
or improper ventilation. The notification module determines
an appropriate message based on the improper treatment and
determines an appropriate entry based on the improper treat-
ment. The display module issues at least one of the appropri-
ate message and the appropriate entry.
[0014] The disclosure further describes a ventilator-ECGE
system including a ventilator system, an ECGE system, an
operator interface, a plurality of sensors, a controller, and a
display module. The ventilator system includes a pressure
generating system. The pressure generating system is adapted
to deliver breathing gas to a patient based on ventilator set-
tings. The ECGE system removes carbon dioxide from a
patient’s bloodstream and provides a gas mixture to the
patient’s bloodstream to oxygenate the patient’s bloodstream
based on ECGE settings. The operator interface receives
operator input. The plurality of sensors are operatively
coupled to at least one of the pressure generating system, the
patient, a patient circuit, and the patient’s bloodstream. The
plurality of sensors monitors a plurality of parameters to
generate sensor output. The controller receives the operator
input and commands the pressure generating system and the
ECGE system based on the operator input. The display mod-
ule displays the generated sensor output.
[0015] Yet another aspect of this disclosure describes a
method for managing treatment of a patient connected to
medical system. The method includes:

[0016] delivering breathing gas to a patient with a venti-

lator system based on one or more ventilator settings;

[0017] monitoring ventilator sensors with the ventilator
system;

[0018] monitoring oximeter sensors with an oximeter;

[0019] monitoring capnometer sensors with a capnom-
eter;

[0020] removing carbon dioxide from and adding a gas

mixture to a bloodstream of the patient to oxygenate the
bloodstream of the patient with an extracorporeal mem-
brane gas-exchanger (ECGE) system based on one or
more ECGE settings;

[0021] monitoring ECGE sensors with the ECGE sys-
tem;

[0022] communicating information between the ventila-
tor system, the capnometer, the oximeter, and the ECGE
system;

[0023] receiving a desired threshold,

[0024] comparing the desired threshold to sensor output
from at least one of the capnometer sensor and the
oximeter sensor; and

[0025] adjusting the one or more ventilator settings to
maintain the desired ventilation threshold based on the
comparing of the desired threshold to the sensor output.

[0026] The disclosure further describes a method for opti-
mizing synchronization of heart and lung movements in a
patient with a ventilator-ECGE system. The method includes:

[0027] delivering breathing gas to a patient with a venti-
lator system based on one or more ventilator settings;

[0028] removing carbon dioxide from and adding a gas
mixture to a bloodstream of the patient to oxygenate the
bloodstream of the patient with an arteriovenous extra-
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corporeal membrane gas-exchanger (ECGE) system
based on one or more ECGE settings,

[0029] wherein the arteriovenous
increases a cardiac load of the patient;

[0030] detecting the timing of cardiac systolic and dias-
tolic cycles;

[0031] synchronizing the triggering of inspiration and
exhalation of the patient with the ventilator system based
on the detected timing to offset a portion ofthe increased
cardiac load caused by the arteriovenous ECGE.

[0032] Additionally, the disclosure further describes a ven-
tilator-ECGE system including a ventilator system, an ECGE
system, an operator interface, a capnometer, an oximeter, a
plurality of sensors, a controller, and a display module. The
ventilator system includes a pressure generating system. The
pressure generating system is adapted to deliver breathing gas
to a patient based on ventilator settings. The ECGE system
removes carbon dioxide from a patient’s bloodstream and
provides a gas mixture to the patient’s bloodstream to oxy-
genate the patient’s bloodstream based on ECGE settings.
The operator interface receives operator input. The plurality
of sensors are operatively coupled to at least one of the pres-
sure generating system, the patient, a patient circuit, and the
patient’s bloodstream. The plurality of sensors monitors a
plurality of parameters to generate sensor output. The con-
troller receives the operator input and commands the pressure
generating system and the ECGE system based on the opera-
tor input. The display module displays the generated sensor
output.

[0033] Additionally, the disclosure further describes a ven-
tilator-ECGE system including a ventilator system, an arte-
riovenous ECGE system, a synchronization module, and a
plurality of sensors. The ventilator system includes a pressure
generating system. The pressure generating system is adapted
to deliver breathing gas to a patient based on ventilator set-
tings. The arteriovenous ECGE system removes carbon diox-
ide from a patient’s bloodstream and provides a gas mixture
to the patient’s bloodstream to oxygenate the patient’s blood-
stream based on arteriovenous ECGE settings. The plurality
of sensors are operatively coupled to at least one of the pres-
sure generating system, the patient, a patient circuit, and the
patient’s bloodstream. The plurality of sensors monitors a
plurality of parameters to generate sensor output. The syn-
chronization module triggers inspiration and/or exhalation of
the patient with the ventilator system based on detected tim-
ing of cardiac systolic and diastolic cycles from sensor output
to offset a portion of the increased cardiac load caused by the
arteriovenous ECGE device.

[0034] These and various other features as well as advan-
tages 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 descrip-
tion and claims hereof as well as the appended drawings.

[0035] Itistobeunderstood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are intended to provide further
explanation of the disclosure and the claims.

ECGE  system
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BRIEF DESCRIPTION OF THE DRAWINGS

[0036] The following drawing figures, which form a part of
this application, are illustrative of embodiments, systems, and
methods described below and are not meant to limit the scope
of the disclosure in any manner, which scope shall be based
on the claims appended hereto.

[0037] FIG. 1 illustrates an embodiment of a ventilator-
extracorporeal membrane gas-exchanger system connected
to a human patient.

[0038] FIG. 2 illustrates an embodiment of a ventilator-
extracorporeal membrane gas-exchanger system connected
to a human patient.

[0039] FIG. 3 illustrates an embodiment of a ventilator-
extracorporeal membrane gas-exchanger system connected
to a human patient.

[0040] FIG. 4 illustrates an embodiment of a ventilator-
extracorporeal membrane gas-exchanger system connected
to a human patient.

[0041] FIG. 5 illustrates an embodiment of a method for
managing the treatment of a patient connected to a medical
system.

[0042] FIG. 6 illustrates an embodiment of a method for
issuing a notification upon detecting an implication of
improper patient treatment with a ventilator-extracorporeal
membrane gas-exchanger system.

[0043] FIG. 7 illustrates an embodiment of a method for
optimizing synchronization of the heart and lung movements
in a patient being treated with a ventilator-ECGE system.
[0044] FIG. 8illustrates an embodiment ofa graphical user
interface displaying data from a ventilator and an ECGE
system.

[0045] FIG. 9illustrates an embodiment ofa graphical user
interface displaying a selectable drop down menu for a ven-
tilator-ECGE system.

[0046] FIG. 10 illustrates an embodiment of a graphical
user interface displaying a notification including a message
and a recommendation entry for a ventilator-ECGE system.
[0047] FIG. 11 illustrates an embodiment of a method for
managing the treatment of a patient connected to a medical
system.

DETAILED DESCRIPTION

[0048] Although the techniques introduced above and dis-
cussed in detail below may be implemented for a variety of
medical devices, the present disclosure will discuss the
implementation of these techniques in the context of a venti-
lator-extracorporeal membrane gas-exchanger (ECGE) sys-
tem for use in providing oxygenation-carbon dioxide (PO,
and P,CO,) management for a human patient. A person of
skill in the art will understand that the technology described in
the context of a medical ventilator-ECGE system for human
patients could be adapted for use with other systems such as
systems for non-human patients and general gas transport
systems.

[0049] The metabolic homeostasis of a patient depends on
the body’s ability to maintain P,0,, P,CO, and pH within
narrow limits. In the intensive care unit approximately 40% of
patients are placed on ventilators for the purpose of assisting
the patient’s respiratory function or completely substituting
for the patient’s respiratory function (e.g., when the patient is
paralyzed). For some patients, however, the loss of lung func-
tion is so severe that even the mildest form of ventilatory
support is at best futile and at worst likely to exacerbate any
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existing lung injury, which could lead to or hasten the death of
the patient. For example, ventilation of some patients, such as
patients suffering acute respiratory distress syndrome
(ARDS), acute lung injury (ALI) or ventilator induced lung
injury (VILI), often requires the use of a high driving pressure
to open up stiff lungs. However, the high driving pressure
necessary to ventilate lungs may also damage the lungs.
[0050] Another type of biomechanical device, an extracor-
poreal membrane gas-exchanger (ECGE) system, has the
capacity to substitute in part or totally for the failing or failed
lung. The ECGE system has the capability of providing,
ex-vivo, gas exchange for the failing lung. However, the
ECGE system is very invasive, requires the removal of blood
from the patient, and increase the risk of infection. If the
ECGE system is utilized too long or too intensely, the ECGE
system can lead to the necrosis of a patient limb or distal limb
ischemia. Also, the removal of the blood can increase the risk
of infection compared to patients that do not require the
removal of any blood. Accordingly, the ECGE system is only
utilized when necessary. Further, arteriovenous ECGE sys-
tems increase the load on the patient’s cardiac system and can
only be utilized in patients with a cardiac system strong
enough to maintain the extracardiac load created by use of the
arteriovenous ECGE system. Also, during 100% ECGE sup-
port (and the absence of tidal-lung ventilation), the lung will
become atelectatic and therefore prone to infection and the
diaphragm will become quiescent and therefore prone to atro-
phy and decrease the chances of the patient ever being able to
breathe independently. Moreover, if there is a leak in the
ECGE system, the patient risks death from exsanguination.
Hence, an ECGE system exposes the patient to additional
risk, but is often the only method left for oxygenating and
carbon dioxide removal for a patient when use of a mechani-
cal ventilator is more damaging than beneficial.

[0051] ECGE as used herein is a general byword for the
wide range of methods that are used for extracorporeal blood
oxygenation and carbon dioxide removal. Several different
terms have been used for these systems to describe the wide
range of methods that are used for extracorporeal blood oxy-
genation and carbon dioxide removal. Accordingly, the
ECGE system as used herein includes the following artificial
cardiac and/or pulmonary support systems and terms: extra-
corporeal membrane oxygenation (ECMO); lung dialysis;
extracorporeal life support (ECLS); extracorporeal carbon
dioxide removal (ECCOR or ECCO,R); partial extracorpo-
real carbon dioxide removal (PECCQ,); Arteriovenous car-
bon dioxide removal (AVCOR), extracorporeal lung assist
(ECLA); extracorporeal gas-exchanger; and intravascular
oxygenator (IVOX). The list provided above is exemplary
only and is not meant to be limiting Many of these systems
perform their oxygenation and carbon-dioxide removal func-
tions in similar or different ways. As used herein “ECGE” or
an “ECGE system” refers to any suitable lung dialysis system
for performing blood oxygenation and carbon dioxide
removal.

[0052] Accordingly, the present disclosure describes sys-
tems and methods for managing the oxygenation and carbon
dioxide removal (tissue/organ P,0, and P,CO,) of a patient
with a ventilator-ECGE system.

[0053] In the management of the O,—CO,-gas-exchange
function of the failing lung, it must be recognized that neither
the ventilator, operating alone as the primary means of ven-
tilatory support nor the extracorporeal membrane gas-ex-
changer, operating alone as the primary means of ventilatory
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support, is a curative device. Rather, the aim of the combina-
tion system is to augment, either partially or totally, the gas-
exchange function of the compromised lung, whether through
the cooperative interaction of both systems or through the
individual action of one single system. What this invention
proposes is that if failing gas exchange is of critical signifi-
cance in the management of a patient, the combined integra-
tion of a ventilator system and an extracorporeal membrane
gas-exchanger system into an intelligent control and manage-
ment gas-exchange system will have greater advantages than
either separate system acting alone.

[0054] For example, a patient who requires an ECGE sys-
tem for proper oxygenation may also be ventilated at a lower
level that would not cause injury to the patient’s lung. This
reduced level of ventilation might mitigate the probability of
atelectasis and the concurrent development of diaphragm
atrophy while at the same time providing enough oxygen-
ation/ventilation to the patient to allow the ECGE system to
operate at a reduced blood flow. The lower blood flow rate
may increase the time the ECGE system can be utilized with-
out causing necrosis or prevent necrosis from happening.
Further, the ventilator can be operated to relieve cardiac load
and may be utilized to offset the increased cardiac load of an
arteriovenous ECGE systems. Accordingly, the ventilator-
ECGE system allows patients who previously would not have
been able to use an ECGE system because of the increased
cardiac load to use an ECGE system in combination with
mechanical ventilation.

[0055] FIGS. 1-4 are schematic diagrams illustrating an
embodiment of an exemplary ventilator-ECGE system 100
connected to a human patient 150. The ventilator-ECGE sys-
tem 100 includes a ventilator 101 and an ECGE system 103
that communicates data between each other. For example, the
ECGE system 103 may send information to the ventilator
101, the ventilator 101 may send information to the ECGE
system 103, or the ventilator 101 and the ECGE system 103
may send information back and forth to each other. This
communicationallows the ventilator 101 and/or ECGE 103 to
send data, instructions, and/or commands to each other. The
ventilator 101 and ECGE system 103 may be electrically or
physically connected to each other. In some embodiments,
the ventilator 101 and the ECGE system 103 are wirelessly
connected to each other. In some embodiments, a cable con-
nects the ventilator 101 and the ECGE system 103 to each
other. In other embodiments, the ventilator 101 and the ECGE
system 103 are physically comnnected to each other. For
example, the ventilator 101 and the ECGE system 103 may
share a portion of the same housing or enclosure.

[0056] The ventilator-ECGE system 100 treats the patient
150 by utilizing the ventilator 101 and/or the ECGE system
103. Therefore, in some embodiments, the ventilator-ECGE
system 100 utilizes the ventilator 101 and the ECGE system
103 concurrently, overlapping in time, simultaneously, and/or
individually at separate times. The treatment provided by the
ventilator-ECGE system 100 may be adjusted and dynami-
cally changed based on the patient 150, generated sensor
output, and/or selected settings. Accordingly, a patient 150
being treated with both the ventilator 101 and the ECGE
system 103 may after a period of treatment be treated with just
the ventilator 101 or the ECGE system 103. In another
example, a patient 150 being treated with the ECGE system
103 after a period of time may be treated with both the
ventilator 101 and the ECGE system 103. In some embodi-
ments, the ventilator-ECGE system 100 uses the ventilator
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101 and/or the ECGE system 103 to treat the patient 150
based on operator input. In other embodiments, the ventilator-
ECGE system 100 determines to use the ventilator 101 and/or
the ECGE system 103 to treat the patient 150 based on pre-
determined settings and patient characteristics, such as
patient age, patient height, patient weight, patient gender,
patient disease state, ventilation mode, and/or sweep gas flow
rate. This list is exemplary only and is not meant to be limit-
ing.

[0057] Ventilator 101 includes a pneumatic gas delivery
system 102 (also referred to as a pressure generating system
102 or pneumatic system 102) for circulating breathing gases
to and from patient 150 via the ventilation tubing system 130,
which couples the patient 150 to the pneumatic system 102
via an invasive (e.g., endotracheal tube, as shown) or a non-
invasive (e.g., nasal mask) patient interface 180.

[0058] Ventilation tubing system 130 (or patient circuit 130
or breathing circuit 130) may be a two-limb (shown) or a
one-limb circuit for carrving 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 inspira-
tory limb 134 and an expiratory limb 132 of the ventilation
tubing system 130.

[0059] Pneumatic system 102 may be configured in a vari-
ety of ways. In the present example, pneumatic system 102
includes an expiratory module 108 coupled with the expira-
tory limb 132 and an inspiratory module 104 coupled with the
inspiratory limb 134. Compressor 106 or other source(s) of
pressurized gases (e.g., air, oxygen, and/or helium) is coupled
with inspiratory module 104 and the expiratory module 108 to
provide a gas source for ventilatory support via inspiratory
limb 134.

[0060] The inspiratory module 104 is configured to deliver
gases to the patient 150 according to prescribed ventilatory
settings. The expiratory module 108 is configured to release
gases from the patient’s lungs according to prescribed venti-
latory settings. Specifically, expiratory module 108 is associ-
ated with and/or controls an expiratory valve for releasing
gases from the patient 150.

[0061] The ventilator 101 may also include one or more
sensors 107 communicatively coupled to ventilator 101 and/
or patient 150. The sensors 107 may be located in the pneu-
matic system 102, ventilation tubing system 130, and/or on
the patient 150. The embodiment of FIG. 1 illustrates a sensor
107 in pneumatic system 102.

[0062] Sensors 107 may communicate with various com-
ponents of ventilator 101, e.g., pneumatic system 102, other
sensors 107, processor 116, controller 110, compare module
124, manage module 126, notification module 118 and/or any
other suitable components and/or modules. Sensors 107 may
communicate with various components of the ECGE system
103. Sensors 107 may communicate with both the ECGE
system 103 and the ventilator 101. In one embodiment, sen-
sors 107 generate output and send this output to pneumatic
system 102, other sensors 107, processor 116, compare mod-
ule 124, manage module 126, notification module 118 and/or
any other suitable components and/or modules. The sensor
output may be data received directly from the sensors 107
(e.g., gas concentration) or may be parameters derived from
received sensor data (e.g., work of breathing, patient effort,
etc.). Sensors 107 may employ any suitable sensory or deriva-
tive technique for monitoring one or more parameters asso-
ciated with the patient 150 and the oxygenation and/or ven-
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tilation of a patient 150. The term “ventilation” refers to the
management of carbon dioxide (such as carbon dioxide
removal) when used herein. Sensors 107 may detect changes
in patient parameters indicative of patient triggering, for
example. Sensors 107 may be placed in any suitable location,
e.g., within the ventilatory circuitry 130, blood circuit 143, or
other devices communicatively coupled to the ventilator 101
and/or ECGE system 103. For example, sensors 107 may be
placed in any suitable internal location, such as, within the
ventilatory circuitry 130, blood circuit 143, and/or or within
components or modules of ventilator 101. Any sensory device
useful for monitoring changes in measurable parameters dur-
ing an oxygenation and/or ventilation of the patient 150 may
be employed in accordance with embodiments described
herein.

[0063] As should be appreciated, ventilator sensor output
and/or ECGE sensor output are highly interrelated and,
according to embodiments, may be either directly or indi-
rectly monitored. That is, parameters or variables may be
directly monitored by one or more sensors 107, as described
above, or may be indirectly monitored or estimated/calcu-
lated using a model, such as a model derived from the Equa-
tion of Motion (e.g., Target Airway Pressure(t)=E_fQ, dt+
Q,R,-Patient Effor((1)).

[0064] The pneumatic system 102 may include a variety of
other components, including an oximeter 105, a capnometer
109, mixing modules, valves, tubing, accumulators, filters,
and/or etc.

[0065] The ECGE system 103 of the ventilator-ECGE sys-
tem 100 may be any suitable ECGE system 103 as known by
a person of skill in the art. The ECGE system 103 of the
ventilator-ECGE system 100 removes or shunts blood from a
patient 150, removes carbon dioxide from the removed blood,
adds oxygen to the removed blood, and then reinserts the
oxygenated blood back into the patient 150. In other words,
the ECGE system 103 of the ventilator-ECGE system 100
diverts blood from the patient for the removal of carbon
dioxide and addition of oxygen before being returned to the
patient.

[0066] The ECGE system 103 includes a membrane lung
146 to remove the carbon dioxide from the removed blood
and to oxygenate the removed blood. An access tube 140
connects a vein or an artery of the patient 150 to the mem-
brane lung 146. A return tube 142 connects the membrane
lung 146 to a vein of the patient 150. The access tube 140, the
return tube 142, and the membrane lung 146 create a blood
flow path or blood circuit 143 from the patient 150 through
the membrane lung 146 and back to the patient 150. In some
embodiments, the access tube 140 and the return tube 142 are
catheters. In some embodiments, the access tube 140 and the
returntube 142 are cannula. In some embodiments, the access
tube 140 and the return tube 142 are separate from each other
as illustrated in FIG. 1. In other embodiments, the access tube
140 and the return tube 142 are a dual lumen or double lumen
system. However, the access tube 140 and the return tube 142
may be any suitable type of tubing for removing and/or insert-
ing blood into the patient 150 for use in an ECGE system 103.

[0067] In some embodiments, the blood circuit 143 pro-
vides a place for infusions into the blood, such as a drug
infusion. For example, in some embodiments, systematic
heparin administration is provided to the blood of the patient
150 through the blood circuit 143 to prevent thrombus for-
mation within the blood circuit 143.



US 2015/0034082 A1

[0068] The ECGE system 103 utilizes a membrane lung
146 to remove the carbon dioxide from the removed blood
and to oxygenate the removed blood. The membrane lung 146
of the ECGE system 103 may be any suitable membrane lung
146 for removing carbon dioxide and oxygenating a patient’s
blood in an ECGE system 103. For example, the membrane
lung 146 may be a coiled silicone rubber membrane lung or a
hollow fiber membrane. In embodiments, where a hollow
fiber membrane lung 146 is utilized, the hollow fibers may be
microporous polypropylene and/or nonporous poly-4-me-
thyl-1-pentene (PMP). In some embodiments, the membrane
lung 146 is coated to improve biocompatibility and/or to
decrease clotting. In some embodiments, the membrane lung
146 is a Medos Hilite® as sold by Medos Medizintechnik AG,
which is located at Obere Steinfurt 8-10, D-52222 Stolberg,
Germany. In other embodiments, the membrane lung 146 is
an iLA Membrane Ventilator as sold by Novalung, GmbH,
which is located at Im Zukunftspark, 74076 Heilbronn, Ger-
many. In other embodiments, the membrane lung 146 is a
Magquet Quadrox D, as sold by MAQUET Medical Systems
USA, which is located at 45 Barbour Pond Drive, Wayne, N.J.
07470. However, these membrane lungs are merely exem-
plary and are not meant to be limiting.

[0069] In some embodiments, the ECGE system 103 is an
arteriovenous system. The arteriovenous system removes or
shunts blood from an artery of the patient 150 and reinserts
the removed blood into the patient 150 via a vein of the patient
150. For example, in such an arteriovenous system normally
oxygenated blood is shunted via a suitable catheter from a
nominally high-pressure artery through a membrane, gas-
exchange device/module back to a lower-pressure vein via a
suitable catheter. In some embodiments, an arteriovenous
system removes blood from the right common carotid, aux-
iliary, femoral, or aortic artery and then reinserts the oxygen-
ated blood back into the patient 150 via the jugular or femoral
vein 152. The arteriovenous system utilizes the pressure gra-
dient between artery and vein to push blood through the
system and does not require the use of a pump.

[0070] In some embodiments, the ECGE system 103 is a
venovenous system as illustrated in FIG. 1. A venovenous
system removes blood from a vein of a patient 150 and rein-
serts the removed blood into the patient 150 via another vein
of the patient 150. For example, in some embodiments, a
venovenous system removes blood via the femoral vein 152
and then reinserts the blood back into the patient 150 via the
internal jugular vein 154 as illustrated in FIG. 1. In other
embodiments, the venovenous system removes blood via the
femoral or right atrium vein and then reinserts the blood back
into the patient 150 via the same vein. In other embodiments,
the venovenous system removes blood via the femoral, jugu-
lar, or saphenous vein and then reinserts the blood back into
the patient 150 via the femoral or saphenous vein. The veno-
venous system like the veno-arterial system utilizes a pump
144 to move the removed blood through the membrane lung
146 and back into the patient 150.

[0071] In other embodiments, the ECGE system 103 is a
veno-arterial system. The veno-arterial system removes
blood from a vein of the patient 150 and reinserts the removed
blood into the patient 150 via an artery of the patient 150. For
example, in some embodiments, a veno-arterial system
removes blood from the femoral vein and then reinserts the
oxygenated blood back into the patient 150 via the femoral
artery. The veno-arterial system differs from the arterio-
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venous system because the veno-arterial system utilizes a
pump to push blood through the system.

[0072] In some embodiments, a centrifugal pump is uti-
lized by the ECGE system 103. In other embodiments, aroller
pump or impeller is utilized by the ECGE system 103. How-
ever, any suitable pump 144 for moving blood through an
ECGE system 103 may be utilized. As discussed above, the
arteriovenous system does not require a pump 144 and instead
utilizes the patient’s own pump, the heart, to move the blood
through the membrane lung 146 and to move the blood back
into the patient 150. However, the cannula and membrane of
the arteriovenous system creates extra length external to the
patient 150 that the heart must now pump blood through,
increasing the work load (i.e., an increase in resistance to
flow) on the heart of the patient 150.

[0073] Blood containing carbon dioxide flows into the
membrane lung 146. An input gas, such as air, is pumped into
the menibrane lung 146 and an exhaust gas, such as carbon
dioxide is removed from the membrane lung 146. The input
gas and the exhaust gas are referred to herein as the sweep gas
148. The input gas flows into the membrane of the membrane
lung 146 while blood is flowing through the membrane of the
membrane lung 146. As the input gas flows through the mem-
brane containing the input gas, carbon dioxide is removed
from the blood and the blood becomes oxygenated by the
input gas. However, in some instances the carbon dioxide
removal rate is more efficient than the oxygenation rate. The
carbon dioxide removed from the blood and any components
of the input air that are not absorbed into the blood, if any, exit
the membrane lung 146 making the exhaust gas. The flow rate
of the sweep gas 148 as the sweep gas 148 flows through the
membrane lung 146 is adjustable. The speed or flow rate of
the sweep gas 148 affects the rate of CO, removal from the
patient. Further, in ECGE systems 103 that utilize a pump
144, the flow rate of the blood through the membrane lung
146 is adjustable. The speed at which the blood is pumped
through the ECGE system 103 or the blood flow rate affects
the oxygen exchange and arterial oxygenation of the patient.
[0074] The ECGE system 103 may also include one or
more sensors 107 communicatively coupled to the ECGE
system 103 and/or patient 150. In some embodiments, the
sensors 107 are located in the blood circuit 143, access tube
140, return tube 142, and/or the membrane lung 146. FIG. 1
illustrates a sensor 107 in the return tube 142. Sensors that are
located within and/or monitored by the ECGE system 103 are
referred to herein as “ECGE sensors.” Sensors 107 that are
located within and/or monitored by the ventilator 101 are
referred to herein as “ventilator sensors.”

[0075] The ECGE system 103 may also include a heat
exchanger, connectors, switches and/or a bladder reservoir. In
some embodiments, the heat exchanger is a water heater. In
some embodiments, the heat exchanger is integrated with the
membrane lung 146. For example, a water heater heat
exchanger may pump heated water into the membrane lung
146. In some embodiments, the bladder receives blood pas-
sively drained by gravity from the patient 150 via the access
tube 140. The bladder may be collapsible and may act as
complaint reservoir. In some embodiments, the pump 144
draws blood from the bladder. In some embodiments, a switch
provides the pump 144 access to the blood in the bladder. For
example, in some embodiments, the bladder and pump 144
are connected by a trip-switch mechanism so that if the pump
flow exceeds venous drainage, the balder collapses to inhibit
pump flow.
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[0076] An oximeter 105 is connected to a patient oximeter
sensor 107. In some embodiments, the oximeter 105 is a
completely separate and an independent component from the
ventilator 101 and the ECGE system 103 asillustrated in FIG.
4. In an alternative embodiment, as illustrated in FIG. 1, the
oximeter 105 is part of the ventilator-ECGE system 100. For
example, as illustrated in FIG. 1, the oximeter 105 is part of
the pneumatic system 102.

[0077] Insome embodiments, the ventilator-ECGE system
100 includes an oximeter 105. The oximeter 105, if utilized,
determines an oxygen gas saturation level of blood in the
patient 150 based on the patient readings taken by the pulse
oximeter sensor 107 during treatment of a patient 150 by the
ventilator-ECGE system 100. The oximeter 105 sends the
measured oxygen saturation level of the blood of the patient
150 to a controller 110. In some embodiments, the controller
110determines and/or monitors generated sensor output from
the oximeter sensor 107 and the ventilator-ECGE system 100,
such as a SpO, of the patient 150. As discussed above the
sensor output may be taken directly from sensor data or
derived from sensor data. In some embodiments, controller
110 sends the data to the display 122 for displaying the
generated sensor output from the oximeter sensor 107.
[0078] A capnometer 109, if utilized, is in data communi-
cation with ventilator-ECGE system 100. This communica-
tion allows the ventilator-ECGE system 100 and capnometer
109 to send data, instructions, and/or commands to each
other. In some embodiments, the capnometer 109 is in com-
munication with controller 110 and/or the processor 116 of
the ventilator-ECGE system 100. In some embodiments, as
illustrated in FIG. 1, the capnometer 109 is a component of
the ventilator-ECGE system 100. In other embodiments, the
capnometer 109 is a separate component from the ventilator-
ECGE system 100 and in data communication with the ven-
tilator-ECGE system 100, as illustrated in FIG. 4. In an
example, as illustrated in FIG. 1, the capnometer 109 is part of
the pneumatic system 102.

[0079] Capnometer 109 monitors the concentrations of car-
bon dioxide in the respiratory gas with a carbon dioxide
sensor 107. In some embodiments, the carbon dioxide sensor
107 is located in the ventilator breathing circuit 130. The
carbon dioxide sensor 107 allows the capnometer 109 to
monitor in real-time or quasi-real-time the concentration of
CO, inthe gas transiting the carbon dioxide sensor 107. Using
this in conjunction with flow and/or volume signals, the cap-
nometer 109 and/or the ventilator-ECGE system 100 may
calculate volumetric carbon dioxide (VCO,), end-tidal car-
bon dioxide (E,CO,), and minute volume. The VCO, may
measure the amount of CO, removed from the blood by the
ECGE device and/or may measure the amount of CO,
exhaled by patient through the patient circuit of the ventilator.
In one embodiment, capnometer 109 generates a capnogram
or capnograph with received data and/or sensor output. In
some embodiments, the controller 110 determines and/or
monitors generated sensor output from the carbon dioxide
sensor 107 and the ventilator-ECGE system 100.

[0080] The ventilator-ECGE system 100 includes one or
more controllers 110. In some embodiments, the controller
110 is part of the ventilator 101 as illustrated in FIGS. 1 and
2. In some embodiments, the controller 110 is part of the
ECGE system 103 as illustrated in FIG. 3. In other embodi-
ments, the controller 110 is separate and independent of both
the ventilator 101 and the ECGE system 103 as illustrated in
FIG. 4. In other embodiments, the ventilator 101 and the
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BCGE system 103 each have their own controller 110. In
these embodiments, the controllers 110 communicate
between each other. For example, the two controllers 110 may
be wirelessly connected or connected via a cable and may
send and/or receive data, instructions, and/or commands.
[0081] Thecontroller 110 is operatively coupled with pneu-
matic system 102, signal measurement and acquisition sys-
tems (including sensors 107), membrane lung 146, pump 144,
and/or an operator interface 120 that may enable an operator
to interact with the ventilator 101 (e.g., change ventilator
settings, select operational modes, view monitored param-
eters, etc.). In some embodiments, the controller 110 controls
the pneumatic system 102, signal measurement and acquisi-
tion systems (including sensors 107), membrane lung 146,
pump 144, and/or operator interface 120. In some embodi-
ments, the controller 110 sends sensor output to the display
module 122. In further embodiments, the controller 110 pro-
cesses the sensor output to show trends, create charts, create
graphs, group related data, and/or even create picotograms for
display by the display module 122 to convey information to
the operator in a more useful, faster to decipher, and/or easier
to comprehend manner.

[0082] In some embodiments, the controller 110 commu-
nicates with and/or controls several different subsystems that
may be distributed and networked (wired or any type of
wireless) and will operate autonomously to provide their
designated outcomes while in continuous communication
with the integrated controller 110 to send and/or receive data
and/or settings or supervisory control commands. The candi-
date subsystems include: data acquisition and transmission
capabilities, ventilators 101, lung dialysis machines 103, oxy-
gen and CO, monitoring (e.g., oximeter 105 and capnography
109), hemodynamic monitoring devices to monitor the
patient’s parameters (such as measurement of systemic, pul-
monary arterial and venous pressures, and of cardiac output).
The controller 110 will obtain necessary sensor output and
clinical data, and uses designated supervisory control algo-
rithms to determine and issue settings and/or commands to
the applicable device(s).

[0083] Inoneembodiment, the operator interface 120 of the
ventilator-ECGE system 100 includes one or more display
modules 122 communicatively coupled to the ventilator-
ECGE system 100. In some embodiments, the display mod-
ule 122 is part of the ventilator 101 as illustrated in FIGS. 1
and 2. In some embodiments, the display module 122 is part
of the ECGE system 103 as illustrated in FIG. 3. In other
embodiments, the display module 122 is separate and inde-
pendent of both the ventilator 101 and the ECGE system 103
as illustrated in FIG. 4. In other embodiments, the ventilator
101 and the ECGE system 103 each have their own display
module 122.

[0084] Display module 122 may provide various input
screens, for receiving clinician input, and various display
screens, for presenting useful information to the clinician. In
one embodiment, the display module 122 is configured to
include a graphical user interface (GUI). The GUI may be an
interactivedisplay, 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 101
and/or the ventilator-ECGE system 100 may be provided, for
instance by a wheel, keyboard, mouse, or other suitable inter-
active device. Thus, operator interface 120 may accept com-
mands and input through display module 122 and/or or
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another communication device. The controller 110 may
receive the operator input from the display modules 122.
[0085] Display module 122 may also provide useful infor-
mation in the form of various ventilatory data, ECGE data,
capnometer data, and/or oximeter data. The useful informa-
tion may be derived from data collected by a processor, such
as processor 116, and the useful information may be dis-
played to the clinician in the form of graphs, wave represen-
tations, lists, check lists, pie graphs, text, or other suitable
forms of graphic display. For example, patient data may be
displayed on the GUI and/or display module 122. In some
embodiments, the display module 122 issues at least one of
the appropriate message and the appropriate recommendation
entry.

[0086] In some embodiments, the user interface is menu
driven and proceeds from the desired treatment objective in a
top down algorithmic fashion. In these embodiments, the
menu could take the user through processes in a sequential
manner and provide the next menu based on the choices made
in the previous steps. For example, FIG. 9 illustrates an
embodiment of a graphical user interface 900 displaying a
selectable drop down menu 902. In some embodiments, the
selectable drop down menu 902 is ain a top down algorithmic
menu. In some embodiments, the menu 902 includes treat-
ment objectives 904, configuration options 906, device selec-
tion options 908, treatment modality options 910, algorithm
options 912, threshold options 914, and/or execution options
916.

[0087] Insome embodiments, the display module 122 may
be a remote display module. Additionally or alternatively,
useful information and/or ventilator parameters may be com-
municated to and displayed on an additional remote display
module and/or on a remote monitoring system coupled via
any suitable means to the ventilator-ECGE system 100, such
as a tablet or PC. The remote display module or remote
monitoring system are not physically attached to the ventila-
tor-ECGE system 100 and may be in the same room or over a
mile away from the patient 150 or the ventilator-ECGE sys-
tem 100. In some embodiments, the display module 122
and/or remote monitoring display system displays a sweep
gas flow rate, P_CO,, pH, CO, removal rate, F,O, of sweep
gas, ventilator FiO,, blood flow, cardiac output, P,O,, OI
index, P_O,/F,0,, HCO,~, Sa0, minute ventilation, peak
inspiratory pressure, tidal volume, respiratory rate, PEEP,
Sp0,, E,CO,, VCO,, alarms, recommendations, and/or noti-
fications.

[0088] The display module 122 receives and displays data
from both the ventilator 101 and the ECGE system 103. In
some embodiments, as discussed above, the displayed data is
received from the controller 110 and/or processor 116. Taken
together, the data monitored collectively by the ventilator 101
and by the ECGE system 103 provide an extensive “picture”
of the respiratory-mechanical and the gas-exchange proper-
ties (health) of the respiratory-organ system of the patient
150. In some embodiments, displayed information is format-
ted by one or more information control algorithms. In some
embodiments, a simple alpha character display will suffice; in
other instances a two-dimensional pictogram may be more
informative; and in other instances a three-dimensional pic-
togram may be the better choice. Further, as discussed above
trends to indicate the interaction between the lung dialysis
machine and the mechanical ventilation as they relate to
oxygenation and ventilation as determined by the controller
110 and/or processor 116 may be displayed by the display
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module 122. In some embodiments, related data from the
ventilator 101 and ECGE system 103 is grouped together to
convey information to the operator in a more useful, faster to
decipher, and/or easier to comprehend manner, as illustrated
in FIG. 8. FIG. 8 illustrates an embodiment ofa graphical user
interface 800 displaying grouped related data 802 from the
ventilator 101 and the ECGE system 103.

[0089] In further embodiments, as discussed above, the
display module 122 displays a menu driven user interface. For
example, FIG. 9 illustrates an embodiment ofa graphical user
interface 900 displaying a selectable drop down menu 902. In
some embodiments, the display module 122 displays a menu
including treatment objectives 904, configuration options
906, device selection options 908, treatment modality options
910, algorithm options 912, threshold options 914, and/or
execution options 916. The treatment objectives 904 may
include oxygenation, ventilation, optimize oxygenation and
ventilation, weaning, and/oruser defined objectives. The con-
figuration options 906 may include manual and system-select
options. The device selection options 908 may include pulse
oximeter, capnometer (also referred to as a capnograph), ven-
tilator, ECGE system, and/or ventilator and ECGE system.
These lists are exemplary only and are not meant to be limit-
ing. Any suitable options for controlling and/or managing the
ventilation and oxygenation of the patient with the ventilator-
ECGE system 100 may be displayed and/or provided by the
menu.

[0090] Controller 110 includes 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 some embodiments, controller 110 also includes a
compare module 124, a manage module 126, and/or a notifi-
cation module 118 as illustrated in FIG. 1. In alternative
embodiments, a manage module 126, compare module 124,
and/or a notification module 118 may be located in other
components of the ventilator 101, such as the pressure gen-
erating system 102 (also known as the pneumatic system
102). In other embodiments, the manage module 126, com-
pare module 124, and/or a notification module 118 may be
located in the ECGE system 103. In yet other embodiments,
the manage module 126, compare module 124, and/or a noti-
fication module 118 may be located in a controller 110 sepa-
rate and independent of the ECGE system 103 and the venti-
lator 101.

[0091] The memory 112 includes non-transitory, com-
puter-readable storage media that stores software that is
executed by the processor 116 and which controls the opera-
tion of the ventilator-ECGE system 100. In an embodiment,
the memory 112 includes one or more solid-state storage
devices such as flash memory chips. In an alternative embodi-
ment, 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 art that computer-readable storage media
can be any available media that can be accessed by the pro-
cessor 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-read-
able instructions, data structures, program modules or other
data. For example, computer-readable storage media includes
RAM, ROM, EPROM, EEPROM, flash memory or other
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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.

[0092] Insome embodiments, the ventilator-ECGE system
100 includes a compare module 124. The compare module
124 compares sensor output to at least one threshold. In some
embodiments, the compare module 124 determines or moni-
tors trends in sensor output and compares these trends to at
least one threshold. In some embodiments, the compare mod-
ule 124 compares sensor output from ventilator sensors 107 to
one or more thresholds. In other embodiments, the compare
module 124 compares sensor output from ECGE sensors 107
to one or more thresholds. In further embodiments, the com-
pare module 124 compares sensor output from a capnometer
sensor 107 and/or an oximeter sensor 107 to one or more
thresholds. In other embodiments, the compare module 124
compares sensor output from ventilator sensors 107 and
FECGE sensors 107 to the same threshold. In further embodi-
ments, the compare module 124 compares sensor output from
one or more ventilator sensors 107 to a first threshold and
sensor output from ECGE sensors 107 to a second threshold.
In additional embodiments, the compare module 124 com-
pares sensor output from one or more ventilator sensors 107
to a first plurality of thresholds and compares sensor output
from the ECGE sensors 107 to a second plurality of thresh-
olds. The first plurality of thresholds may be equivalent, over-
lap, or be entirely different from the second plurality of
thresholds. Based on this comparison, the compare module
124 determines if the generated sensor output breached the at
least one threshold.

[0093] In some embodiments, the at least one threshold is
received from operator input. In some embodiments, the
operator input is received from the ventilator 101. In other
embodiments, the operator input is received from the ECGE
system 103. In some embodiments, the operator input is
received from a graphical user interface. In some embodi-
ments, the at least one threshold is determined by the venti-
lator-ECGE system 100. In some embodiments, the ventila-
tor-ECGE system 100 determines the one or more threshold
based on predetermined settings and patient characteristics,
such as patient age, patient height, patient weight, patient
gender, patient disease state, ventilation mode, and/or sweep
gas flow rate. This list is exemplary only and is not meant to
be limiting.

[0094] Insome embodiments, the one or more threshold is
an end tidal carbon dioxide (E,CO,) level, a volumetric car-
bon dioxide (VCO,) level, a blood oxygen saturation (SpO.,)
level, a partial pressure of carbon dioxide in arterial blood
(P,CO,)level, apH level, ablood flow level, a partial pressure
of oxygen in the arterial blood (P,0,) level, a ratio of the
partial pressure of oxygen in the arterial blood divided by a
fraction of inspired oxygen level (P, O,/F,0,), and/or an oxy-
genation index (OI). The oxygenation index is the fraction of
inspired oxygen multiplied by the mean airway pressure, the
product of which is divided by the partial pressure of oxygen
in arterial blood as shown below:

0l = FiOy « Mpaw
PaOz
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In other embodiments, the one or more threshold is a combi-
nation of two or more of the following parameters/levels: an
end tidal carbon dioxide (E,CO,) level; a volumetric carbon
dioxide (VCO,) level or rate; a blood oxygen saturation
(Sp0,) level; a partial pressure of carbon dioxide in arterial
blood (P,CO,) level; a pH level; a blood flow level; a partial
pressure of oxygen in the arterial blood (P,0,) level; aratio of
the partial pressure of oxygen in the arterial blood divided by
a fraction of inspired oxygen level (P,O,/F,0,); and/or an
oxygenation index (OI).

[0095] For example, in some embodiments, a threshold
may include a P,CO, level outside of 36 mm of Hg to 46 mm
of Hg and/or a blood pH outside of 7.3 to 7.5. In other
examples, the threshold may include a Sa0, outside of an
85-95% range, a PO, outside of a45-55 mmHg range, and/or
a Hematocrit below 5% of a normal baseline. These thresh-
olds are exemplary only and are not meant to be limiting. Any
suitable threshold for oxygenating and/or ventilating a patient
may be utilized by the ventilator-ECGE system 100.

[0096] In some embodiments, the ventilator-ECGE system
100 includes a manage module 126. The manage module 126
manages the treatment of the patient. The treatment of the
patient as used herein refers to the oxygenation and/or venti-
lation of the patient. The manage module 126 manages the
treatment of the patient 150 by adjusting, if needed, one or
more ventilator settings and/or one or more ECGE settings.
The manage module 126 manages the oxygenation of the
patient 150 by adjusting one or more ventilator settings and/or
one or more ECGE settings, if needed, based on information
received from the compare module 124. In alternative
embodiments, the manage module 126 determines one or
more necessary adjustments based on information received
from the compare module 124 and sends this information to
the display module 122 for display. In altermative embodi-
ments, the manage module 126 determines one or more
appropriate adjustments based on information from the com-
pare module 124 and sends or communicates the appropriate
adjustment to the notification module 118. In some embodi-
ments, the manage module 126 detects improper treatment of
a patient based on sensor output from a ventilator sensor 107
and/or from an ECGE sensor 107. The improper treatment is
improper oxygenation and improper ventilation of a patient
150. In additional embodiments, the manage module 126
determines the sensor output that implicated the improper
treatment and communicates the sensor output that impli-
cated the improper treatment to the notification module.

[0097] For example, in some embodiments, if the manage
module 126 determines that the P, CO,, pH, and/or CO,
removal rate need to be adjusted based on information from
the compare module 124, the manage module 126 adjusts the
sweep gas flow rate to achieve the desired P ,CO,, pH, and/or
CO, removal rate. In another example, in some embodiments,
if the manage module 126 determines that the P,O, and/or
blood flow rate need to be adjusted based on information from
the compare module 124, the manage module 126 adjusts the
F,O, of the sweep gas and/or a blood flow rate of the pump
144 if a pump is utilized in the ECGE system 103 to achieve
the desired P O, and/or blood flow rate. In an additional
example, in some embodiments, if the manage module 126
determines that the E,CO, and/or VCO, need to be adjusted
based on information from the compare module 124, the
manage module 126 adjusts the minute ventilation, peak
inspiration pressure, tidal volume, and/or respiratory rate to
achieve the desired E;CO, and/or VCO,.
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[0098] In another example, in some embodiments, if the
manage module 126 determines that the SpO, needs to be
adjusted based on information from the compare module 124,
the manage module 126 adjusts the F,O, delivered to the
patient’s lungs, minute volume, peak inspiratory pressure, the
PEEP, F,0, concentration in the sweep gas, sweep gas flow
rate, and/or blood flow rate to achieve the desired SpO.,.
However, under some conditions the deficiency in blood oxy-
genation and/or ventilation (such as CO, removal) is caused
by physiologic etiologies that adjustments of ventilator
parameters may not provide timely and/or efficient improve-
ments. If the manage module 126 determines that the SpO,
needs to be adjusted based on information from compare
module 124 after a change in one or more of above listed
ventilator parameters has been made, the manage module 126
may choose to increase the above listed ECGE parameters
instead of or in combination with the above listed ventilator
parameters. In some embodiments, the following parameters
or variables are monitored to determine proper oxygenation
PaCO,, pH, E,CO,, and/or VCO,. In some embodiments, the
following parameters or variables are monitored to determine
proper ventilation blood flow, P,0,, and/or SpQ,. These lists
are exemplary and are not limiting. Any suitable parameter
for monitoring the oxygenation and/or ventilation of the
patient 150 may be monitored by the ventilator-ECGE system
100.

[0099] The manage module 126 may have different set
goals or multiple goals in managing the oxygenation of the
patient 150. For example, the manage module 126 may be set
to optimize ventilation, to optimize oxygenation, and/or to
protect the lungs by reducing pressure applied to lungs. Fur-
ther, the manage module 126 may be able to achieve the same
goal by adjusting different parameters or a combination of
different parameters. This flexibility allows the ventilator-
ECGE system 100 to adjust the settings of ventilator 101
and/or ECGE system 103 if more or less CO, removal is
desirable or if more or less oxygenation is desirable based on
patient needs. As discussed above a patient with ARDS may
only be able to tolerate a low amount of pressure ventilation.
Further, as discussed above, if the ECGE system 103 has been
utilized for an extended period of time, the manage module
126 can choose to reduce the blood flow rate in the ECGE
system 103 to prevent necrosis or ischemia.

[0100] Forexample, if manage module 126 determines that
one or more sefting needs to be adjusted to optimize CO,
removal, the manage module 126 can increase the sweep gas
flow rate and/or increase minute ventilation (by either
increasing the respiratory rate and/or the tidal volume). In
another example, if manage module 126 determines that one
or more setting needs to be adjusted to protect the lungs, the
manage module 126 can decrease tidal volume or peak
inspiratory pressure for an increase in sweep flow rate. How-
ever, in this example, if the increase in sweep flow rate does
not result in the desired CO, removal, an increase in minute
ventilation can provide for additional CO, removal. In
another example, if the manage module 126 determines that
one or more settings need to be adjusted to optimize oxygen-
ation, the manage module 126 can increase blood flow rate,
F,0, concentration in the sweep gas, PEEP, and/or F,0, deliv-
ered to the lungs of the patient 150 to optimize the oxygen-
ation of the patient 150. Additionally, the manage module 126
may suggest or make changes to reduce the reliance of the
patient 150 on the ECGE system 103 or the ventilator 101.
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[0101] Insome embodiments, the manage module 126 uti-
lizes algorithms to develop an adaptive control scheme. In
some embodiments, the manage module 126 utilizes adaptive
algorithms with online reinforced learning paradigms to
develop adaptive control schemes. For example, the manage
module 126 may make automatic adaptive adjustments to
ventilator settings to optimize ventilation and/or oxygenation
and may when a saturation effect is detected (no observable
change caused by ventilator adjustments over a predeter-
mined period of time) or when a declining trend in efficiency
or efficacy of ventilator parameter adjustments is detected
based on information from the compare module 124.

[0102] In some embodiments where one of the ventilator
101 and the ECGE system 103 are not being actively utilized,
the manage module 126 will determine based on information
from the compare module 124 that the inactive system (the
ventilator 101 or the ECGE system 103) should be activated
to treat the patient 150 in addition to the other treatment. In
other embodiments, where both the ventilator 101 and the
ECGE system 103 are being utilized to treat the patient 150,
the manage module 126 will determine based on information
from the compare module 124 that one of the active systems
(the ventilator 101 or the ECGE system 103) should be deac-
tivated or shut down and should not be utilized 1o treat the
patient 150. In some embodiments, the manage module 126
after making a determination will activate or deactivate the
appropriate system. In alternative embodiments, the manage
module 126 after making a determinations will send a recom-
mendation to activate or deactivate the appropriate system to
the notification module 118.

[0103] The settings of the ventilator 101 can be adjusted to
eitherload or unload cardiac output dependent upon the phas-
ing of positive pressure and the phase of the heart beat (sys-
tolic or diastolic). For example, if positive pressure is applied
by the ventilator 101 at the point when blood is flowing out of
the heart, cardiac output can be increased (or the imposed
load on the heart can be decreased). Conversely, if positive
pressure is applied by the ventilator 101 when the heart is
filling with blood, an additional load is imposed on the heart
and cardiac output will decrease.

[0104] Accordingly, in some embodiments, the ventilator-
ECGE system 100 includes a synchronize module 128. The
synchronize module 128 monitors or detects the timing of
cardiac systolic and diastolic cycles and synchronizes the
triggering of inspiration and exhalation of the patient 150
with the ventilator 101 based on the detected timing to modify
a patient’s cardiac load. In some embodiments, the synchro-
nize module 128 further adjusts the detected timing of the
cardiac systolic and diastolic cycles to account for any appro-
priate delay caused by measurement, signal transfer, and/or
derivations. In some embodiments, the adjustment is based on
physiological and biomechanical models and signal measure-
ment and data acquisition characteristics of the system used.
[0105] Insome embodiments, the synchronize module 128
utilizes an ECG to determine or monitor the timing of cardiac
systolic and diastolic cycles of the patient’s heart. In some
embodiments, the synchronize module 128 monitors a patient
heartbeat or heart rate to determine or monitor the timing of
cardiac systolic and diastolic cycles of the patient’s heart. As
used herein the terms “pulse rate,” “heart rate,” “heart beat,”
and “pulse” are considered to be interchangeable in the
present disclosure and in the claims. While “pulse rate,”
“heart rate,” “heartbeat,” and “pulse” refer to different mea-
surements, it is understood by a person of skill in the art that
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any of these measurements may be used for the purposes of
this disclosure and for the purposes of the claims. The syn-
chronize module 128 may utilize any suitable system or
method for determining the heartbeat of the patient 150. The
synchronize module 128 synchronizes the triggering of inspi-
ration and exhalation of the patient 150 with the ventilator
101 based on the detected timing to reduce a patient’s cardiac
load by directing the ventilator 101 to trigger an inspiration
when blood is flowing out of the heart and/or to trigger an
exhalation when blood is flowing into the heart. The synchro-
nize module 128 synchronizes this triggering based on the
detected timing of the cardiac systolic and diastolic cycles. In
some embodiments, cardio respiratory synchronization may
be scheduled using an adaptive phase detection and phase
delay algorithm that utilizes streaming ECG waveforms (de-
tecting the timing of cardiac systolic/diastolic cycles) and
appropriate delay times to synchronize breath delivery phas-
ing (inspiration triggering and expiration cycling) to optimize
a desired cardio respiratory objective. The synchronization is
not intended to change the ventilator’s breath triggering and
cycling timing in such a way that may jeopardize the respi-
ratory needs of the patient. It will be an optimization process
to determine phase adjustments within physiologically
acceptable temporal limits.

[0106] In further embodiments, the process may be opti-
mized by providing a menu of ventilator parameters such as
minute volume, PEEP, target rate, oxygen mix. I:E ratio,
inspiratory duration, expiratory duration, and/or etc., that
may be used individually or in combinations to make adaptive
ventilation adjustments to achieve better synchrony. In yet
other embodiments, for passive patients, the respiratory rate
for ventilator 101 may be derived as a proper integer ratio
(fixed or user settable) of the patient’s heart rate (Respiratory
Rate=integer (heart rate/selected ratio)). In additional
embodiments, for actively breathing patients, a form of syn-
chromized intermittent Mandatory ventilation (SIMV) breath
delivery may be used with allowable ventilator adjustments to
optimize synchrony.

[0107] As discussed above, arteriovenous ECGE systems
utilize the patient’s heart to pump the patient’s blood through
the blood circuit 143 of the ECGE system 103. Accordingly,
the arteriovenous ECGE system increases the length and the
resistance through which the heart has to pump the blood
volume. This extended length and increased resistance
increases the cardiac load on the patient’s heart. Therefore,
previously, patients that were unable to sustain additional
cardiac load (e.g.. patients at risk for cardiac failure) were
excluded from the use of arteriovenous ECGE systems.
Accordingly, in some embodiments, the ventilator-ECGE
system 100 may utilize the synchronize module 128 to offset
at least a portion, if not all, of the increased cardiac load
created by the arteriovenous ECGE system. Accordingly,
ventilator-ECGE system 100 can now be applied to patients
that were previously excluded from using an arteriovenous
ECGE system based on the ventilator 101 offsetting of the
increased cardiac load. However, the synchronize module
128 of the ventilator-ECGE system 100 can be utilized to
decrease the cardiac load of any patient 150 being treated with
the ventilator-ECGE system 100.

[0108] The ventilator-ECGE system 100 may further
include a notification module 118. As may be appreciated,
multiple ventilator parameters and ECGE system parameters
may be monitored and evaluated in order to maintain the
oxygenation and/or ventilation of the patient 150. In addition,
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when an adjustment is implicated to maintain the oxygen-
ation of the patient 150, many clinicians may not be aware of
adjustments that could be made to maintain the oxygenation
and/or ventilation of the patient 150. As such, upon determi-
nation that an adjustment is necessary (such as communica-
tion with manage module 126) to maintain oxygenation and/
or ventilation of the patient 150, the notification module 118
may be configured to notify the clinician that improper oxy-
genation and/or ventilation is detected, that an adjustment is
necessary, and/or to provide suggestions of appropriate
adjustments to the clinician or operator for managing the
oxygenation and/or ventilation of the patient 150. For
example, notification module 118 may be configured to notify
the clinician by displaying a notification on the display mod-
ule 122 and/or within a window of a graphical user interface
(GUI). In additional embodiments, the notification is com-
municated to and/or displayed on a remote monitoring system
communicatively coupled to ventilator-ECGE system 100. In
some embodiments, the notification is any audio and/or visual
notification. Alternatively, in an automated embodiment, the
notification module 118 communicates with a controller 110
so that the recommendation may be automatically imple-
mented to manage oxygenation and/or ventilation of the
patient 150.

[0109] In order to accomplish the various aspects of the
notification message display, the notification module 118
may communicate with various other components and/or
modules. For instance, notification module 118 may be in
communication with controller 110, compare module 124,
manage module 126, synchronize module 128, one or more
sensors 107, oximeter 105, capnometer 109 and/or any other
suitable module or component of the ventilator-ECGE sys-
tem 100. That is, notification module 118 may receive an
indication that an improper oxygenation and/or ventilation is
detected and/or that an adjustment is needed to maintain
oxygenation and/or ventilation of the patient 150 by any
suitable means. In addition, notification module 118 may
receive information regarding one or more parameters or
sensor output that implicate the improper oxygenation and/or
ventilation and/or the need for the adjustment and informa-
tion regarding the ventilator settings and/or parameters,
BCGE settings and/or parameters, patient characteristics,
and/or patient treatment from the controller 110, compare
module 124, manage module 126, synchronize module 128,
one or more sensors 107, oximeter 105, capnometer 109
and/or any other suitable module or component of the venti-
lator-ECGE system 100. Further, according to some embodi-
ments, the notification module 118 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). In some embodiments the
notification module 118 determines an appropriate message
based on the improper treatment and determines an appropri-
ate recommendation entry based on the improper treatment.
Further, in some embodiments, the notification module 118
issues at least one of the appropriate message and the appro-
priate recommendation entry. In additional embodiments, the
notification module 118 determines the appropriate message
based at least in part on the sensor output that implicated the
improper treatment.

[0110] Notification module 118 may provide a notification
according to a hierarchical structure such that a notification is
presented as a message and/or a recommendation entry and
may be initially presented in summarized form and, upon
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clinician selection, an additional detailed message and/or rec-
ommendation entry is displayed. According to alternative
embodiments, a notification is initially presented and, upon
clinician selection, a recommendation entry is displayed.
Alternatively or additionally, the notification may be simul-
taneously displayed with the recommendation entry in any
suitable format or configuration.

[0111] Specifically, according to embodiments, the notifi-
cation alerts the clinician as to the detection of a patient
condition, a change in patient condition, or an effectiveness of
ventilator and/or ECGE treatment. For example, the notifica-
tion may alert the clinician that improper oxygenation and/or
ventilation was detected, that an adjustment is necessary to
maintain oxygenation and/or ventilation, and/or the sensor
output or threshold that was breached that necessitated the
needed adjustment. The notification may further alert the
clinician regarding the particular parameter(s) that implicated
improper oxygenation and/or ventilation (e.g., P,CO,, pH,
blood flow, P,O,, SpO,, E,CO,, VCO,, and/or etc.)

[0112] Additionally, according to embodiments, the rec-
ommendation entry provides various suggestions to the cli-
nician for managing the oxygenation and/or ventilation of the
patient 150. That is, if an adjustment is needed, the recom-
mendation entry may suggest that the clinician consider
adjusting a sweep gas flow rate, F,02 of the sweep gas, blood
flow, minute ventilation, peak inspiratory pressure, tidal vol-
ume, respiratory rate, PEEP, F,0, delivered to the patient’s
lungs and/or etc. According to additional embodiments, the
recommendation entry is based on a particular breached
parameter(s) (e.g., P,CO,, pH, blood flow, P,O,, E,CO,,
VCO,, SpO,, and/or etc.) that implicated a needed adjust-
ment. Additionally or alternatively, the recommendation
entry may be based on current ventilatory settings (e.g.,
breath type) such that suggestions are directed to a particular
patient’s treatment. Additionally or alternatively, the recom-
mendation entry may be based on a diagnosis and/or other
patient attributes. Further still, the recommendation entry
may include a primary recommendation entry and a second-
ary recommendation entry.

[0113] Notification module 118 generates a notification 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 displays. The notification message may be further con-
figured with a combination of icons and text such that the
clinician may readily identify the message as a notification
message.

[0114] Notification module 118, in some embodiments,
generates one or more recommendation entry via any suitable
means. The one or more recommendation entry or messages
may provide suggestions and information regarding address-
ing a detected condition and may be accessible from the
notification message. For example, the one or more recom-
mendation entry may identify the parameters that implicated
improper ventilation and/or oxygenation, may provide sug-
gestions for adjusting one or more parameters to manage
oxygenation and/or ventilation of the patient 150, may pro-
vide suggestions for checking equipment or patient position,
or may provide other helpful information. Specifically, the
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one or more recommendation entries may provide sugges-
tions and information regarding patient oxygenation.

[0115] According to embodiments, based on the particular
parameters that were breached, the notification module 118
provides suggestions for managing oxygenation. In some
embodiments, the notification module 118 provides sugges-
tions for maintaining oxygenation based on the breached
parameter. That s, if adjustment is necessary, the one or more
recommendation entries may include suggestions or recom-
mendations for the following:

[0116] increase the sweep flow rate based on at least one
of the following sensor outputs: P,CO,, pH, E,CO,, and
VCO,;

[0117] decrease the sweep flow rate based on at least one
of the following sensor outputs: P_CO,, pH, E,CO,, and
VCO,;

[0118] increase the FiO, of the sweep gas based on at
least one of the following sensor outputs: P,O,, blood
flow, and SpO.;

[0119] decrease the FiO, of the sweep gas based on at
least one of the following sensor outputs: P,0,, blood
flow, and SpO,;

[0120] increase the blood flow through an ECGE system
based on at least one of the following sensor outputs:
P_0O,, blood flow, and SpO.;

[0121] decrease the blood flow through the ECGE sys-
tem based on at least one of the following sensor outputs:
P 0,, blood flow, and SpO,;

[0122] increase the FiO, based on at least one of the
following sensor outputs: P, O,, blood flow, and SpO.,;

[0123] decrease the FiO, based on at least one of the
following sensor outputs: P,O,, blood flow, and SpO.,;

[0124] increase the PEEP based on at least one of the
following sensor outputs: P,O,, blood flow, and SpO.;

[0125] decrease the PEEP based on at least one of the
following sensor outputs: P,O,, blood flow, and SpO.;

[0126] increase the peak inspiration pressure based on at
least one of the following sensor outputs: P ,CO,, pH,
E;CO,, and VCO,;

[0127] decrease the peak inspiration pressure based on at
least one of the following sensor outputs: P,CO,, pH,
E,CO,, and VCO,;

[0128] increase the tidal volume based on at least one of
the following sensor outputs: P,CO,, pH, E,CO,, and
VCO,;

[0129] decrease the tidal volume based on at least one of
the following sensor outputs: P,CO,, pH, E,CO,, and
VCO,;

[0130] increase the respiratory rate based on at least one
of the following sensor outputs: P, CO,, pH, E,CO,, and
VCO,;

[0131] decrease the respiratory rate based on at least one
of the following sensor outputs: P,CO,, pH, E,CO,, and
VCO,;

[0132] increase the minute ventilation based on at least
one of the following sensor outputs: P,CO,, pH, E;CO,,
and VCO,; and

[0133] decrease the minute ventilation based on at least
one of the following sensor outputs: P ,CO,, pH. ECO,,
and VCO,,

[0134] According to still other embodiments, the recom-
mendation message includes a primary entry or message and
asecondary entry or message. That is, a primary message may
provide notification of the condition detected and/or sugges-
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tions that are specifically targeted to the detected condition
based on the particular parameters that iniplicated a needed
adjustment. Alternatively, the primary message may provide
suggestions that may provide a higher likelihood of mitigat-
ing the improper oxygenation and/or ventilation. The second-
ary message may provide more general suggestions and/or
information that may aid the clinician in further addressing
and/or mitigating the improper oxygenation and/or ventila-
tion. For example, the primary message may provide a spe-
cific suggestion for adjusting a particular parameter to miti-
gate a breached parameter (e.g., consider increasing F,0,).
Alternatively, the secondary message may provide general
suggestions for addressing the breached parameter.

[0135] Additionally or alternatively, the one or more rec-
ommendation entries may also be based on a secondary con-
dition or current ventilator settings for the patient 150 and/or
the type of asynchrony detected. For example, if SpO,
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breached athreshold even after a change to a ventilator setting
had been made, then the one or more recommendation entries
may suggest that the clinician make specific changes to the
ECGE settings, such as increase the F,0, of the sweep flow
gas.

[0136] The detection of a breached parameter as described
above informs the ventilator-ECGE system 100 that the
patient 150 is not receiving the proper oxygenation and/or
ventilation. Accordingly, in some embodiments, this infor-
mation is utilized in a message and/or recommendation entry
to the clinician. In an alternative embodiment, the ventilator-
ECGE system 100 automatically adjusts a parameter based
on the detected breached parameter.

[0137] Table 1 below lists various examples of primary and
secondary recommendations for various breached parameters
that may change due to secondary conditions, such as patient
disease state.

TABLE 1

Entry messages based on breached parameter and/or secondary conditions.

Breached
Parameter

Secondary
Condition

Primary Entry

Secondary Entry

Low SpO,

Patient does not
meet criteria for
ARDS, ALL or
VILI

Low SpO, Patient suffers
from severe lung
injury: ARDS,
ALIL or VILI

Low Hyperventilation

E/CO, (high respiratory
rate)

High Hypoventilation

E;CO,

High Hyperventilation

VCO,

Low Hypoventilation

VCO,

High Patient has been

PaCO, treated with
ECGE system for
an extended
period of time

High Hypoventilation

PaCO,

High Heart Failure

PaCO,

High Low cardiac

PaCO, output

Consider increasing minute
ventilation, peak inspiratory
pressure, tidal volume, PEEP,
F,0,, and/or respiratory rate
Consider increasing sweep gas
flow rate

Consider adjusting minute
ventilation, PEEP, F,O,, and/or
respiratory rate

Check integrity of ECGE
membrane; Consider increasing
sweep gas flow rate

Consider increasing minute
ventilation, PEEP, F,O,, and/or
respiratory rate

Consider decreasing minute
ventilation, adjusting PEEP,
and/or respiratory rate.

Check integrity of ECGE
membrane

Consider increasing minute
ventilation, PEEP, F,0,, and/or
respiratory rate

Check integrity of ECGE
membrane; Consider increasing
sweep gas flow rate

Consider increasing minute
ventilation, PEEP, F,0,, and/or
respiratory rate

Consider adjusting minute
ventilation, PEEP, F,0,, and/or
respiratory rate

Consider adjusting ECGE settings,
Consider adjusting sweep gas flow
rate;

Consider increasing
sweep gas flow rate

Consider increasing
minute ventilation, peak
inspiratory pressure,
tidal volume, PEEP,
F,0,, and/or respiratory
rate

Check integrity of gas
collection
device/process;
Consider adjusting
sweep gas flow rate

Check integrity of
ECGE membrane;
Consider increasing
sweep gas flow rate
Check integrity of gas
collection
device/process;
Consider decreasing
sweep gas flow rate
Check integrity of
ECGE membrane;
Consider increasing
sweep gas flow rate
Consider increasing
minute ventilation,
PEEP, F,0,, and/or
respiratory rate

Check integrity of
ECGE membrane;
Consider increasing
sweep gas flow rate
Consider adjusting
ECGE settings,
Consider adjusting
sweep gas flow rate;
Consider checking O,
consumption

Consider adjusting
minute ventilation, peak
inspiratory pressure,
tidal volume, PEEP,
F,0,, and/or respiratory
rate
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TABLE 1-continued

13

Entry messages based on breached parameter and/or secondary conditions.

Breached  Secondary
Parameter Condition Primary Entry Secondary Entry
ECGE Pulmonary Consider checking oxygenator, Consider adjusting
Blood hypertension membrane/inlet/outlet port minute ventilation, peak
Flow inspiratory pressure,
outside of tidal volume, PEEP,
expected F,0,, and/or respiratory
range rate
ECGE Renal Consider checking cannula and none
Blood complications tubing (wrong size, bleeding,
Flow malposition, clotting,
outside of decannulation, etc.)
expected
range
High Hypercapnea Consider increasing sweep gas Consider increasing
PaCO, (adult patient) flow rate; Check integrity of minute ventilation, peak
ECGE membrane; inspiratory pressure,
tidal volume, PEEP,
F,0,, and/or respiratory
rate
High Impaired Consider adjusting ECGE settings; Consider adjusting
PaCO, cardiovascular Consider checking for air minute ventilation, peak
function embolism; ECGE inlet inspiratory pressure,
obstruction; ECGE gas-blood leak; tidal volume, PEEP,
high FiO, F,0,, and/or respiratory
rate
Low Hypercapnea Consider increasing sweep gas Consider increasing
pH (adult patient) flow rate; Check integrity of minute ventilation, peak
ECGE membrane; inspiratory pressure,
tidal volume, PEEP,
F,0,, and/or respiratory
rate
Low Metabolic Consider increasing sweep gas Consider increasing
pH acidosis flow rate; Check integrity of minute ventilation, peak
(refractory) ECGE membrane; inspiratory pressure,
tidal volume, PEEP,
F,0,, and/or respiratory
rate
Low 8,0, Peakairway Consider increasing ventilator Consider increasing
or Low pressures below  FiO, and/or PEEP blood flow rate and/or
P,0, VILI eriterion and sweep flow FiO,
FiO, less than
70%
Low 8,0, Patient diagnosed Consider increasing blood flow Consider increasing
or Low with ARDS, ALL, rate and/or sweep flow FiO, ventilator FiO, and
PO, or peak airway decreasing tidal volume
pressures above
VILI criterion
Low 8,0, Arteriovenous Consider increasing sweep flow Consider increasing
or Low system FiO, ventilator FiO, and/or
P,0, PEEP
High Peak airway Consider increasing minute Consider increasing
E,CO, pressures below  ventilation (inspiratory pressure, sweep flow rate
VILI criterion tidal volume, and respiratory rate)
High Patient diagnosed Consider increasing sweep flow Consider increasing
E,CO, with ARDS, ALL rate respiratory rate
or peak airway
pressures above
VILI criterion
Low Minute Consider decreasing minute Consider decreasing
E.CO, ventilation > 50 ventilation (inspiratory pressure, sweep gas flow rate
ml/kg tidal volume, and respiratory rate)
Low Mirnute Consider decreasing sweep gas Consider decreasing
ECO, ventilation <50 flow rate minute ventilation
mlkg (inspiratory pressure,
tidal volume, and
respiratory rate)
High Peak airway Consider increasing minute Consider increasing
PaCoO, pressures below  ventilation (inspiratory pressure, sweep flow rate

VILI criterion

tidal volume, and respiratory rate)
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TABLE 1-continued

Entry messages based on breached parameter and/or secondary conditions.

Breached  Secondary

Parameter Condition Primary Entry Secondary Entry
High Patient diagnosed  Consider increasing sweep flow Consider increasing
PaCo, with ARDS, ALL rate respiratory rate
or Ppeak airway
pressures above
VILI criterion
High PaCoO, low Consider decreasing sweep flow Consider decreasing
pH rate minute ventilation
(inspiratory pressure,
tidal volume, and
respiratory rate)
Low Peak airway Consider increasing minute Consider increasing
pH pressures below  ventilation (inspiratory pressure, sweep flow rate
VILI criterion tidal volume, and respiratory rate)
Low Patient diagnosed Consider increasing sweep flow Consider increasing
pH with ARDS, ALL, rate minute ventilation
or peak airway (inspiratory pressure,
pressures above tidal volume, and
VILI criterion respiratory rate)
[0138] In some embodiments, the notification message is [0139] Additionally, notifications may provide immediate

associated with a primary and secondary message and with
one or more recommendation entries that may be associated
with the secondary message. That is, a primary message may
provide an alert that the patient 150 is not being properly
oxygenated and/or ventilated and may further provide one or
more potential causes, such as a breached parameter. Alter-
natively, an alert may be separately provided, indicating that
that the patient 150 is not being properly oxygenated and/or
ventilated, and the primary message may provide the one or
more potential causes. According to additional or alternative
embodiments, the secondary message provides the one or
more recommendation entries and/or information that may
aid the clinician in further addressing and/or mitigating the
improper oxygenation and/or ventilation. For example, the
secondary message may recommend addressing the improper
oxygenation and/or ventilation by adjusting a ventilator
parameter, by adjusting an ECGE parameter, by activating or
deactivating the ventilator 101, by activating or deactivating
the ECGE system 103, and/or etc. Notification module 118
may also be configured such that notification (including
alerts, primary messages, and/or secondary messages) may
be displayed in a partially transparent window or format. The
transparency may allow for notifications and/or entries 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. Noti-
fication module 118 may also be configured such that notifi-
cation (including alerts, primary messages, and/or secondary
messages) may be displayed on or within a pictorial repre-
sentation of the lung. The lung representation may be two-
dimensional, three-dimensional, and/or animated. As
described previously, notifications may be displayed in areas
of the display screen that are either blank or that cause mini-
mal distraction from the respiratory data and other graphical
representations provided by the GUI. However, upon selec-
tive expansion of a notification, such as an entry or message,
respiratory data, ECGE data, and graphs may be at least
partially obscured. As a result, translucent display may pro-
vide the detailed notification such that it is partially transpar-
ent. Thus, graphical and other data may be visible behind the
detailed alarm message.

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, such as a
message or recommendation entry, 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 other-
wise. That is, according to embodiments, the clinician
accesses the ventilator, ECGE, capnometer, and/or oximeter
data that implicated the detected condition for verification
purposes. For example, when a parameter has been breached,
depending on the particular ventilatory parameters that were
breached, the clinician may be able to access ventilatory
settings for addressing the needed adjustment (e.g., a settings
screen for adjusting respiration rate, PEEP, blood flow, etc.)
and/or to view associated parameters that also implicated a
needed adjustment (e.g., a graphics screen displaying histori-
cal flow waveforms, current tidal volume, and/or waveforms
illustrating the breached parameter).

[0140] According to embodiments, upon viewing the noti-
fication and/or recommendation messages, upon addressing a
breached parameter by adjusting one or more settings or
otherwise, or upon manual selection, the notification is
cleared from the graphical user interface. According to some
embodiments, notification module 118 clears the one or more
notifications or messages from the graphical user interface if
asetting is changed on the ventilator-ECGE system 100, such
as sweep gas flow. In further embodiments, notification mod-
ule 118 clears the one or more messages from the graphical
user interface if a setting change was performed by the opera-
tor and a threshold was not breached for a predetermined
amount of time or number of breaths. In further embodi-
ments, notification module 118 clears the one or more mes-
sages from the graphical user interface if the threshold breach
does not occur again during a predetermined amount of time
or breaths. In some embodiments, the notification module
118 clears the one or more messages from the graphical user
interface upon user selection.

[0141] FIG. 5is a flow chart illustrating an embodiment of
a method 500 for managing the treatment of a patient with a
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medical system. The medical system of method 500 may be
any medical system for treating a patient that includes a
ventilator and an ECGE system, such as a ventilator-ECGE
system. While having different meanings, the “ventilator-
ECGE system” and the “medical system” may be referred to
during method 1100 interchangeably.

[0142] 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, addi-
tional steps may be performed, and disclosed steps may be
excluded without departing from the spirit of the present
methods.

[0143] The illustrated embodiment of the method 500
depicts a method for detecting improper oxygenation and/or
ventilation of a patient connected to a ventilator-ECGE sys-
tem. Method 500 begins with collecting data operation 502.
The ventilator-ECGE system during collecting data operation
502 receives data regarding one or more ventilator settings
and/or one or more ECGE settings from operator input. For
example, the ventilator-ECGE system may be configured to
provide ventilation to a patient and/or oxygenation of a
patient. As such, the input received may include predicted or
ideal body weight (PBW or IBW), trigger sensitivity, PEEP,
one or more thresholds, sweep gas flow rate, blood flow,
and/or etc. The ventilator-ECGE system during collecting
data operation 502 also receives sensor output and/or data
from the monitoring of one or more sensors. The sensors may
be ventilator sensors, ECGE sensors, capnometer sensors,
oximeter sensors, and/or any other suitable sensors for treat-
ment of a patient with a ventilator-ECGE system. In some
embodiments, the ventilator-ECGE system during collecting
data operation 502 also receives derived data from a processor
based on sensor output. A parameter refers to any factor,
characteristic, sensor output, derived output, and/or measure-
ment associated with the treatment of a patient by the venti-
lator-ECGE system, whether monitored by the ventilator-
ECGE system or input by the operator/clinician. As used
herein the terms “parameter” and “setting” may be utilized
interchangeably in the disclosure and claims. In some
embodiments, the collected data is transmitted by sensors. In
some embodiments, data or sensor output regarding flow rate,
circuit pressure, flow pattern, inspiratory time setting (1),
sweep gas flow rate, blood flow, pH, P_CO,, E,CO,, VCO,,
and/or etc., may be collected from the sensors, operator inter-
face, controller, and/or processor.

[0144] At treatment operation 504, the ventilator-ECGE
system provides ventilation and/or oxygenation to a patient.
In some embodiments, the ventilator-ECGE system during
treatment operation 504 delivers breathing gas to a patient
with a ventilator system based on one or more ventilator
settings. In some embodiments, the ventilator-ECGE system
during treatment operation 504 removes carbon dioxide from
apatient’s bloodstream and adds a gas mixture to the patient’s
bloodstream to oxygenate the blood stream ofthe patient with
the ECGE system based on one or more ECGE settings.
Accordingly, the ventilator-ECGE system may provide just
ventilation with the ventilator, just oxygenation with the
ECGE system, or a combination of overlapping or simulta-
neous ventilation and oxygenation by the ventilator with the
ECGE system. In some embodiments, the ventilator-ECGE
system provides ventilation and/or oxygenation to a patient
based on operator input. In other embodiments, the ventilator-
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BCGE system provides ventilation and/or oxygenation to a
patient based on data from the collecting data operation 502.
In some embodiments, the ventilator-ECGE system includes
an oximeter and/or capnometer.

[0145] During treatment operation 504, the ventilator-
ECGE system communicates information between the venti-
lator system and the ECGE system. In some embodiments,
during treatment operation 504, the ventilator-ECGE system
communicates information between the ventilator system,
the ECGE system, an oximeter, and/or a capnometer. The
communication may flow in one direction or in both direc-
tions. Further, the communication may include data, signals,
commands, and/or instructions. Further, the communication
between the systems may be wireless or wired.

[0146] Whilethe patient is being treated with the ventilator-
ECGE system, the ventilator-ECGE system may conduct
various data processing operations. For example, at process-
ing operation 510, the ventilator-ECGE system collects and/
or derives various parameters data from sensor output. In
some embodiments, the processing operation 510 is per-
formed by the manage module 126, compare module 124,
controller 110, processor 116 and/or pneumatic system 102
that are discussed in detail above. For example, as described
above, the ventilator may collect data regarding parameters
including P,CO,, pH. blood flow, P,0,, E,CO,, VCO,,
SpO,, and/or etc. Additionally, the ventilator may derive vari-
ous parameter data based on the collected data. For examples,
parameters such as IBW-predicted T,, volume, respiratory
resistance, respiratory compliance, detected patient triggers,
detected patient cycles, Ol, and/or etc. may be derived from
other collected data by the ventilator during processing
operation 510. Generated sensor output and/or derived output
may be trended continuously for a patient. Additionally, the
ventilator-ECGE system may generate various graphical rep-
resentations of the collected and/or derived parameter data,
e.g., low waveforms, pressure waveforms, pressure-volume
loops, flow-volume loops, pictorial representation of the
lung, and/or etc.

[0147] The ventilator-ECGE system during processing
operation 510 compares the sensor output or the derived
sensor output to one or more thresholds. In some embodi-
ments, the ventilator-ECGE system during processing opera-
tion 510 determines or monitors trends in sensor output and
compares these trends to at least one threshold.

[0148] Insome embodiments, the ventilator-ECGE system
during processing operation 510 compares sensor output
from ventilator sensors to one or more thresholds. In other
embodiments, ventilator-ECGE system during processing
operation 510 compares sensor output from ECGE sensors to
one or more thresholds. In further embodiments, the ventila-
tor-ECGE system during processing operation 510 compares
sensor output from a capnometer sensor and/or an oximeter
sensor to one or more thresholds. In other embodiments, the
ventilator-ECGE system during processing operation 510
compares sensor output from ventilator sensors and ECGE
sensors to the same one or more thresholds. In further
embodiments, the ventilator-ECGE system during process-
ing operation 510 compares sensor output from one or more
ventilator sensors to a first threshold and sensor output from
ECGE sensors to a second threshold. In additional embodi-
ments, the ventilator-ECGE system during processing opera-
tion 510 compares sensor output from one or more ventilator
sensors to a first plurality of thresholds and compares sensor
output from the ECGE sensors to a second plurality of thresh-
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olds. The first plurality of thresholds may be equivalent, over-
lap, or be entirely different from the second plurality of
thresholds.

[0149] Insome embodiments, the one or more threshold is
an E,CO, level, a VCO, level, a SpO, level, a P,CO, level, a
pH level, a blood flow level, a PO, level, a P,0,/F,0,, tidal
volume, blood flow level, peak inspiratory pressure, and/or an
OI. In other embodiments, the one or more threshold is a
combination of two or more of the following parameters/
levels: an E,CQ, level; a VCQ, level; a SpO, level; a P,CO,
level; a pH level; a blood flow level; a P O, level; blood flow
level; a P, O,/F,0,; tidal volume; peak inspiratory pressure;
and/or an OL.

[0150] According to some embodiments, at detect
improper treatment operation 512 the ventilator-ECGE sys-
tem determines whether improper oxygenation and/or venti-
lation is implicated based on the comparison of the sensor
data to one or more thresholds performed during the process-
ing operation 510. In some embodiments, at detect improper
treatment operation 512 the ventilator-ECGE systems deter-
mine whether improper treatment is implicated based on
whether the sensor output or parameters derived from the
sensor output breached one or more thresholds. In some
embodiments, the detect improper treatment operation 512 is
performed by the manage module 126, controller 110, pro-
cessor 116 and/or pneumatic system 102 that are discussed in
detail above.

[0151] Insomeembodiments, at detect improper treatment
operation 512 the ventilator-ECGE system may determine
whether improper treatment is implicated based on a prede-
termined frequency of occurrence of a breached parameter.
For example, in one embodiment, the ventilator-ECGE sys-
tem at detect improper treatment operation 512 determines
that improper ventilation and/or oxygenation is implicated
when a parameter is breached for two or more consecutive
breaths or for a predetermined time period, such as 10 milli-
seconds or more.

[0152] If improper ventilation and oxygenation are not
implicated, the detect improper treatment operation 512 may
return to collecting data operation 502. However, in some
embodiments, the ventilator-ECGE system continuously pet-
forms the collecting data operation 502, the treatment opera-
tion 504, processing operation 510, and detect improper treat-
ment operation 512. If improper ventilation and/or
oxygenation is implicated, detect improper treatment opera-
tion 512 may proceed to either issuing notification operation
514 or adjusting operation 516. In some embodiments, the
ventilator-ECGE system is configured to perform either or
both the issuing notification operation 514 and the adjusting
operation 516. In some embodiments, the adjusting operation
516 is performed only upon user selection. In alternative
embodiments, the ventilator-ECGE system is configured to
perform the issuing notification operation 514 and not the
adjusting operation 516.

[0153] The thresholds listed above are just one example list
of possible conditions that could be used to indicate improper
ventilator and/or oxygenation in the detect improper treat-
ment operation 512. Any suitable list of conditions for deter-
mining the occurrence of improper ventilation and/or oxy-
genation may be utilized by the detect improper treatment
operation 512. As may be appreciated, the ventilator-ECGE
system may determine whether improper ventilation and/or
oxygenation is implicated at detect improper treatment opera-
tion 512 via any suitable means. Indeed, any of the above
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described parameters may be evaluated according to various
thresholds for detecting improper ventilation and/or oxygen-
ation. Further, the disclosure regarding specific parameters as
they may implicate improper treatment is not intended to be
limiting. In fact, any suitable parameter or sensor output may
be monitored and evaluated for detecting improper oxygen-
ation and/or ventilation within the spirit of the present disclo-
sure. As such, if improper oxygenation and/or ventilation is
implicated via any suitable means, the detect improper treat-
ment operation 512 may proceed to the issuing notification
operation 514 and/or the adjusting operation 516.

[0154] Atissuing notification operation 514, the ventilator-
ECGE may alert the clinician via any suitable means that
improper treatment (i.e., improper ventilation and/or oxygen-
ation) has been implicated. For example, according to
embodiments, the ventilator may display a notification
including a message and/or a recommendation entry regard-
ing the detection and/or cause of improper ventilation and/or
oxygenation on the GUI. According to alternative embodi-
ments, the ventilator may communicate the notification,
including the message and/or the recommendation entry, to a
remote monitoring system communicatively coupled to the
ventilator-ECGE system. According to alternative embodi-
ments, the issued notification is any visual and/or audio noti-
fication.

[0155] According to embodiments, the notification alerts
the clinician that improper ventilation and/or oxygenationhas
been detected and, optionally, provides information regard-
ing any parameter(s) that implicated the improper ventilation
and/or oxygenation. According to additional embodiments,
the notification may provide one or more suggestions for
mitigating improper oxygenation and/or ventilation. In some
embodiments, the suggestions or entries are based on infor-
mation from processing operation 510. According to further
embodiments, the one or more suggestions may be based on
the patient’s particular settings (e.g. breath type, flow pattern,
flow rate, PEEP, and/or etc.) and/or diagnosis. According to
some embodiments, the clinician may access one or more
parameter settings and/or display screens from the notifica-
tion via a hyperlink or otherwise for addressing improper
ventilation and/or oxygenation. According to additional or
alternative embodiments, a clinician may remotely access
one or more parameters and/or display screens from the noti-
fication via a hyperlink or otherwise for remotely addressing
improper ventilation and/or oxygenation.

[0156] In some embodiments, method 500 includes an
adjusting operation 516. At adjusting operation 516, the ven-
tilator-ECGE system adjusts one or more ventilator settings
and/or one or more ECGE settings. At adjusting operation
516, the ventilator-ECGE system adjusts one or more venti-
lator settings and/or one or more ECGE settings based on
comparison of the sensor output to one or more thresholds by
the processing operation 510. In some embodiments, the
adjusting operation 516 is performed by the manage module
126, controller 110, processor 116 and/or pneumatic system
102 that are discussed in detail above.

[0157] For example, in some embodiments, if the ventila-
tor-ECGE system during adjusting operation 516 determines
that the P,CO,, pH, and/or CO, removal rate need to be
adjusted based on information from the comparison made by
the processing operation 510, the ventilator-ECGE system
adjusts the sweep gas flow rate to achieve the desired P,CO,,
pH, and/or CO, removal rate. In another example, in some
embodiments, if the ventilator-ECGE system during adjust-
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ing operation 516 determines that the P,0, and/or SpO, need
to be adjusted based on information from the comparison
made by the processing operation 510, the ventilator-ECGE
system adjusts the F,0, of the sweep gas and/or a blood flow
rate of the pump 144 if a pump is utilized in the ECGE system
to achieve the desired P O, and/or blood flow rate. In an
additional example, in some embodiments, if the ventilator-
ECGE system during adjusting operation 516 determines that
the E,CO, and/or VCO, need to be adjusted based on infor-
mation from the comparison made by the processing opera-
tion 510, the ventilator-ECGE system adjusts the minute ven-
tilation, peak inspiration pressure, tidal volume, and/or
respiratory rate to achieve the desired E,CO, and/or VCO,.

[0158] In another example, in some embodiments, if the
ventilator-ECGE system during adjusting operation 516
determines that the SpO, needs to be adjusted based on infor-
mation from the comparison made by the processing opera-
tion 510, the ventilator-ECGE system adjusts the F,0, deliv-
ered to the patient’s lungs, the PEEP, F,O, concentration in
the sweep gas, and/or blood flow rate to achieve the desired
SpO,. However, under some conditions the deficiency in
blood oxygenation and/or ventilation (such as CO, removal)
is caused by physiologic etiologies that adjustments of ven-
tilator parameters may not provide timely and/or efficient
improvements. If the ventilator-ECGE system during adjust-
ing operation 516 determines that the SpO, needs to be
adjusted based on information from the comparison made by
the processing operation 510 after a change in one or more of
above listed ventilator parameters has been made, the venti-
lator-ECGE system may choose to increase the above listed
ECGE parameters instead of or in combination with the above
listed ventilator parameters.

[0159] The ventilator-ECGE system during adjusting
operation 516 may have different set goals or multiple goals
in managing the oxygenation and/or ventilation of the patient.
For example, the ventilator-ECGE system during adjusting
operation 516 may be set to optimize ventilation, to optimize
oxygenation, and/or to protect the lungs by reducing pressure
applied to lungs. Further, the ventilator-ECGE system during
adjusting operation 516 may be able to achieve the same goal
by adjusting different parameters or a combination of differ-
ent parameters. This flexibility allows the ventilator-ECGE
system during adjusting operation 516 to adjust the settings of
the ventilator and/or the ECGE system if more or less venti-
lation is desirable or if more or less oxygenation is desirable
based on patient needs. As discussed above, a patient with
ALI may only be able to tolerate a low amount of pressure
ventilation. Further, if the ECGE system has been utilized for
an extended period of time, the ventilator-ECGE system dur-
ing adjusting operation 516 may choose to reduce the blood
flow rate in the ECGE system to prevent or reduce the likeli-
hood of necrosis.

[0160] For example, if the ventilator-ECGE system during
adjusting operation 516 determines that one or more setting
needs to be adjusted to optimize ventilation, the ventilator-
ECGE system can increase the sweep flow rate and/or
increase minute ventilation (by either increasing the respira-
tory rate and/or the tidal volume). In another example, if the
ventilator-ECGE system during adjusting operation 516
determines that one or more settings need to be adjusted to
protect the lungs, the ventilator-ECGE system can decrease
tidal volume or peak inspiratory pressure for an increase in
sweep flow rate. However, in this example, if the increase in
sweep flow rate does not result in the desired CO, removal, an
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increase in minute ventilation can provide for additional CO,
removal. In another example, if the ventilator-ECGE system
during adjusting operation 516 determines that one or more
setting needs to be adjusted to optimize oxygenation, the
ventilator-ECGE system can increase blood flow rate, F,0,
concentration in the sweep gas, PEEP, and/or F,0, delivered
to the lungs of the patient to optimize the oxygenation of the
patient’s blood.

[0161] Insome embodiments, the ventilator-ECGE system
during adjusting operation 516 utilizes algorithms to develop
an adaptive control scheme. In some embodiments, the ven-
tilator-ECGE system during adjusting operation 516 utilizes
adaptive algorithms with online reinforced learning para-
digms to develop adaptive control schemes. For example, the
ventilator-ECGE system during adjusting operation 516, may
make automatic adaptive adjustments to ventilator settings to
optimize ventilation and/or oxygenation and may when a
saturation effect is detected (no observable change caused by
ventilator adjustments over a predetermined period of time)
or when a declining trend in efficiency or efficacy of ventilator
parameter adjustments is detected based on information from
the processing data operation 510, make an ECGE setting
adjustment.

[0162] In some embodiments, where one of the ventilator
and the ECGE system are not being actively utilized, the
ventilator-ECGE system during adjusting operation 516 will
activate the inactive system (the ventilator or the ECGE sys-
tem) to treat the patient. In other embodiments, where both
the ventilator and the ECGE system are being utilized to treat
the patient, the ventilator-ECGE system during adjusting
operation 516 will deactivate or shut down systems (the ven-
tilator or the ECGE system). In some embodiments, the ven-
tilator-ECGE system during adjusting operation 516 will
activate or deactivate the appropriate system.

[0163] Insome embodiments, after performing the adjust-
ing operation 516, the ventilator-ECGE system will perform
the issuing notification operation 514. According to embodi-
ments, the ventilator-ECGE system during adjusting a issuing
notification operation 514, issues a notification to alert the
clinician that improper ventilation and/or oxygenation was
detected and mitigated with an appropriate adjustment, and
optionally, may provide information regarding any parameter
(s) that implicated the improper ventilation and/or oxygen-
ation and the implemented adjustment. In some embodi-
ments, the issuing notification operation 514 is performed by
the notification module 118, display module 122, controller
110, processor 116 and/or pneumatic system 102 that are
discussed in detail above. In some embodiments, the method
500 further includes a timing operation 506 and a synchro-
nizing operation 508. In some embodiments, the timing
operation 506 and the synchronizing operation 508 are per-
formed by the synchronize module 128, controller 110, pro-
cessor 116 and/or pneumatic system 102 that are discussed in
detail above. As discussed above, the settings of the ventilator
can be adjusted to either load or unload cardiac output depen-
dent upon the phasing of positive pressure and the phase of the
heart beat (systolic or diastolic). Accordingly, the ventilator-
ECGE system during the timing operation 506 monitors or
detects the timing of cardiac systolic and diastolic cycles. In
some embodiments, the ventilator-ECGE system during the
timing operation 506 monitors an ECG to detect the timing of
cardiac systolic and diastolic cycles of the patient’s heart. In
other embodiments, the ventilator-ECGE system during the
timing operation 506 monitors a patient heartbeat or heart rate
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to detect the timing of cardiac systolic and diastolic cycles of
the patient’s heart. The ventilator-ECGE system during the
timing operation 506 may utilize any suitable system or
method for determining the heartbeat of the patient.

[0164] Insome embodiments, the ventilator-ECGE system
during the timing operation 506 adjusts the detected timing of
the cardiac systolic and diastolic cycles to account for any
appropriate delay caused by measurement, signal transfer,
and/or derivations. In some embodiments, the adjustment is
based on physiological and biomechanical models and signal
measurements and data acquisition characteristics of the sys-
tem used.

[0165] The ventilator-ECGE system during the synchro-
nizing operation 508 synchronizes the triggering of inspira-
tion and/or exhalation of the patient with the ventilator based
on the detected timing to reduce a patient’s cardiac load. The
ventilator-ECGE system during the synchronizing operation
508 synchronizes the triggering of inspiration and exhalation
of the patient with the ventilator based on the detected timing
to reduce a patient’s cardiac load by directing the ventilator to
trigger an inspiration when blood is flowing out of the heart
and to trigger an exhalation when blood is flowing into the
heart. The ventilator-ECGE system during the synchronizing
operation 508 synchronizes this triggering based on the
detected timing of the cardiac systolic and diastolic cycles. In
some embodiments, cardio respiratory synchronization may
be scheduled using an adaptive phase detection and phase
delay algorithm that utilizes streaming ECG waveforms (de-
tecting the timing of cardiac systolic/diastolic cycles) and
appropriate delay times to synchronize breath delivery phas-
ing (inspiration triggering and expiration cycling) to optimize
a desired cardio respiratory objective. The synchronization is
not intended to change the ventilator’s breath triggering and
cycling timing in such a way that may jeopardize the respi-
ratory needs of the patient. It will be an optimization process
to determine phase adjustments within physiologically
acceptable temporal limits.

[0166] In further embodiments, the ventilator-ECGE sys-
tem during the synchronizing operation 508 may optimize
synchronization by providing a menu of ventilator param-
eters such as minute volume, PEEP, target rate, oxygen mix,
LE ratio, inspiratory duration, expiratory duration, and/or
etc., that may be used individually or in combinations to make
adaptive ventilation adjustments to achieve better synchrony.
Inyetother embodiments, for passive patients, the respiratory
rate for the ventilator may be derived as a proper integer ratio
(fixed or user settable) of the patient’s heart rate (Respiratory
Rate=integer (heart rate/selected ratio) by the ventilator-
ECGE system during the synchronizing operation 508. In
additional embodiments, for actively breathing patients, a
form of synchronized intermittent Mandatory ventilation
(SIMV) breath delivery may be used with allowable ventila-
tor adjustments to optimize synchrony by the ventilator-
ECGE system during the synchronizing operation 508.
[0167] As discussed above, arteriovenous ECGE systems
utilize the patient’s heart to pump the patient’s blood through
the blood circuit of the ECGE system. Accordingly, the arte-
riovenous ECGE system increases the length and resistance
through which the heart has to pump the blood volume. This
extended length and increased resistance increases the car-
diac load on the patient’s heart. Therefore, previously,
patients that are unable to sustain additional cardiac load
(e.g., patients at risk for cardiac failure) were excluded from
the use of arteriovenous ECGE systems. Accordingly, in
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some embodiments, the ventilator-ECGE system utilizes the
timing operation 506 and the synchronizing operation 508 to
offset at least a portion, if not all, of the increased cardiac load
created by the arteriovenous ECGE system. Accordingly,
ventilator-ECGE system 100 can now be applied to patients
that that were previously excluded from using an arterio-
venous ECGE system based on the ventilator offsetting of the
increased cardiac load. However, the timing operation 506
and the synchronizing operation 508 of method 500 can be
utilized by the ventilator-ECGE system to decrease the car-
diac load of any patient being treated with the ventilator-
ECGE system.

[0168] FIG. 6 illustrates an embodiment of a method 600
for issuing a notification upon detecting an implication of
improper ventilation and/or oxygenation.

[0169] 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, addi-
tional steps may be performed, and disclosed steps may be
excluded without departing from the spirit of the present
methods.

[0170] Method 600 begins with detect operation 602,
wherein the ventilator-ECGE system detects that improper
ventilation and/or oxygenation is implicated based on a com-
parison of sensor output to one or more threshold, as
described above in method 500.

[0171] Atidentify parameters operation 604, the ventilator-
ECGE system may identify one or more parameters that
implicated improper oxygenation and/or ventilation. In some
embodiments, in order to prevent unnecessary alarms, noti-
fications, and/or recommendations, thresholds and condi-
tions are utilized by identify parameters operation 604 to
determine when improper ventilation and/or oxygenation has
occurred with sufficient frequency to warrant notification of
the operator. In some embodiments, the identify parameters
operation 604 is performed by the manage module 126, con-
troller 110, processor 116 and/or pneumatic system 102 that
are discussed in detail above. For example, in some embodi-
ments, improper oxygenation and/or ventilation that occurs in
a breath in isolation from any other breath with improper
oxygenation and/or ventilation will not be considered enough
to warrant an occurrence of improper oxygenation and/or
ventilation by identify parameters operation 604.

[0172] For example, the ventilator-ECGE may recognize
that improper oxygenation and/or ventilation was implicated
when sensor output breached one or more threshold for more
than 10 milliseconds (ms) or for more than two consecutive
breaths. For example, in another embodiment, the ventilator-
ECGE system at detect improper treatment operation 512
determines that improper ventilation and/or oxygenation is
implicated when one or more of the following sensor outputs
breach a predetermined threshold: P,CO,, pH, P,O,, E;CO,,
VCO,, Sp0,, and/or etc.

[0173] Thethresholds listed above are just one example list
of possible conditions that could be used to indicate improper
ventilation and/or oxygenation in the parameters operation
604. Any suitable list of conditions for determining the occur-
rence of improper ventilation and/or oxygenation may be
utilized by the parameters operation 604. As may be appre-
ciated, the ventilator-ECGE system may use information
regarding parameters or sensor output that implicated
improper ventilation and/or oxygenation in determining an
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appropriate message and/or recommendation entry of the
notification. Based on the parameters or sensor output that
implicated the improper ventilation and/or oxygenation, the
ventilator-ECGE system during the parameters operation 604
may further identify a suggested adjustment for mitigating
the improper ventilation and/or oxygenation.

[0174] At identify settings operation 606, the ventilator-
ECGE system may identify one or more current ventilator
and/or ECGE settings associated with the treatment of the
patient. For example, current settings may have been received
upon initiating treatment of the patient and may have been
input by the clinician (e.g., breath type, PBW or IBW, disease
conditions, PEEP, Fi0O, of sweep gas, and/or etc.). As may be
appreciated, the ventilator-ECGE system may use informa-
tion regarding current settings in determining an appropriate
notification, such a message and/or entry. In some embodi-
ments, the identify settings operation 606 is performed by the
manage module 126, compare module 124, controller 110,
processor 116 and/or pneumatic system 102 that are dis-
cussed in detail above.

[0175] At determine message operation 610, the ventilator-
ECGE system may determine an appropriate message. In
some embodiments, the determine message operation 610 is
performed by the notification module 118, controller 110,
processor 116 and/or pneumatic system 102 that are dis-
cussed in detail above. For example, the appropriate notifica-
tion message may alert the clinician that improper ventilation
and/or oxygenation has been implicated and/or may provide
information regarding the parameter(s) or sensor output that
implicated improper oxygenation and/or ventilation. For
example, the appropriate notification message may alert the
clinician that improper oxygenation was the results of P, O,,
blood flow, and/or SpO, breaching one or more thresholds. In
another example, the appropriate notification message may
alert the clinician that improper ventilation was the result of
P ,CO,, pH, E,CO,, and/or VCO, breaching one or more
thresholds. In another example, the appropriate notification
message may alert the clinician that improper oxygenation
and/or ventilation was implicated and was mitigated by
adjusting one or more of the following parameters: sweep gas
flow rate, F,0, of sweep gas, blood flow, minute ventilation,
peak inspiratory pressure, tidal volume, respiratory rate,
PEEP, and F,0,.

[0176] For example, if improper ventilation is detected
because of an E,CO, and/or VCO, breached one or more
thresholds, the one or more notification messages may
include: “Consider increasing minute ventilation, peak
inspiratory pressure, tidal volume and/or respiratory rate” or
“consider increasing sweep gas flow rate” In alternative
embodiments, measured parameters such as P,CO,, pH,
bloodflow, P O,, Sp0O,, E;CO,, and/or VCO, may be utilized
in the notification message and/or be the basis for the notifi-
cation message.

[0177] At determine primary entry operation 612, the ven-
tilator-ECGE system may determine an appropriate primary
recommendation entry. The appropriate primary recommen-
dation entry may provide one or more specific suggestions for
mitigating improper ventilation and/or oxygenation. Accord-
ing to some embodiments, in determining the appropriate
primary recommendation entry, the ventilator-ECGE system
may take into consideration the sensor output that implicated
improper ventilation and/or oxygenation. In some embodi-
ments, the determine primary entry operation 612 is per-
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formed by the notification module 118, controller 110, pro-
cessor 116 and/or pneumatic system 102 that are discussed in
detail above.

[0178] According to other embodiments, in determining an
appropriate primary recommendation entry the ventilator-
ECGE system may take into consideration one or more of the
patient’s settings. For example, if the patient suffers from
ARDS, the ventilator may offer one or more recommendation
messages that may include: “Consider increasing the FiO2 of
sweep gas” or “Consider increasing blood flow.” In another
example, if the patient has been treated with the ECGE sys-
tem for an extended period of time, the ventilator may offer
one or more recommendation messages that may include:
“Consider decreasing blood flow” or “Consider deactivating
the ECGE system.” Any of the primary recommendation
entries as discussed above and as displayed in Table 1 above
for any condition may be utilized by method 600.

[0179] Insomeembodiments, at determine secondary entry
operation 614, the ventilator-ECGE system also determines
an appropriate secondary recommendation entry. The sec-
ondary recommendation entry may provide one or more gen-
eral suggestions for mitigating improper oxygenation and/or
ventilation. In some embodiments, the determine secondary
entry operation 614 is performed by the notification module
118, controller 110, processor 116 and/or pneumatic system
102 that are discussed in detail above. For example, the sec-
ondary recommendation entry may include: “Consider acti-
vating an ECGE system, Consider activating a ventilator sys-
tem; Consider increasing blood flow, Consider increasing
F,O, of sweep gas; Consider increasing PEEP, or Consider
increasing F,0,.” The secondary recommendation entry may
provide additional recommendations for mitigating improper
oxygenation and/or ventilation. In further embodiments, the
appropriate secondary recommendation entry may take into
consideration the patient’s current settings. That is, during
ventilation with just the ventilator system, the ventilator-
ECGE system in the secondary recommendation entry may
suggest activating the ECGE system. As known by a person of
skill in the art any notification, message, entry, and/or recom-
mendation disclosed herein may be suitable for use as a
primary and/or secondary recommendation entry.

[0180] At issue notification operation 616, a notification is
issued. A notification is issued when the ventilator-ECGE
system alerts the clinician via any suitable means that
improper ventilation and/or oxygenation has been impli-
cated. In some embodiments, the issue notification operation
616 is performed by the notification module 118, display
module 122, controller 110, processor 116 and/or pneumatic
system 102 that are discussed in detail above. For example,
according to embodiments, a notification may include an
appropriate notification message and an appropriate recom-
mendation entry regarding the presence of improper oxygen-
ation and/or ventilation. Additionally or alternatively, the
notification may include an appropriate notification message,
an appropriate primary recommendation entry, a smart
prompt and/or an appropriate secondary recommendation
entry. The notification may be displayed via any suitable
means, e.g., on the ventilator-ECGE GUI and/or at a remote
monitoring station, such that the clinician is alerted as to the
potential presence of improper ventilation and/or oxygen-
ation and offered additional information and/or recommen-
dations for mitigating the improper ventilation and/or oxy-
genation, as described herein.
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[0181] In some embodiments, a ventilator-ECGE system
for issuing a notification when improper ventilation and/or
oxygenation is implicated during treatment of a patient is
disclosed. The ventilator-ECGE system includes: means for
monitoring ventilator and/or ECGE system sensor output,
means for delivering breathing gas to a patient with a venti-
lator system based on one or more ventilator settings; means
for removing carbon dioxide from and adding a gas mixture to
a bloodstream of the patient to oxygenate the bloodstream of
the patient with an ECGE system based on ECGE settings,
means for comparing sensor output to one or more thresholds,
means for issuing a notification based on the comparison of
the sensor output to the one or more thresholds.

[0182] The ventilator-ECGE system includes: means for
monitoring ventilator and/or ECGE system sensor output,
means for delivering breathing gas to a patient with a venti-
lator system based on one or more ventilator settings; means
for removing carbon dioxide from and adding a gas mixture to
a bloodstream of the patient to oxygenate the bloodstream of
the patient with an ECGE system based on ECGE settings,
means for comparing sensor output to one or more thresholds,
means for adjusting the ventilator setting and/or the ECGE
setting based on the comparison of the sensor output to the
one or more threshold.

[0183] In some embodiments, a ventilator-ECGE system
for issuing a notification when improper oxygenation and/or
ventilation is implicated during treatment of a patient is dis-
closed. The ventilator-ECGE system includes: means for
detecting improper treatment of a patient based on sensor
output from a ventilator sensor and/or a ECGE sensor, means
for determining an appropriate message based on the
improper treatment; determining an appropriate entry based
on the improper treatment, and means for issuing at least one
of the appropriate messages and the appropriate entry based
on the improper treatment.

[0184] In further embodiments, the means for the medical
ventilator are illustrated in FIGS. 1-4 and are described in the
above descriptions of FIGS. 1-4. However, the means
described above for FIGS. 1-4 and illustrated in FIGS. 1-4 are
but one example and are not meant to be limiting.

[0185] FIG. 7 illustrates an embodiment of a method 700
for optimizing synchronization of the heart and lung move-
ments in a patient with a ventilator-ECGE system. Method
700 includes a treatment operation 704. The treatment opera-
tion is similar to the treatment operation 504 described above
in method 500. At treatment operation 704, the ventilator-
ECGE system provides ventilation and oxygenation to a
patient. The ventilator-ECGE system during treatment opera-
tion 704 delivers breathing gas to a patient with a ventilator
system based on one or more ventilator settings 704A. The
ventilator-ECGE system during treatment operation 704,
also, removes carbon dioxide from a patient’s bloodstream
and adds a gas mixture to the patient’s bloodstream to oxy-
genate the blood stream of the patient with the ECGE system
based on one or more FCGE settings 704B. In some embodi-
ments, the ventilator-ECGE system provides ventilation and
oxygenation to a patient based on operator input. In some
embodiments, the ventilator-ECGE system includes an
oximeter and/or capnometer.

[0186] As illustrated in FIG. 7, method 700 includes a
timing operation 706. The timing operation is similar to the
timing operation 506 described above in method 500. As
discussed above, the settings of the ventilator can be adjusted
to either load or unload cardiac output dependent upon the
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phasing of positive pressure and the phase of the heart beat
(systolic or diastolic). Accordingly, the ventilator-ECGE sys-
tem during the timing operation 506 monitors or detects the
timing of cardiac systolic and diastolic cycles. In some
embodiments, the ventilator-ECGE system during the timing
operation 706 monitors an ECG to detect the timing of cardiac
systolic and diastolic cycles of the patient’s heart. In other
embodiments, the ventilator-ECGE system during the timing
operation 706 monitors a patient heartbeat or heart rate to
detect the timing of cardiac systolic and diastolic cycles of the
patient’s heart. The ventilator-ECGE system during the tim-
ing operation 706 may utilize any suitable system or method
for determining the heartbeat of the patient.

[0187] Insome embodiments, the ventilator-ECGE system
during the timing operation 706 adjusts the detected timing of
the cardiac systolic and diastolic cycles to account for any
appropriate delay caused by measurement, signal transfer,
and/or derivations. In some embodiments, the adjustment is
based on physiological and biomechanical models and signal
measurement and data acquisition characteristics of the sys-
tem used.

[0188] Method 700 further includes a synchronizing opera-
tion 708. The synchronizing operation 708 is similar to the
synchronizing operation 508 described above in method 500.
The ventilator-ECGE system during the synchronizing
operation 708 synchronizes the triggering of inspiration and
exhalation of the patient with the ventilator based on the
detected timing to reduce a patient’s cardiac load. The venti-
lator-ECGE system during the synchronizing operation 708
synchronizes the triggering of inspiration and/or exhalation
of the patient with the ventilator based on the detected timing
to reduce a patient’s cardiac load by directing the ventilator to
trigger an inspiration when blood is flowing out of the heart
and/or to trigger an exhalation when blood is flowing into the
heart. The ventilator-ECGE system during the synchronizing
operation 708 synchronizes this triggering based on the
detected timing ofthe cardiac systolic and diastolic cycles. In
some embodiments, cardio respiratory synchronization may
be scheduled using an adaptive phase detection and phase
delay algorithm that utilizes streaming ECG waveforms (de-
tecting the timing of cardiac systolic/diastolic cycles) and
appropriate delay times to synchronize breath delivery phas-
ing (inspiration triggering and/or expiration cycling) to opti-
mize a desired cardio respiratory objective. The synchroniza-
tion is not intended to change the ventilator’s breath
triggering and cycling timing in such a way that may jeopar-
dize the respiratory needs of the patient. It will be an optimi-
zation process to determine phase adjustments within physi-
ologically acceptable temporal limits.

[0189] In further embodiments, the ventilator-ECGE sys-
tem during the synchronizing operation 708 may optimize
synchronization by providing a menu of ventilator param-
eters such as minute volume, PEEP, target rate, oxygen mix,
L:E ratio, inspiratory duration, expiratory duration, and/or
etc., thatmay be used individually or in combinations to make
adaptive ventilation adjustments to achieve better synchrony.
In yet other embodiments, for passive patients, the respiratory
rate for the ventilator may be derived as a proper integer ratio
(fixed or user settable) of the patient’s heart rate (Respiratory
Rate=integer (heart rate/selected ratio)) by the ventilator-
ECGE system during the synchronizing operation 708. In
additional embodiments, for actively breathing patients, a
form of synchronized intermittent Mandatory ventilation
(SIMV) breath delivery may be used with allowable ventila-
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tor adjustments to optimize synchrony by the ventilator-
ECGE system during the synchronizing operation 708.

[0190] As discussed above, an arteriovenous ECGE system
utilizes the patient’s heart to pump the patient’s blood
through the blood circuit of the ECGE system. Accordingly,
the arteriovenous ECGE system increases the length and
resistance through which the heart has to pump the blood
volume. This extended length and increased resistance
increases the cardiac load on the patient’s heart. Therefore,
previously, patients that are unable to sustain additional car-
diac load (e.g., patients at risk for cardiac failure) were
excluded from the use of arteriovenous ECGE systems.
Accordingly, in some embodiments, the ventilator-ECGE
system utilizes the timing operation 706 and the synchroniz-
ing operation 708 to offset at least a portion, if not all, of the
increased cardiac load created by the arteriovenous ECGE
system. Accordingly, ventilator-ECGE system can now be
applied to patients that were previously excluded from using
an arteriovenous ECGE system based on the ventilator off-
setting of the increased cardiac load. However, the timing
operation 706 and the synchronizing operation 708 of method
700 can be utilized by the ventilator-ECGE system to
decrease the cardiac load of any patient being treated with the
ventilator-ECGE system. In some embodiments, the timing
operation 706 and the synchronizing operation 708 are per-
formed by the synchronize module 128, controller 110, pro-
cessor 116 and/or pneumatic system 102 that are discussed in
detail above.

[0191] FIG. 11 illustrates an embodiment of a method 1100
for managing treatment of a patient connected to medical
system. The medical system of method 1100 may be any
medical system for treating a patient that includes a ventilator
and an ECGE system, such as a ventilator-ECGE system.
While having different meanings, the “ventilator-ECGE sys-
tem” and the “medical system” may be referred to during
method 1100 interchangeably. The Method 1100 includes a
treatment operation 1104. The treatment operation 1104 is
similar to the treatment operation 504 described above in
method 500. At treatment operation 1104, the ventilator-
ECGE system provides ventilation and/or oxygenation to a
patient. In some embodiments, the ventilator-ECGE system
during treatment operation 1104 delivers breathing gas to a
patient with a ventilator system based on one or more venti-
lator settings 1104A. In some embodiments, the ventilator-
ECGE system during treatment operation 1104, also,
removes carbon dioxide from a patient’s bloodstream and
adds a gas mixture to the patient’s bloodstream to oxygenate
the blood stream of the patient with the ECGE system based
on one or more ECGE settings 1104B. Accordingly, the ven-
tilator-ECGE system during treatment operation 1104 may
provide just ventilation with the ventilator, just oxygenation
with the ECGE system, or a combination of overlapping or
simultaneous ventilation and oxygenation by the ventilator
with the ECGE system. In some embodiments, the ventilator-
ECGE system during treatment operation 1104 provides ven-
tilation and/or oxygenation to a patient based on operator
input. In other embodiments, the ventilator-ECGE system
during treatment operation 1104 provides ventilation and/or
oxygenation to a patient based on data from a collecting data
operation, such as the operation 502 described above in
method 500. In some embodiments, the ventilator-ECGE sys-
tem during method 1100 utilizes an oximeter and/or capnom-
eter.
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[0192] As illustrated, method 1100 includes a monitoring
sensor operation 1106. The ventilator-ECGE system during
monitoring sensor operation 1106 receives sensor output
from the monitoring of one or more sensors. The sensors may
be a ventilator sensor, an ECGE sensor, a capnometer sensor,
an oximeter sensor, and/or any other suitable sensors for
treatment of a patient with a medical system. In some embodi-
ments, ventilator-ECGE system during monitoring sensor
operation 1106 includes receiving derived data from a pro-
cessor based on the monitored sensor output. In some
embodiments, the sensor output is transmitted by sensors. In
some embodiments, sensor output, such as flow rate, circuit
pressure, flow pattern, inspiratory time setting (T,), sweep gas
flow rate, blood flow, pH, P,CO,, E,CO,, VCO,, and/or etc.,
may be collected from the sensors, operator interface, con-
troller, and/or processor.

[0193] Additionally, method 1100 includes a communicat-
ing operation 1108. The ventilator-ECGE system during the
communicating operation 1108 communicates information
between the ventilator system and the ECGE system. In some
embodiments, during communicating operation 1108, the
ventilator-ECGE system communicates information between
the ventilator system, the ECGE system, an oximeter, and/or
a capnometer. The communication may flow in one direction
or in both directions. Further. the communication may
include data, signals, commands, and/or instructions. Further,
the communication may be wireless or wired between the
systems.

[0194] Method 1100 further includes a comparing opera-
tion 1110. The ventilator-ECGE system during the compar-
ing operation 1110 compares the sensor output (which
includes output derived from sensor output) to one or more
desired thresholds. In some embodiments, the ventilator-
ECGE system during comparing operation 1110 compares
determined trends in sensor output to the one or more desired
thresholds. In other embodiments, ventilator-ECGE system
during comparing operation 1110 compares sensor output
from ECGE sensors to one or more desired thresholds. In
further embodiments, the ventilator-ECGE system during
comparing operation 1110 compares sensor output from a
capnometer sensor and/or an oximeter sensor to one or more
desired thresholds. In other embodiments, the ventilator-
ECGE system during comparing operation 1110 compares
sensor output from ventilator sensors and ECGE sensors to
the same desired threshold. In further embodiments, the ven-
tilator-ECGE system during comparing operation 1110 com-
pares sensor output from one or more ventilator sensors to a
first desired threshold and sensor output from ECGE sensors
to a second desired threshold. In additional embodiments, the
ventilator-ECGE system during comparing operation 1110
compares sensor output from one or more ventilator sensors
to a first plurality of desired thresholds and compares sensor
output from the ECGE sensors to a second plurality of desired
thresholds. The first plurality of thresholds may be equiva-
lent, overlap, or be entirely different from the second plurality
of thresholds.

[0195] In some embodiments, the desired threshold is
received from operator input. In other embodiments, the
desired threshold is determined by the ventilator-ECGE sys-
tem. In some embodiments, the ventilator-ECGE system
determines the desired threshold based on predetermined set-
tings and patient characteristics, such as patient age, patient
height, patient weight, patient predicted ideal body weight,
patient gender, patient disease state, ventilation mode, and/or
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sweep gas flow rate. This list is exemplary only and is not
meant to be limiting. In some embodiments, the one or more
desired thresholds are an E,CO, level, a VCQ, level, a SpO,
level, a P,CO, level, a pH level, a blood flow level, a P,O,
level, a P, O,/F,0,, tidal volume, inspiratory pressure, and/or
an OI. In other embodiments, the one or more desired thresh-
old is a combination of two or more of the following param-
eters/levels: an E,CO, level; a VCO, level; a SpO, level; a
P _CO, level; a pH level; a blood flow level; a P O, level; a
P 0,/F,0,; tidal volume; inspiratory pressure; and/or an Ol

[0196] As illustrated, method 1100 includes a desired treat-
ment operation 1112. At desired treatment operation 1112 the
ventilator-ECGE system determines whether the patient is
receiving the desired ventilation and/or oxygenation treat-
ment by the ventilator-ECGE system. The ventilator-ECGE
system during the desired treatment operation 1112 deter-
mines if one or more setting needs to be adjusted based on
information from the comparing operation 1110. In some
embodiments, at detect desired treatment operation 1112 the
ventilator-ECGE system determines that the patient is receiv-
ing an improper treatment when the sensor output breaches
the desired threshold. In some embodiments, at detect desired
treatment operation 1112 the ventilator-ECGE system deter-
mines that the patient is receiving the proper treatment when
the sensor output does not breach the desired threshold. In
other embodiments, at detect desired treatment operation
1112 the ventilator-ECGE system determines that the patient
is not receiving the desired treatment when the sensor output
breaches the desired threshold at a predetermined frequency.
For example, in one embodiment, the ventilator-ECGE sys-
tem at detect desired treatment operation 1112 determines
that the patient is not receiving the desired treatment when a
sensor output breaches the desired threshold for two or more
consecutive breaths or for a predetermined time period, such
as 10 ms or more.

[0197] If the ventilator-ECGE system determines that the
patient is receiving the desired treatment, the ventilator-
ECGE system during the desired treatment operation 1112
may return to monitoring sensor operation 1106. However, in
some embodiments, the ventilator-ECGE system continu-
ously performs the monitoring sensor operation 1106, the
treatment operation 1104, comparing operation 1110, and
determine desired treatment operation 1112. If the desired
ventilation and/or oxygenation treatment is not being deliv-
ered to the patient, then the ventilator-ECGE system during
the determine desired treatment operation 1112 may proceed
to either issuing notification operation 1114 or adjusting a
setting operation 1116. In some embodiments, the ventilator-
ECGE system is configured to perform either or both the
issuing notification operation 1114 and the adjusting a setting
operation 1116. In some embodiments, the adjusting a setting
operation 1116 is performed only upon user selection. In
alternative embodiments, the ventilator-ECGE system is con-
figured to perform the issuing notification operation 1114 and
not the adjusting a setting operation 1116.

[0198] Thethresholds listed above are just one example list
of possible conditions that could be used to determine if the
patient is receiving a desired ventilation and/or oxygenation
during the detect desired treatment operation 1112. Any suit-
ablelist of conditions, sensor output, and/or settings for deter-
mining is the patient is receiving the desired ventilation and/
or oxygenation may be utilized by the determine desired
treatment operation 1112. As may be appreciated, the venti-
lator-ECGE system may determine whether the patient is
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receiving the desired ventilation and/or oxygenation at deter-
mine desired treatment operation 1112 via any suitable
means. Indeed, any of the above described parameters may be
evaluated according to various desired thresholds for detect-
ing desired ventilation and/or oxygenation. Further, the dis-
closure regarding specific parameters as they may implicate
desired treatment is not intended to be limiting. In fact, any
suitable parameter or sensor output may be monitored and
evaluated for detecting desired oxygenation and/or ventila-
tion within the spirit of the present disclosure. As such, ifit is
detected that the patient is not receiving the desired oxygen-
ation and/or ventilation by any suitable means, the determine
desired treatment operation 1112 may proceed to the issuing
notification operation 1114 and/or the adjusting a setting
operation 1116.

[0199] At issuing notification operation 1114, the ventila-
tor-ECGE may alert the clinician via any suitable means that
the desired treatment (i.e., ventilation and/or oxygenation) is
not being delivered to the patient. For example, according to
embodiments, the ventilator-ECGE system may display a
notification including a message and/or a recommendation
entry regarding the desired treatment and/or the reason an
undesired treatment is being delivered. According to alterna-
tive embodiments, the ventilator-ECGE system may commu-
nicate the notification, including the message and/or the rec-
ommendation entry, to a remote monitoring system
communicatively coupled to the ventilator-ECGE system.
According to alternative embodiments, the issued notification
is any visual and/or audio notification.

[0200] According to embodiments, the notification may
alert the clinician that the patient is not receiving the desired
ventilation and/or oxygenation and, optionally, may provide
information regarding any parameter(s) that implicated the
undesirable ventilation and/or oxygenation. According to
additional embodiments, the notification may provide one or
more suggestions for delivering the desired oxygenation and/
or ventilation. In some embodiments, the suggestions or
entries are based on information from the monitoring sensor
operation 1106, the comparing operation 1110, and/or the
determine desired treatment operation 1112. According to
further embodiments, the one or more suggestions may be
based on the patient’s particular settings (e.g. breath type,
flow pattern, flow rate, PEEP, and/or etc.) and/or diagnosis.
According to some embodiments, the clinician may access
one or more parameter settings and/or display screens from
the notification via a hyperlink or otherwise for addressing an
undesired treatment. According to additional or alternative
embodiments, a clinician may remotely access one or more
parameters and/or display screens from the notification via a
hyperlink or otherwise for remotely addressing the undesir-
able ventilation and/or oxygenation.

[0201] Additionally, the ventilator-ECGE system may gen-
erate various graphical representations of the collected and/or
derived parameter data, e.g., flow waveforms, pressure wave-
forms, pressure-volume loops, flow-volume loops, pictorial
representation of the lung, and/or etc. that are displayed dur-
ing issuing notification operation 1114.

[0202] In some embodiments, method 1100 includes an
adjusting a setting operation 1116. At adjusting a setting
operation 1116, the ventilator-ECGE system adjusts one or
more ventilator settings and/or one or more ECGE settings to
maintain the desired ventilation and/or oxygenation. At
adjusting a setting operation 1116, the ventilator-ECGE sys-
tem adjusts one or more ventilator settings and/or one or more
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ECGE settings based on information from the comparing
operation 1110 and/or the determine desired treatment opera-
tion 1112. In further embodiments, at adjusting a setting
operation 1116, the ventilator-ECGE system adjusts one or
more ventilator settings and/or one or more ECGE settings
based on the comparison of the sensor output to one or more
desired thresholds by the comparing operation 1110.

[0203] For example, in some embodiments, if the ventila-
tor-ECGE system during adjusting operation 516 determines
that the P,CO,, pH, and/or CO, removal rate are not within
the desired threshold and need to be adjusted based on infor-
mation from the comparison made by the comparing opera-
tion 1110 and/or determine desired treatment operation 1112,
the ventilator-ECGE system adjusts the sweep gas flow rate to
achieve the desired P,CO,, pH, and/or CO, removal rate.
Although the parameters of P,CO,, pH, and/or CO, removal
rate are associated with the ECGE system, the breach of these
parameters can be addressed by the ventilator and/or the
ECGE system. In another example, in some embodiments, if
the ventilator-ECGE system during adjusting a setting opera-
tion 1116 determines that the P, O, and/or blood flow rate are
not within the desired threshold and need to be adjusted based
on information from the comparison made by the comparing
operation 1110 and/or determine desired treatment operation
1112, the ventilator-ECGE system adjusts the F,O, of the
sweep gas and/or a blood flow rate of the pump, if a pump is
utilized in the ECGE system, to achieve the desired P,O,
and/or blood flow rate. In an additional example, in some
embodiments, if the ventilator-ECGE system during adjust-
ing a setting operation 1116 determines that the E ,CO, and/or
VCO, are not within the desired threshold and need to be
adjusted based on information from the comparison made by
the comparing operation 1110 and determination made by the
determining a desired treatment operation 1112, the ventila-
tor-ECGE system adjusts the minute ventilation, peak inspi-
ration pressure, tidal volume, and/or respiratory rate to
achieve the desired E;CO, and/or VCO,. Although the
parameters of E,CO, and/or VCO, are associated with the
ventilator, the breach of these parameters may be addressed
by the ventilator and/or ECGE system.

[0204] In another example, in some embodiments, if the
ventilator-ECGE system during adjusting a setting operation
1116 determines that the SpO, needs to be adjusted because it
is not within the desired threshold, based on information from
the comparison made by the comparing operation 1110 and
the determination made by the detect desired treatment opera-
tion 1112, the ventilator-ECGE system adjusts the F,0, deliv-
ered to the patient’s lungs, minute volume, peak inspiratory
pressure, the PEEP, F,0, concentration in the sweep gas,
and/or blood flow rate to achieve the desired SpO,. Although
the SpO, parameter is associated with ventilation, the breach
of SpO, may be addressed by the ventilator and/or the ECGE
system. However, under some conditions the deficiency in
blood oxygenation and/or ventilation is caused by physi-
ologic etiologies that adjustments of ventilator parameters
may not yield timely and/or efficient improvements. If the
ventilator-ECGE system during adjusting a setting operation
1116 determines that the SpO, needs to be adjusted after a
change in one or more of above listed ventilator parameters
has been made, the ventilator-ECGE system may choose to
increase the above listed ECGE parameters instead of or in
combination with the above listed ventilator parameters.

[0205] The ventilator-ECGE system during adjusting a set-
ting operation 1116 may have different set goals or multiple
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goals in managing the oxygenation and/or ventilation of the
patient. For example, the ventilator-ECGE system during
adjusting a setting operation 1116 may be set to optimize
ventilation, to optimize oxygenation, and/or to protect the
lungs by reducing pressure applied to lungs. Further, the
ventilator-ECGE system during adjusting a setting operation
1116 may be able to achieve the same goal by adjusting
different parameters or a combination of different param-
eters. This flexibility allows the ventilator-ECGE system dur-
ing adjusting a setting operation 1116 to adjust the settings of
ventilator and/or ECGE system if more or less ventilation is
desirable or if more or less ECGE is desirable based on patient
needs. As discussed above, a patient with ARDS may only be
able to tolerate a low amount of pressure ventilation. Further,
if the ECGE system has been utilized for an extended period
of time, the ventilator-ECGE system during adjusting a set-
ting operation 1116 may choose to reduce the blood flow rate
in the ECGE system to prevent necrosis.

[0206] For example, if the ventilator-ECGE system during
adjusting a setting operation 1116 determines that one or
more setting needs to be adjusted to optimize ventilation, the
ventilator-ECGE system can increase the sweep flow rate
and/or increase minute ventilation (by either increasing the
respiratory rate and/or the tidal volume). In another example,
if the ventilator-ECGE system during adjusting a setting
operation 1116 determines that one or more setting needs to
be adjusted to protect the lungs, the ventilator-ECGE system
can decrease tidal volume or peak inspiratory pressure for an
increase in sweep flow rate. However, in this example, if the
increase in sweep flow rate does not result in the desired CO,
removal, an increase in minute ventilation can provide for
additional CO, removal. In another example, if the ventilator-
ECGE system during adjusting a setting operation 1116
determines that one or more setting needs to be adjusted to
optimize oxygenation, the ventilator-ECGE system can
increase blood flow rate, F,0, concentration in the sweep gas,
PEEP, and/or F,0, delivered to the lungs of the patient to
optimize the oxygenation of the patient.

[0207] Insome embodiments, the ventilator-ECGE system
during adjusting a setting operation 1116 utilizes algorithms
to develop an adaptive control scheme. In some embodi-
ments, the ventilator-ECGE system during adjusting a setting
operation 1116 utilizes adaptive algorithms with online rein-
forced learning paradigms to develop adaptive control
schemes. For example, the ventilator-ECGE system during
adjusting a setting operation 1116 may make automatic adap-
tive adjustments to ventilator settings to optimize ventilation
and/or oxygenation and may when a saturation effect is
detected (no observable change caused by ventilator adjust-
ments over a predetermined period of time) or when a declin-
ing trend in efficiency or efficacy of ventilator parameter
adjustments is detected based on information from the com-
paring operation 1110 will make an ECGE setting adjust-
ment.

[0208] In some embodiments, where one of the ventilator
and the ECGE system are not being actively utilized, the
ventilator-ECGE system during adjusting a setting operation
1116 will activate the inactive portion (the ventilator or the
ECGE system) to treat the patient. In other embodiments,
where both the ventilator and the ECGE system are being
utilized to treat the patient, the ventilator-ECGE system dur-
ing adjusting a setting operation 1116 will deactivate or shut
down portions (the ventilator or the ECGE system). In some
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embodiments, the ventilator-ECGE system during adjusting a
setting operation 1116 will activate or deactivate the appro-
priate system or portion.
[0209] For example, in some embodiments, the ventilator-
ECGE system during adjusting a setting operation 1116 will
turn off the ECGE system or recommend excluding use of the
ECGE system if one or more of the following conditions
occur:
[0210] ifP_O,/FiO, is less than 100 for more 10 days for
infants or more than 5 days for adults; and
[0211] if evidence or indications of intracranial hemor-
rhage (grade II or more) is present. In some embodi-
ments, the ventilator-ECGE system during adjusting a
setting operation 1116 will recommend switching from
an arterial-venous ECGE system to a veno-venous or a
veno-arterial ECGE system if one or more of the follow-
ing conditions is detected:
[0212] evidence indicating an inability to maintain sys-
temic perfusion,

[0213] a deterioration of cardiac function;

[0214] poor cardiac function on echocardiogram;
[0215] high serum lactate (e.g., >8 mmol/l); and
[0216] persistent metabolic acidosis.

In other embodiments, the ventilator-ECGE system during
adjusting a setting operation 1116 will turn off the ventilator
system or recommend excluding use of the ventilator system
if one or more of the following conditions is detected:
[0217] trending of physiologic and setting parameters
indicating a risk of lung injury;
[0218] exacerbation of lung injury due to high inspira-
tory pressure, high PEEP, or high minute volume; and
[0219] data trends indicate an inefficacy and/or no
response to changes or adjustment to ventilator settings
and/or persistent oxygen dependence.
[0220] In some embodiments, in cases where even low
levels of positive pressure would increase damage to the
lungs, oxygenation and ventilation could be accomplished
using ECGE, with minimal contribution by the ventilator.
Once the lungs have had a chance to recover, the ventilator
settings can be increased so as to increase the contribution of
mechanical ventilation. At some point the ECGE contribution
would be reduced to zero as the respiratory system recovered.
The mechanical ventilator would remain connected to the
patient at all times, as a means of backup in case of problems
with the ECGE system (e.g., leakage within the pump).
[0221] In some embodiments, after performing the adjust-
ing a setting operation 1116, the ventilator-ECGE system will
perform the issuing notification operation 1114. According to
embodiments, the ventilator-ECGE system during an issuing
notification operation 1114, issues a notification to alert the
clinician that the desired ventilation and/or oxygenation was
not being delivered to the patient and that this was mitigated
with an appropriate adjustment, and optionally, may provide
information regarding any parameter(s) that breached a
desired threshold.
[0222] FIG. 10 is an illustration of an embodiment of a
graphical user interface 1000 displaying a notification 1002.
[0223] Graphical user interface 1000 may display various
monitored and/or derived data to the clinician during venti-
lation and/or oxygenation of a patient. In addition, graphical
user interface 1000 may display various messages to the
clinician (e.g., alarm messages, etc.). Specifically, graphical
user interface 1000 may display notification 1002 as
described herein.
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[0224] According to embodiments, the ventilator may
monitor and evaluate various ventilator and ECGE param-
eters based on one or more predetermined thresholds to detect
an inadequate ventilation and/or oxygenation. As illustrated,
a PO, waveform may be generated and displayed by the
ventilator on graphical user interface 1000. Upon a determi-
nation that a parameter breaches a predetermined threshold,
the graphical user interface 500 may display a notification
1002, e.g., a message 1004.

[0225] According to embodiments, notification 1002 may
be displayed in any suitable location such that a clinician may
be alerted regarding a detected patient condition, but while
allowing other displays and data to be visualized substantially
simultaneously. As illustrated, notification 1002 is presented
as abar or banner across an upper region of the graphical user
interface 1000. However, as previously noted, notification
1002 may be displayed as a tab, icon, button, banner, bar, or
any other suitable shape or form. Further, notification 1002
may be displayed in any suitable location within the graphical
user interface 1000. For example, notification 1002 may be
located along any border region of the graphical user interface
1000 (e.g., top, bottom, or side borders) (not shown), across
an upper region (shown), or in any other suitable location.
Further, as described herein, notification 1002 may be par-
tially transparent such that displays and data may be at least
partially visible behind notification 1002.

[0226] Specifically, notification 1002 may alert the clini-
cian that improper oxygenation and/or ventilation is detected
or that a parameter breached a predetermined threshold, for
example by message 1004. As described herein, message
1004 may alert the clinician that the improper ventilation
and/or oxygenation is detected via any suitable means, e.g,,
“Inadequate Oxygenation Alert,” “Inadequate Ventilation
Detected,” or “Inadequate Ventilation and Oxygenation
Implicated.” Notification 1002 may further include informa-
tion regarding parameters that implicated the inadequate flow
as illustrated in message 1004. According to alternative
embodiments, in addition to the message 1004, one or more
recommendation entries may be provided in an initial smart
prompt banner or in a drop down menu or expanded section
selected by the operator. According to other embodiments,
rather than providing information regarding parameters that
implicated an improper oxygenation or ventilation in the
initial message, this information may be provided within an
expanded portion 1012 of notification 1002.

[0227] According to embodiments, notification 1004 is
expanded to provide additional information and/or recom-
mendations to the clinician regarding a detected patient con-
dition. For example, an expand icon 1006 may be provided
within a suitable area of the notification 1004. According to
embodiments, upon selection of the expand icon 1006 via any
suitable means, the clinician may optionally expand the noti-
fication 1006 to acquire additional information and/or recom-
mendations for mitigating the detected patient condition. In
some embodiments the recommendations or entries are
divided into a primary entry 1008 and a secondary entry 1010.
According to further embodiments, notification 1002 may
include links or hyperlinks 1114 to additional settings and/or
display screens of the graphical user interface 1000 such that
the clinician may easily and quickly mitigate and/or verify the
detected condition.

[0228] As may be appreciated, the disclosed data, graphics,
and notification illustrated in graphical user interface 1000
may be arranged in any suitable order or configuration such
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that information and alerts may be communicated to the cli-
nician in an efficient and orderly manner. The disclosed data,
graphics, and notification are not to be understood as an
exclusive array, as any number of similar suitable elements
may be displayed for the clinician within the spirit of the
present disclosure. Further, the disclosed data, graphics, and
notification 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 embodi-
ment of the graphical user interface 1000 is provided as an
example only, including potentially useful information and
alerts that may be provided to the clinician to facilitate com-
munication of detected improper ventilation and/or oxygen-
ation in an orderly and informative way, as described herein.

[0229] In some embodiments, methods 700 and 1100 are
performed by the ventilator-ECGE system illustrated in
FIGS. 1-4 and described above. In an alternative embodi-
ment, a computer-readable medium having computer-execut-
able instructions for performing methods 700 and 1100 are
disclosed. These methods include repeatedly performing the
steps illustrated in FIG. 7 or FIG. 11 and as described in the
descriptions of FIGS. 7 and 11 above.

[0230] In another embodiment, the medical system
includes: means for performing each of the operations illus-
trated in FIG. 7 and as described above in the description of
FIG. 7. In one embodiment, the means are illustrated in FIGS.
1-4 and described in the above description of FIGS. 1-4.
However, the means described above for FIGS. 1-4 and illus-
trated in FIGS. 1-4 are but one example only and are not
meant to be limiting.

[0231] In another embodiment, the medical system
includes: means for performing each of the operations illus-
trated in FIG. 11 and as described above in the description of
FIG. 11. In one embodiment, the means are illustrated in
FIGS. 1-4 and described in the above description of FIGS.
1-4. However, the means described above for FIGS. 1-4 and
illustrated in FIGS. 1-4 are but one example only and are not
meant to be limiting.

[0232] Those skilled in the art will recognize that the meth-
ods and systems of the present disclosure may be imple-
mented in many manners and as such are not to be limited by
the foregoing exemplary embodiments and examples. In
other words, functional elements being performed by a single
or multiple components, in various combinations of hardware
and software or firmware, and individual functions, can be
distributed among software applications at either the client or
server level or both. In this regard, any number of the features
of the different embodiments described herein may be com-
bined into single or multiple embodiments, and alternate
embodiments having fewer than or more than all of the fea-
tures herein described are possible. Functionality may also
be, in whole or in part, distributed among multiple compo-
nents, in manners now known or to become known. Thus,
myriad software/hardware/firmware combinations are pos-
sible in achieving the functions, features, interfaces and pref-
erences described herein. Moreover, the scope of the present
disclosure covers conventionally known manners for carry-
ing out the described features and functions and interfaces,
and those variations and modifications that may be made to
the hardware or software or firmware components described
herein as would be understood by those skilled in the art now
and hereafter.
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[0233] 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 claims. 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 claims.

What is claimed is:

1. A method for managing treatment of a patient connected
to a ventilator-extracorporeal membrane gas-exchanger sys-
tem, the method comprising:

delivering breathing gas to a patient with a ventilator sys-

tem based on one or more ventilator settings;
monitoring ventilator sensors with the ventilator system;
removing carbon dioxide from and adding a gas mixture to
a bloodstream of the patient to oxygenate the blood-
stream of the patient with an extracorporeal membrane
gas-exchanger (ECGE) system based on one or more
ECGE settings;

monitoring ECGE sensors with the ECGE system;

communicating information between the ventilator system

and the ECGE system;

comparing sensor output from the ventilator sensors to a

first threshold;

comparing the sensor output from the ECGE sensors to a

second threshold;

adjusting at least one of the one or more ventilator settings

and the one or more ECGE settings based on the com-
paring of the sensor output to the first threshold and the
comparing of the sensor output to the second threshold.
2. The method of claim 1, wherein the first threshold is the
same as the second threshold.
3. The method of claim 1, wherein the first threshold and
the second threshold are received from operator input via the
ventilator system;
4. The method of claim 1, wherein the first threshold is at
least one of a E,CO, level, a VCO, level, minute ventilation,
tidal volume, peak inspiratory pressure, and a SpO, level and
wherein the second threshold is at least one of a P,CO, level,
a pH level, blood flow level and a PO, level.
5. The method of claim 1, wherein the one or more venti-
lator settings is at least one of minute ventilation, peak
inspiratory pressure, tidal volume, respiratory rate, Positive
End Expiratory Pressure (PEEP), and FiO, and wherein the
one or more ECGE settings are a sweep gas flow rate, FiO, of
sweep gas, and blood flow.
6. The method of claim 1, wherein the adjusting step is
performed by a controller on the ventilator system.
7. The method of claim 1, further comprising displaying
the sensor output generated by the ventilator sensors and the
ECGE sensors together on a ventilator display.
8. The method of claim 1, wherein the comparing step and
the adjusting step further include one of:
determining that the sensor output from the ventilator sen-
sors breached the first threshold and the sensor output
from the ECGE sensors breached the second threshold
by the comparing step and adjusting the one or more
ECGE settings by the adjusting step;

determining that the sensor output from the ventilator sen-
sors breached the first threshold and the sensor output
for the ECGE sensors breached the second threshold by
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the comparing step and adjusting the one or more ECGE

settings and adjusting the one or more ventilator settings

by the adjusting step;

determining that the sensor output from the ventilator sen-

sors breached the first threshold and the sensor output

for the ECGE sensors breached the second threshold by
the comparing step and adjusting the one or more ven-
tilator settings by the adjusting step;

determining that the sensor output from the ventilator sen-

sors breached the first threshold by the comparing step

and adjusting the one or more ventilator settings by the
adjusting step;

determining that the sensor output from the ventilator sen-

sors breached the first threshold by the comparing step

and adjusting the one or more ECGE settings by the
adjusting step;

determining that the sensor output from the ventilator sen-

sors breached the first threshold by the comparing step

and adjusting the one or more ECGE settings and the one
or more of ventilator settings by the adjusting step;

determining that the sensor output from the ECGE sensors
breached the first threshold by the comparing step and
adjusting the one or more ventilator settings by the
adjusting step;

determining that the sensor output from the ECGE sensors

breached the first threshold by the comparing step and

adjusting the one or more ECGE settings by the adjust-
ing step;

determining that the sensor output from the ECGE sensors

breached the first threshold by the comparing step and

adjusting the one or more ECGE settings and the one or
more ventilator settings by the adjusting step; and

determining that the sensor output from the ventilator sen-
sors did not breach the first threshold for a predeter-
mined period and that the sensor output from the ECGE
sensors did not breached the second threshold for the
predetermined period by the comparing step and adjust-
ing the one or more ECGE settings to reduce patient
reliance on the ECGE system.

9. The method of claim 1, wherein the one or more venti-
lator settings are adjusted to increase patient reliance on the
ventilator system and the one or more ECGE settings are
adjusted to decrease patient reliance on the ECGE system.

10. The method of claim 1, wherein the one or more ven-
tilator settings are adjusted to decrease patient reliance on the
ventilator system and the one or more ECGE settings are
adjusted to increase patient reliance on the ECGE system.

11. A ventilator-ECGE system for issuing a notification,
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 cause a

controller to issue a notification, the controller includ-

ing:

a manage module that detects improper treatment of a
patient based on sensor output from a ventilator sen-
sor and from an ECGE sensor, wherein the improper
treatment includes detecting at least one of improper
oxygenation and improper ventilation;

a notification module that determines an appropriate
message based on the improper treatment and deter-
mines an appropriate entry based on the improper
treatment; and
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a display module that issues at least one of the appropri-
ate message and the appropriate entry.

12. The ventilator-ECGE system of claim 11, wherein the
manage module determines the sensor output that implicated
the improper treatment and communicates the sensor output
that implicated the improper treatment to the notification
module, and

wherein the notification module determines the appropri-

ate message based at least in part on the sensor output
that implicated the improper treatment, and

wherein the appropriate message comprises an alert that

improper treatment is implicated and information
regarding the sensor output that implicated improper
treatment.
13. The ventilator-ECGE system of claim 11, wherein the
appropriate message comprises a primary message and a
secondary message and is based at least in part on the sensor
output that that implicated the improper treatment.
14. The ventilator-ECGE system of claim 11, wherein the
appropriate message comprises one of the following entries:
increase a sweep flow rate based on at least one of the
following sensor outputs: P,CO,, pH, E,CO,, and
VCO,;

decrease the sweep flow rate based on at least one of the
following sensor outputs: P_CO,, pH, E,CO,, and
VCO,;

increase a Fi0, of a sweep gas based on at least one of the
following sensor outputs: P, O,, blood flow, and SpO.,;

decrease the FiO, of the sweep gas based on at least one of
the following sensor outputs: P,O,, blood flow, and
SpO,;

increase a blood flow through an ECGE system based on at
least one of the following sensor outputs: P,0O,, blood
flow, and SpO.;

decrease the blood flow through the ECGE system based

on at least one of the following sensor outputs: P,O,,
blood flow, and SpO.,;

increase the FiO, based on at least one of the following

sensor outputs: P,O,, blood flow, and SpO.;

decrease the Fi0O, based on at least one of the following

sensor outputs: P,0O,, blood flow, and SpO,;

increase a PEEP based on at least one of the following

sensor outputs: P,0,, blood flow, and SpO,;

decrease the PEEP based on at least one of the following

sensor outputs: P,O,, blood flow, and SpQ.,;
increase a peak inspiration pressure based on at least one of
the following sensor outputs: P,CO,, pH, E,CO,, and
VCO,

decrease the peak inspiration pressure based on at least one
of the following sensor outputs: P CO,, pH, E,CO,, and
VCO,;

increase a tidal volume based on at least one of the follow-
ing sensor outputs: P CO,, pH, E;CO,, and VCO,;

decrease the tidal volume based on at least one of the
following sensor outputs: P ,CO,, pH, E,CO,, and
VCO,;

increase a respiratory rate based on at least one of the
following sensor outputs: P CO,, pH, E,CO,, and
VCO,;

decrease the respiratory rate based on at least one of the
following sensor outputs: P,CO,, pH, E,CO,, and
VCO,;
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increase minute ventilation based on at least one of the
following sensor outputs: P,CO,, pH, E;CO,, and
VCO,; and

decrease the minute ventilation based on at least one of the
following sensor outputs: P,CO,, pH, E,CO,, and
VCO,.

15. A ventilator-ECGE system, comprising:

aventilator system including a pressure generating system,
the pressure generating system adapted to deliver
breathing gas to a patient based on ventilator settings;

an ECGE system that removes carbon dioxide from a
patient’s bloodstream and provides a gas mixture to the
patient’s bloodstream to oxygenate the patient’s blood-
stream based on ECGE settings;

an operator interface for receiving operator input;

a plurality of sensors operatively coupled to at least one of
the pressure generating system, the patient, a patient
circuit, and the patient’s bloodstream wherein the plu-
rality of sensors monitor a plurality of parameters to
generate sensor output,

acontroller that receives the operator input and commands
the pressure generating system and the ECGE system
based on the operator input; and

a display module, the display module displays the genet-
ated sensor output.
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16. The ventilator-ECGE system of claim 15, further com-
prising:
a compare module that compares the generated sensor
output to at least one threshold; and
a manage module that manages treatment of the patient by
adjusting at least one of the ventilator settings and the
ECGE settings based on information received from the
compare module, wherein the treatment of the patient
include at least one of oxygenation and ventilation ofthe
patient.
17. The ventilator-ECGE system of claim 15, further com-
prising:
a compare module that compares the generated sensor
output to at least one threshold; and
a notification module that issues a notification based on
information received from the compare module,
wherein the display module displays the notification.
18. The ventilator-ECGE system of claim 17, wherein the
notification is a recommendation entry.
19. The ventilator-ECGE system of claim 18, wherein the
recommendation entry is selectable.
20. The ventilator-ECGE system of claim 15, wherein the
controller and the display module are part of the ventilator
system.
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