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(57) ABSTRACT

A system and method for determining a potential lung
recruitment value for a patient that includes during an
applied first positive end expiratory pressure (PEEP) to the
lungs of the patient, measuring a first end expiratory lung
impedance (EELZ) of the lungs at the first PEEP; during an
applied second PEEP, measuring a second EELZ at the
second PEEP, determining a change in EELZ between the
first PEEP and the second PEEP, determining a first chord-
compliance of the lungs from pixels of a first electrical
impedance tomography (EIT) image of the patient at the first
PEEP, determining a second chord-compliance from a sec-
ond EIT image of the patient at the second PEEP, determin-
ing a first index representing the change in EELZ, deter-
mining a second index representing a change in compliance,
and based on the first index and the second index, deter-
mining a potential lung recruitment value for the patient.
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SYSTEMS AND METHODS TO DETERMINE
A PATIENT’S RESPONSIVENESS TO AN
ALVEOLAR RECRUITMENT MANEUVER

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit under 35 U.S.C.
§ 119(e) of U.S. Provisional Patent Application Ser. No.
62/629,466, filed Feb. 12, 2018, the disclosure of which is
hereby incorporated herein in its entirety by this reference.

TECHNICAL FIELD

[0002] The disclosure relates to systems and method for
determining a patient’s potential for recruitment of the
patient’s lung capacity through an alveolar recruitment
maneuver. In particular, this disclosure relates to systems
and methods that include and utilize an electrical impedance
tomography (EIT) system in determining a patient’s poten-
tial for recruitment.

BACKGROUND

[0003] The treatment of acute respiratory distress syn-
drome (“ARDS”) includes a proper mechanical ventilation
strategy. The alveolar recruitment maneuver (“ARM”) is an
intervention applied in moderate and severe cases of ARDS.
ARM is a transitory and controlled increase in mechanical
ventilator pressure delivered to the lungs aiming to open
previously collapsed alveoli. However, some patients
respond well to an ARM maneuver (referred to herein as
“responders”), while other patients do not respond well to
the ARM maneuver (referred to herein as “non-respond-
ers”). Caregivers should assess a patient’s responsiverness to
an ARM maneuver, and apply it only on the patients that will
benefit from the ARM maneuver (responders). The ARM
maneuver may also introduce some additional risks, such as
Ventilatory Induced Lung Injury (VILI) and hemodynamic
impairment. Conventional methods for determining whether
the patient is responsive to an ARM maneuver include
Computed Tomography (CT) and Pulmonary Mechanics.
[0004] CT may be used as a method to estimate amount of
lung collapse (e.g., in grams and/or in percentage of lung
weight), and the amount of lung that was reopened. How-
ever, it provides only static images, it requires the use of
excessive radiation (it is necessary to scan the whole lung at
two different PEEP levels—at least), and it requires long
ins/expiratory pauses (with risks of hypercapnia and hemo-
dynamic impairment). Finally, it is necessary to transport the
patient from the ICU to the radiology department, with well
known risks.

[0005] Pulmonary Mechanics may be used as a method to
determine a patient’s responsiveness using positive and
expiratory pressure (“PEEP”) therapy with a mechanical
ventilator. The patient is provided PEEP therapy at a first
PEEP. Lung compliance and a first end expiratory lung
volume (EELV) is measured from the patient, with the help
of an accessory technique like CT or nitrogen washout.
PEEP therapy is provided to the patient at a second PEEP. A
second EELV is measured from the patient. A difference
from the first EELV and the second EELV measured may be
calculated, as well as the “predicted-change” in EELV if
assuming no lung recruitment from one PEEP step to the
next. An index indicative of the patient’s response to PEEP
therapy is calculated from the difference between the first
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BELV and the second EELYV, after accounting the “pre-
dicted-change” in FRC. This index is expressed in volume
units, or as a ratio between this “above-predicted” volume
and the functional residual capacity (FRC), or still as the
ratio between the “above-predicted” volume and the com-
pliance at the first PEEP step. This index may be used to
differentiate high recruiters from low recruiters.

BRIEF SUMMARY

[0006] Some embodiments of the present disclosure in
include methods for determining a potential lung recruit-
ment value for a patient. The methods may include during an
applied first positive end expiratory pressure to at least one
lung of the patient, measuring a first end expiratory lung
impedance of the at least one lung of the patient at the first
positive end expiratory pressure, during an applied second
positive end expiratory pressure to the at least one lung of
the patient, measuring a second end expiratory lung imped-
ance of the at least one lung of the patient at the second
positive end expiratory pressure; determining a change in
end expiratory lung impedance between the positive end
expiratory pressure and the second positive end expiratory
pressure; determining a first chord-compliance of the at least
one lung of the patient from pixels of a first electrical
impedance tomography image of the patient at the first
positive end expiratory pressure; determining a second
chord-compliance of the at least one lung of the patient from
pixels of a second electrical impedance tomography image
of the patient at the second positive end expiratory pressure;
determining a first index representing the change in end
expiratory lung impedance based on at least one of the first
chord-compliance or second chord-compliance; determining
a second index representing a change in compliance; and
based on the first index and the second index, determining
a potential lung recruitment value for the patient.

[0007] One or more embodiments of the present disclosure
may include a system for determining a potential lung
recruitment value for a patient. The system may include at
least one processor and at least one non-transitory computer
readable storage medium storing instructions thereon that,
when executed by the at least one processor, cause the at
least one processor to: in response to a sequence of positive
end expiratory pressures being applied to lungs of a patient,
cause an end expiratory lung impedance to be measured at
each positive end expiratory pressure of the sequence of
positive end expiratory pressures; determine a first index
representing a change in end expiratory lung impedance
between a given end expiratory lung volume of the sequence
of positive end expiratory pressures and a subsequent end
expiratory lung volume of the sequence of positive end
expiratory pressures; determine a second index representing
change in chord-compliance of the lungs of the patient
between the given end expiratory lung volume and the
subsequent end expiratory lung volume; and based on the
first index and the second index, determine a potential lung
recruitment value for the patient.

[0008] One or more embodiments of the present disclosure
may include a system for determining a potential lung
recruitment value for a patient. The system may include a
ventilator system, an electrical impedance tomography sys-
tem, and a controller, wherein the ventilator system and the
electrical impedance tomography system are operably
coupled to the controller. The controller may include at least
one processor and at least one non-transitory computer
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readable storage medium storing instructions thereon that,
when executed by the at least one processor, cause the at
least one processor to: cause the ventilator system to apply
a sequence of positive end expiratory pressures to the lungs
of a patient; cause the ventilator system to measure an end
expiratory lung impedance at each positive end expiratory
pressure of the sequence of positive end expiratory pres-
sures; determine a first index representing a change in end
expiratory lung impedance between at least two applied
positive end expiratory pressures; determine a second index
representing a change in overall compliance of the lungs of
the patient between the at least two applied positive end
expiratory pressures based on impedance measurements
represented within electrical impedance tomography images
generated by the electrical impedance tomography system;
and based on the first index and the second index, determine
a potential lung recruitment value for the patient.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a schematic diagram of a portion of an
EIT system showing a plurality of electrodes positioned
around a region of interest of a patient according to one or
more embodiments of the present disclosure;

[0010] FIG. 2 is a schematic diagram showing a cross-
section of the thorax of the patient along the plane of the
electrodes according to one or more embodiments of the
present disclosure;

[0011] FIG. 3 is a schematic block diagram of an EIT
system according to an embodiment of the disclosure;
[0012] FIG. 4 shows a schematic view of system for
determining a potential recruitment value of a patient’s
lungs according to one or more embodiments of the present
disclosure;

[0013] FIG. 5 is a flow chart of a method of determining
a potential recruitment value of a patient according to one or
more embodiments of the present disclosure;

[0014] FIG. 6A shows a graph of applied and/or measured
air pressures over time representing a sequence of PEEPs
applied to the lungs of a patient according to one or more
embodiments of the present disclosure;

[0015] FIG. 6B shows a graph representing an EIT
plethysmograph measured over time and collected simulta-
neously to the airway pressures of FIG. 6A;

[0016] FIG. 7 shows a graph of the lung volume of the
patient calculated from a EIT plethysmogram plotted against
a calculated alveolar pressure;

[0017] FIG. 8 shows exponential pressure-volume curves
representing a simulated lung inflation when all lung units
are already recruited at the start of inflation;

[0018] FIG. 9 shows a graph of the simulated lung infla-
tion of FIG. 8;
[0019] FIG. 10 shows a graph of calculated chord com-

pliances of lungs plotted against applied PEEPs, using the
same simulated lung model represented in FIGS. 8 and 9,
[0020] FIG. 11 shows simulated pressure-volume relation-
ships during lung inflation when modeling a lung with
multiple compartments;

[0021] FIG. 12 shows a function defining the probability
or frequency of occurrence of recruitment of new lung units
when lung inflation progresses;

[0022] FIGS. 13 and 14 show graphs representing two
different individuals, a first with a normal lung and very
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small recruitable lung tissue compared with a second who
had lung injury and has a relatively large potential for
recruitment, and

[0023] FIG. 15 shows EIT images of three patients col-
lected simultaneously where the first index is represented in
the left column of images and the second index is repre-
sented in the right column of images.

DETAILED DESCRIPTION

[0024] In the following detailed description, reference is
made to the accompanying drawings which form a part
hereof, and in which is shown by way of illustration specific
embodiments in which the disclosure may be practiced.
These embodiments are described in sufficient detail to
enable those of ordinary skill in the art to practice the
disclosure. It should be understood, however, that the
detailed description and the specific examples, while indi-
cating examples of embodiments of the disclosure, are given
by way of illustration only and not by way of limitation.
From this disclosure, various substitutions. modifications,
additions rearrangements, or combinations thereof within
the scope of the disclosure may be made and will become
apparent to those of ordinary skill in the art.

[0025] In accordance with common practice, the various
features illustrated in the drawings may not be drawn to
scale. The illustrations presented herein are not meant to be
actual views of any particular apparatus (e.g., device, sys-
tem, etc.) or method, but are merely representations that are
employed to describe various embodiments of the disclo-
sure. Accordingly, the dimensions of the various features
may be arbitrarily expanded or reduced for clarity. In
addition, some of the drawings may be simplified for clarity.
Thus, the drawings may not depict all of the components of
a given apparatus or all operations of a particular method.
[0026] Information and signals described herein may be
represented using any of a variety of different technologies
and techniques. For example, data, instructions, commands,
information, signals, bits, symbols, and chips that may be
referenced throughout the description may be represented by
voltages, currents, electromagnetic waves, magnetic fields
or particles, optical fields or particles, or any combination
thereof. Some drawings may illustrate signals as a single
signal for clarity of presentation and description. It should be
understood by a person of ordinary skill in the art that the
signal may represent a bus of signals, wherein the bus may
have a variety of bit widths and the disclosure may be
implemented on any number of data signals including a
single data signal.

[0027] The various illustrative logical blocks, modules,
and circuits described in connection with the embodiments
disclosed herein may be implemented or performed with a
general purpose processor, a special purpose processor, a
Digital Signal Processor (DSP), an Application Specific
Integrated Circuit (ASIC), a Field Programmable Gate Array
(FPGA) or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any com-
bination thereof designed to perform the functions described
herein. A general-purpose processor may be a microproces-
sor, but in the alternative, the processor may be any con-
ventional processor, controller, microcontroller, or state
machine. A general-purpose processor may be considered a
special-purpose processor while the general-purpose proces-
sor executes instructions (e.g., software code) stored on a
computer-readable medium. A processor may also be imple-
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mented as a combination of computing devices, e.g., a
combination of a DSP and a microprocessor, a plurality of
microprocessors, one or more Microprocessors in conjunc-
tion with a DSP core, or any other such configuration.
[0028] Also, it is noted that embodiments may be
described in terms of a process that may be depicted as a
flowchart, a flow diagram, a structure diagram, or a block
diagram. Although a flowchart may describe operational acts
as a sequential process, many of these acts can be performed
in another sequence, in parallel, or substantially concur-
rently. In addition, the order of the acts may be re-arranged.
A process may correspond to a method, a function, a
procedure, a subroutine, a subprogram, etc. Furthermore, the
methods disclosed herein may be implemented in hardware,
software, or both. If implemented in software, the functions
may be stored or transmitted as one or more instructions or
code on computer-readable media. Computer-readable
media include both computer storage media and communi-
cation media, including any medium that facilitates transfer
of a computer program from one place to another.

[0029] As used herein, the singular forms following “a,”
“an,” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise.

[0030] As used herein, the term “may” with respect to a
material, structure, feature, or method act indicates that such
is contemplated for use in implementation of an embodiment
of the disclosure, and such term is used in preference to the
more restrictive term “is” so as to avoid any implication that
other compatible materials, structures, features, and methods
usable in combination therewith should or must be excluded.
[0031] It should be understood that any reference to an
element herein using a designation such as “first,” “second,”
and so forth does not limit the quantity or order of those
elements, unless such limitation is explicitly stated. Rather,
these designations may be used herein as a convenient
method of distinguishing between two or more elements or
instances of an element. Thus, a reference to first and second
elements does not mean that only two elements may be
employed there or that the first element must precede the
second element in some manner. Also, unless stated other-
wise a set of elements may comprise one or more elements.
[0032] As used herein, the term “substantially” in refer-
ence to a given parameter, property, or condition means and
includes to a degree that one skilled in the art would
understand that the given parameter, property, or condition
is met with a small degree of variance, such as within
acceptable manufacturing tolerances. For example, a param-
eter that is substantially met may be at least about 90% met,
at least about 95% met, or even at least about 99% met.
[0033] As used herein, the term “about” used in reference
to a given parameter is inclusive of the stated value and has
the meaning dictated by the context (e.g., it includes the
degree of error associated with measurement of the given
parameter, as well as variations resulting from manufactur-
ing tolerances, etc.).

[0034] Embodiments of the disclosure include an electri-
cal impedance tomography (EIT) device configured to deter-
mine the potential for recruitment responsive to calculating
a the potential of the total lung mass—equivalent to the
percentage of the total number of lung alveoli—that would
be effectively recruited during an alveolar recruitment
maneuver (“ARM”). For any given ARM, a threshold for
this percentage (e.g., 20%) may be established that is used
to differentiate high recruiters from low recruiters. As used
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herein, the term “recruit” and any derivative terms when
used in reference to alveoli, parenchyma, and/or lungs refers
to opening previously collapsed alveoli within the paren-
chyma of a lung or a portion of a lung such that the alveoli
generally remain open.

[0035] EIT is an imaging technique involving the posi-
tioning electrodes via an electrode belt placed around a
region of a patient’s body (e.g., around the patient’s chest for
imaging of a lung), injecting electrical excitation signals
through a pair of electrodes, and measuring the induced
response signals detected by the other electrodes of the
electrode belt. As a result, the EIT system may generate an
image based on the voltage measurements indicating esti-
mated impedance values. In contrast with other imaging
techniques, EIT is non-invasive and does not have certain
exposure risks that might limit the number and frequency of
monitoring actions (e.g., as with techniques such as X-rays).
As a result, EIT is suitable for continuously monitoring the
condition of the patient, with particular application to moni-
toring the patient’s lungs as the measurements may be used
to determine respiratory and hemodynamic parameters of
the patient and monitor a real-time two-dimensional image.

[0036] Some embodiments of the disclosure include a
method, an apparatus, and a system for determining a
patient’s responsiveness to an ARM. Embodiments of the
disclosure may be implemented by Electrical Impedance
Tomography (EIT), or by a combination of information
provided by EIT and flow and/or pressure sensors (e.g.,
pulmonary mechanics using gas monitoring sensors).
Embodiments may better account for the components that
are due to the stretching of already-aerated lung, versus due
to actual recruitment of previously collapsed alveoli, pro-
viding accurate quantification of recruitment. Embodiments
may also be implemented during tidal breaths, without the
need of any especial maneuver except a sequence of differ-
ent PEEP levels. In some embodiments, information at the
pixel level in EIT images (e.g., the location of the pixel, the
pixel aeration changes, and the pixel compliance changes
during a recruitability assessment maneuver (“RAM”)) may
be combined to produce more accurate and regional quan-
tification. The device may be configured to determine the
spatial location of recruitment within an EIT-cross-sectional
image and/or EIT-3D image.

[0037] Some embodiments of the present disclosure
include a system for determining s “potential for lung
recruitment” value. The system may include a ventilator
system, an EIT system, and a controller. The controller may
cause the ventilator system to apply a sequence of PEEPs to
lungs (or to automatically sense a manual change in PEEP),
and causes the EIT system to measure one or more indexes
simultaneously. A first index represents a change of EELV
for each pixel, or each lung region represented in a dynamic
EIT image for each PEEP of the sequence of PEEPs. The
controller may further automatically calculate the increase
of EELV that is “above predicted” (e.g., above a predicted
value) based on pressure-volume relationships observed
during the previous PEEP step. A second index represents a
change in pixel compliance or the change in regional com-
pliance of multiple regions of the lung, and the calculation
of the change in pixel compliance that is “above predicted”
based on the pressure difference between two PEEP steps
and based on algorithms describing the elastic lung behav-
ior. A weighted composition of two or more indexes, or just
one of them, may be determined to determine the potential
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for lung recruitment of that patient, and to classify the
patient as responder or non-responder. In order to improve
the classification, the indexes may be normalized by equa-
tions of predicted lung volumes such as vital capacity, total
lung capacity, residual capacity, or inspiratory capacity
obtained from human population studies, and/or from
anthropometric measurements of the patient

[0038] FIG. 1 is a schematic diagram of a portion of an
EIT system 100 showing a plurality of electrodes 110
positioned around a region of interest (e.g., thorax) of a
patient 105. The electrodes 110 of conventional EIT systems
100 are typically physically held in place by an electrode
belt 103. The placement of the electrodes 110 is typically
transverse to the cranial caudal axis 104 of the patient.
Although the electrodes 110 are shown in FIG. 1 as being
placed only partially around the patient 105, electrodes 110
may by placed around the entire patient 105 depending on
the specific region of interest available or desired for mea-
surement. The electrodes 110 may be coupled to a comput-
ing system (not shown) configured to control the operation
of the electrodes 110 and perform reconstruction of the EIT
image.

[0039] FIG. 2 is a schematic diagram showing a cross-
section of the thorax of the patient 105 along the plane of the
electrodes. A voltage may be applied to a pair of electrodes
110 (shown by the electrodes having a + and - symbol) to
inject an excitation current into the patient between an
electrode pair. As a result, voltages (e.g., V|, V,, V5 ... V,)
may be detected by the other electrodes and measured by the
EIT system 100. Current injection may be performed for a
measurement cycle according to a circular pattern using
different electrode pairs to generate the excitation current.

[0040] FIG. 3 is a schematic block diagram of an EIT
system 300 according to an embodiment of the disclosure.
The EIT system 300 may include an electrode belt 310
operably coupled with a data processing system 320. The
electrode belt 310 and the data processing system 320 may
be coupled together via a wired connection (e.g., cables)
and/or may have communication modules to communicate
wirelessly with each other. The data processing system 320
may include a processor 322 operably coupled with an
electronic display 324, input devices 326, and a memory
device 328. The electronic display 324 may be constructed
with the data processing system 320 into a singular form
factor for an FIT device coupled with the electrode belt 310.
In some embodiments, the electronic display 324 and the
data processing system 320 may be separate units of the EIT
device coupled with the electrode belt 310. In yet other
embodiments, an EIT system 300 may be integrated within
another host system configured to perform additional medi-
cal measurements and/or procedures, in which the electrode
belt 310 may couple to a port of the host system already
having its own input devices, memory devices, and elec-
tronic display. As such, the host system may have the EIT
processing software installed therein. Such software may be
built into the host system prior field use or updated after
installation.

[0041] The processor 322 may coordinate the communi-
cation between the various devices as well as execute
instructions stored in computer-readable media of the
memory device 328 to direct current excitation, data acqui-
sition, data analysis, and/or image reconstruction. As an
example, the memory device 328 may include a library of
finite element meshes used by the processor 322 to model
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the patient’s body in the region of interest for performing
image reconstruction. Input devices 326 may include
devices such as a keyboard, touch screen interface, computer
mouse, remote control, mobile devices, or other devices that
are configured to receive information that may be used by
the processor 322 to receive inputs from an operator of the
EIT system 300. Thus, for a touch screen interface the
electronic display 324 and the input devices 326 receiving
user input may be integrated within the same device. The
electronic display 324 may be configured to receive the data
and output the FIT image reconstructed by the processor for
the operator to view. Additional data (e.g., numeric data,
graphs, trend information, and other information deemed
useful for the operator) may also be generated by the
processor 322 from the measured EIT data alone, or in
combination with other non-EIT data according to other
equipment coupled thereto. Such additional data may be
displayed on the electronic display 324.

[0042] The EIT system 300 may include components that
are not shown in the figures, but may also be included to
facilitate communication and/or current excitation with the
electrode belt 310 as would be understood by one of
ordinary skill in the art, such as including one or more
analog to digital converter, signal treatment circuits,
demodulation circuits, power sources, etc.

[0043] FIG. 4 depicts a schematic view of system 400 for
determining a patient’s a potential for recruitment of a
patients’ lung capacity (e.g., collapsed parenchyma) during
an alveolar recruitment maneuver (“ARM”). For instance,
FIG. 4 depicts a system 400 for determining if a given
patient is a good candidate for an ARM (e.g., has a relatively
high recruitment potential) or is a poor candidate for an
ARM (e.g., has a relatively low recruitment potential).
Referring to FIG. 4, the system 400 may include a ventilator
system 402, an EIT system 404, and a controller 406 for
operating the system 400 and specifically, the ventilator
system 402, an EIT system 404. The ventilator system 402
and the EIT system 404 are operably coupled to the con-
troller 406.

[0044] In some embodiments, the ventilator system 402
includes a mechanical ventilator 408 that provides respira-
tory support or respiratory assistance to a patient 410. For
instance, the mechanical ventilator 408 may provide a flow
of medical gas, which may include one or more of air,
oxygen, nitrogen, and helium. In some embodiments, the
flow of medical gas may further include additives such as
aerosol drugs or anesthetic agents. The ventilator system 402
may further include a breathing circuit 412, an inspiratory
limb 414, a patient limb 416, and a patient connection 418.
In some embodiments, the mechanical ventilator 408 may
provide a flow of medical gas to the breathing circuit 412
through the inspiratory limb 414, which is connected to an
inspiratory port 420 of the mechanical ventilator 408. The
medical gas may flow (e.g., travel) through the inspiratory
limb 414 and into the patient limb 416 of the breathing
circuit 412. Accordingly, the mechanical ventilator 408 may
provide three medical gas to the patient 410 through the
patient connection 418.

[0045] Expired gases from the patient 410 may be deliv-
ered back to the mechanical ventilator 408 through the
patient connection 418 and the patient limb 416. In some
embodiments, the expired gases may be directed into an
expiratory limb 422 of the breathing circuit 412 via one or
more valves (e.g., check valves). For instance, the ventilator
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system 402 may further include a plurality of check valves,)
which may be placed at various points along the breathing
circuit 412 such as to only permit medical gas flow in a
desired direction along the appropriate pathway towards or
away from the patient 410.

[0046] Additionally, the expired gases may be returned to
the mechanical ventilator 408 through an expiratory port 424
of the mechanical ventilator 408.

[0047] Insome embodiments, the expiratory port 424 may
include a controllable flow valve that is adjustable to regu-
late the pressure within the breathing circuit 412. Adjusting
the flow valve may create a back pressure, which is applied
to the patient 410 during exhalation to create a positive end
expiratory pressure (“PEEP”). Accordingly, the system 400
may include any conventional system for providing PEEP
therapy to a patient 410. Additionally, other systems and
configurations as recognized by one of ordinary skill in the
art fall within the scope of the present disclosure.

[0048] The ventilator system 402 may further include one
or more gas monitoring sensors 426. In some embodiments,
the one or more gas monitoring sensors 426 may be disposed
within the patient connection 418 of the breathing circuit
412. In alternative embodiments, the one or more gas
monitoring sensors 426 may be fluidly connected to any
other component of the breathing circuit 412 or the venti-
lator system 402. In some embodiments, the gas monitoring
sensor 426 may include one or more of a pressure, a flow,
and a gas concentration sensor. As is described in further
detail below, the controller 406 and the mechanical venti-
lator 408 may utilize the one or more gas monitoring sensors
426 to monitor and ultimately, control the operation of the
mechanical ventilator 408 and provide information (e.g.,
feedback to a user (e.g., clinician)). In some embodiments,
the one or more gas sensors 426 may include any conven-
tional gas sensors.

[0049] The EIT system 404 may include any of the EIT
systems described above in regard to FIGS. 1-3 and may
operate according to any of the embodiments described
above. In some embodiments, the EIT system 404 may
include any conventional EIT system. Additionally, as noted
above, the EIT system 404 may be operably coupled to the
controller 406 and may provide information to controller
406 regarding measurements performed by the EIT system
404. In some embodiments, the EIT system 404 may be
completely independent of the ventilator system 402 and
may determine that the PEEP was changed during a maneu-
ver through via a respective pressure sensor operably
coupled to the EIT system 404. In one or more embodi-
ments, the EIT system 404 may also have a respective
electronic display and input devices separate from displays
and/or input devices of the ventilator system 402. Further-
more, the electronic display and input devices of the EIT
system 404 may be utilized to input (e.g., manually input)
information about the PEEP and/or other ventilatory param-
eters.

[0050] The controller 406 may include a processor 428
coupled to a memory 430 and an input/output component
432. The processor 428 may comprise a microprocessor, a
field-programmable gate array, and/or other suitable logic
devices. The memory 430 may include volatile and/or
nonvolatile media (e.g., ROM, RAM, magnetic disk storage
media, optical storage media, flash memory devices, and/or
other suitable storage media) and/or other types of com-
puter-readable storage media configured to store data. The
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memory 430 may store algorithms and/or instructions for
operating the ventilator system 402 and the EIT system 404,
to be executed by the processor 428. For example, the
controller 406 may include the data processing system 320
described above in regard to FIG. 3. In some embodiments,
the processor 428 is operably coupled to send data to a
computing device operatively coupled (e.g., over the Inter-
net) to the controller 406, such as a server or personal
computer. The input/output component 432 can include a
display, a touch screen, a keyboard, a mouse, and/or other
suitable types of input/output devices configured to accept
input from and provide output to an operator.

[0051] Referring still to FIG. 4, as is described in greater
detail below in regard to FIGS. 5-13, the system 400 may
utilize the ventilator system 402 to apply levels of PEEP to
a patient in determining a potential for recruitment value of
a patients” lung capacity (e.g., collapsed parenchyma) dur-
ing an RAM. PEEP increases a base line pressure within the
patient’s respiratory system such that natural exhalation by
the patient maintains a higher airway pressure than respira-
tion without PEEP therapy. Conventional PEEP pressures
range up to 40 cm H20, although higher PEEP pressures
may also be used. High PEEP refers to PEEP therapy applied
above 10 cm H20, and more specifically, 10-30 cmH,O.
Low PEEP refers to PEEP pressures below 10 cm H20 and
which are often applied at 5-8 cm H20.

[0052] In some embodiments, the effects of applying
PEEP to a patient are measured by measuring a volume of
the patient’s lungs in response to the application of PEEP.
After PEEP application, the volume of the patient’s lungs is
measured as the end expiratory lung volume (EELV) and is
measured for a particular PEEP pressure applied to the
patient. In some embodiments, EELV is measured at zero
PEEP (“ZEEP”). The measurement of EELV at ZEEP is
referred to herein as functional residual capacity (FRC) and
is a measurement of the volume of air that remains in the
lungs at the end of natural expiration. In some embodiment,
when utilizing the EIT system 404 to measure and/or deter-
mine EELV, the FRC can, in some instances, be considered
to be zero such that the FRC does not affect certain calcu-
lations. In view of the foregoing, EELV is FRC plus lung
volume increased by the applied PEEP.

[0053] Increases in EELV associated with the application
of PEEP come from two physiological sources. A first
physiological source of volume increase results from the
application of additional pressure on the lung tissue. Apply-
ing additional pressure on lung tissue causes the lungs and
already-opened alveoli to distend (e.g., swell due to pressure
inside the lungs), creating more lung volume. Distending the
lungs presents risks to a patient in the form of volutrauma
(i.e., local over distention of normal alveoli), which damages
the lungs. Volutrauma can result in medical complications
with the patient similar to Acute Respiratory Distress Syn-
drome (ARDS). A second physiological source of increased
lung volume is the “recruitment” of alveoli in a process
known as “pop-open,” where an internal volume of one
alveolus suddenly jumps from a zero volume (e.g., col-
lapsed) to a volume attained by neighboring alveoli (e.g.,
neighboring units). As is known in the art, alveoli are the air
sacs within the lungs that promote gas exchange with a
patient’s blood. Some alveoli, particularly diseased or dis-
tressed alveoli, collapse when the pressure within the lungs
falls too low, with the alveoli (e.g., unit) attaining or
reaching a zero volume. Applying PEEP to a patient (e.g.,
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applying a PEEP therapy) can maintain a minimum airway
pressure within the lungs and, in some instances, cause
alveoli (e.g., collapsed alveoli) to remain open.

[0054] The alveoli can only generate some gas exchange
when the alveoli are open. Therefore, in order to maintain
some gas exchange when PEEP is insufficient, there is a
need of higher driving inspiratory pressure to hyperventilate
the already opened alveoli in order to compensate for the
lack of function of the closed alveoli (e.g., units). Increased
respiratory force causes greater distension on the remaining
open alveoli, which may result in further damage to the lung
tissue. In contrast, when PEEP is sufficient, the gas exchange
is shared among most alveoli (e.g., units), which decreases
the driving inspiratory pressure and, in some instances, lung
damage. The recruitment of alveoli, therefore, also increases
EELV, which correspond to the extra-volume generated by
the pop-open of multiple alveolar units. The extra-volume
created by opened alveolar units is known as the volume-
gain (or vertical displacement in a pressure-volume plot) of
the lung at a certain pressure. In a graph having two
pressure-volume plots representing lung inflation with a first
plot representing the inflation of the lung in a case of no
recruitment, and with a second plot representing the condi-
tional inflation of the lung when lung alveoli (e.g., units)
were opened since a beginning of inflation, a vertical dis-
tance between the two curves (see FIGS. 7 and 8) represents
a volume-gain caused by recruitment.

[0055] FIG. 5 is a flow chart of a method 500 of deter-
mining a potential lung recruitment value (referred to here-
inafter a “potential recruitment value” or “PRC”). As used
herein, the phrase “potential recruitment value” may refer to
percentage of a total lung mass (or volume) that is deter-
mined to be effectively recruitable during an ARM. As is be
described herein, the PRC is determined using both the EIT
system 404 and the ventilator system 408, as depicted in
FIGS. 1-4.

[0056] In some embodiments, the method may include
applying a sequence of PEEPs to the lungs (e.g., at least one
lung) of a patient, as shown in act 505 of FIG. 5. FIGS. 6A
and 6B are referred to in describing act 505 of FIG. 5. FIG.
6A shows a graph 600 representing a sequence of PEEPs
applied to and/or measured from the lungs of a patient over
time, and FIG. 6B shows a graph 602 representing an EIT
plethysmograph measured over time. The EIT plethysmo-
graph of FIG. 6B was collected simultaneously to the airway
pressures of FIG. 6A, during the ascending and descending
PEEP steps utilized to assess recruitability of alveoli and/or
the potential for lung recruitment. In particular, as is dis-
cussed in greater detail below, the plethysmograph repre-
sents a sum of the underlying impedance of pixels of an
entire EIT image or a certain region of interest of the lungs
within an EIT image. In some embodiments, the PEEPs may
be determined (e.g., measured or collected) from a pressure
sensor proximate to an entrance of the endotracheal tube of
the patient. The graphs 600, 602 of FIGS. 6A and 6B may
be constructed from each pixel within the EIT image. In
some embodiments, the graphs 600, 602 may represent a
certain region of interest of a lung and/or lungs. In other
embodiments, the graphs 600, 602 may represent the entire
lung. Furthermore, each pixel of the EIT image results in a
particular plethysmogram because of the particular proper-
ties of the region of the lungs represented by the pixel.
[0057] Referring to FIGS. 5-6B together, in one or more
embodiments, applying a sequence of PEEPs to the lungs of
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a patient may include applying a plurality of sequential
PEEPs to the patient where the PEEPs increase or decrease
relative to a previously applied PEEP. For instance, in the
example depicted in FIGS. 6A and 6B, an amount of PEEP
was increased for four steps (e.g., steps 1-4) (e.g., four
increasing levels of PEEP were applied) followed by four
steps of decreasing amounts of PEEP (i.e., decremental
PEEPs). As is discussed in greater detail below, applying at
last one level of decremental PEEP enables a better estimate
of a factor K, which is utilized in determining predicted-
compliance values of the lungs or a predicted-volume values
of the lungs at a future PEEP level for the patient. In the
example depicted in FIGS. 6A and 6B, PEEP was increased
from about 10 emH,0 to about 30 cmH,O through steps 1-4,
and then the PEEP was deceased stepwise back to 10
cmH,O through steps 5-8. The sequence of PEEPs may be
applied via any of the manners described above in regard to
FIG. 4 and ventilator system 408 of the system 400. Addi-
tionally, the sequence of PEEPs may be applied manually,
with the controller 406 (FIG. 4) or the EIT system 404
detecting changes in PEEP automatically. Thus, the
sequence of PEEPs may be applied via any conventional
manner known in the art for applying PEEP therapy.

[0058] Insome embodiments, a first PEEP of the sequence
of PEEPs may be different from a second PEEP of the
sequence of PEEPs. Furthermore, in one or more embodi-
ments, the second PEEP may be an increased PEEP relative
to the first PEEP, and a third subsequent PEEP may be a
decreased PEEP relative to the second PEEP.

[0059] In one or more embodiments, the method 500 may
further include measuring an end expiratory lung impedance
(“EELZ”) of the lungs of the patient at each PEEP of the
sequence of PEEPs, as shown in act 510 of FIG. 5. In some
embodiments, measuring an EELZ of the lungs of the patient
at a given PEEP may include determining an impedance
value represented in EIT images of the lungs of the patient.
Furthermore, the EELZ may be representative of an end
expiratory lung (“EELV”). For instance, the EELV of the
lungs may be determined based on (e.g., from) the measured
EELZ of the lungs. As will be appreciated in view of the
present disclosure, in some embodiments, act 510 may
include determining an EELZ of just a region (e.g., at least
one region. a region of interest, etc.) of a lung of the patient.
In some embodiments, act 510 may further include directly
determining and/or measuring an EELV of the lungs of the
patient at a given PEEP of the sequence of PEEPs via the one
or more gas monitoring sensors 426 described above in
regard to FIG. 4. For instance, the one or more gas moni-
toring sensors 426 may include one or more of a volumetric
sensor, a flow sensor, a pressure sensor, a concentration
sensor, or any combination thereof. Furthermore, the EELY
may be measured and/or determined via a variety of meth-
ods including body plethysmography, helium dilution, inert
gas-wash out techniques, or any other conventional method
known in the art.

[0060] Referring to FIGS. 5-6B together, as is demon-
strated in FIGS. 6A and 6B, between steps 1 and 7, which
are at a same airway pressure (i.c., PEEP), a baseline 604
amount of air remaining in the lung during end-expiration,
1.e., the EELYV, increased. The increased baseline amount of
air is measured by a change in baseline impedance ((AZ),
which may be measured or represented in milliliters of air
depending on calibration procedures), despite the applica-
tion of the same PEEP level before and after the steps 1 to
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7. Furthermore, the increase baseline amount of air indicates
that at least some alveoli were recruited between steps 1 and
7. Furthermore, as indicated in FIGS. 6A and 6B, amplitudes
of the later pulses of inspiratory driving-pressures indicated
in the EIT plethysmogram having the same PEEP levels as
earlier pulses of inspiratory driving-pressure indicate that
the compliance of the lungs (i.e., an ability of the lungs to
stretch and expand) of the patient is higher at the later pulses
of inspiratory driving-pressures. For example, the patient is
receiving a higher tidal volume at the later pulses of inspira-
tory driving-pressures, indicating that a larger number of
alveolar units are recruited and expanding during inspiration
in response to the inspiratory pressures.

[0061] In some embodiments, an EELZ may be deter-
mined and/or measured for a first PEEP of the sequence of
PEEPs, and an EELZ may be determined and/or measured
for a second PEEP of the sequence of PEEPs applied to the
patient. Furthermore, an EELZ may be determined and/or
measured for a third, fourth, fifth, sixth, seventh, eight or any
number of subsequent PEEPs applied to the patient.
[0062] Referring to FIG. 5, the method 500 may further
include determining (e.g., calculating) changes in EELZ
between applied PEEPS of the sequence of applied PEEPs,
as shown in act 515 of FIG. 5. For instance, act 515 may
include determining a change in EELZ between a first
applied PEEP and a second subsequently applied PEEP (e.g.,
calculating the difference between a first EELZ and a second
EELI). In some embodiments, the change in EELZ may be
determined from EIT images generated at each PEEP of the
sequence of applied PEEPs (discussed in greater detail in
regard to act 520 of FIG. 5). The change in EELZ may be
representative of a change in EELV. For instance, in some
embodiments, the method 500 may further include deter-
mining a change in EELV based on the change in EELZ.
[0063] In some instances, the first applied PEEP and the
second applied PEEP may be immediately sequential to each
other. For instance, the first applied PEEP may be applied in
step 1, as depicted in FIGS. 6A and 6B, and the second
applied PEEP may be applied in step 2, as depicted in FIGS.
6A and 6B. In other embodiments, the first applied PEEP
and the second applied PEEP may be separated by at least
one other application of a PEEP. In some embodiments, the
first applied PEEP and the second applied PEEP may be at
least substantially the same amount of applied pressure (e.g.,
steps 1 and 7 of FIGS. 6A and 6B). In such instances, the
first applied PEEP and the second applied PEEP may have
at least one application of an increase in PEEP between the
first applied PEEP and the second applied PEEP.

[0064] In one or more embodiments, the method 500 may
further include determining a chord-compliance (or pres-
sure-volume relationship) of the lungs (e.g., at least one
region of a lung) of the patient at each applied PEEP of the
applied sequence of PEEPs, as shown in act 520 of FIG. 5.
In some embodiments, the act 520 may include obtaining an
EIT image of at least a portion of the Iungs of the patient at
each applied PEEP of the sequence of applied PEEPs. For
example, act 520 may include generating (e.g., reconstruct-
ing) EIT images via any of the manners described above in
regard to FIGS. 1-3 and utilizing any of the EIT systems
described above in regard to FIGS. 1-4.

[0065] In some embodiments, act 520 may include deter-
mining a chord-compliance of the lungs of the patient on a
pixel by pixel level. For instance, act 520 may include
determining a chord-compliance indicated by each pixel of
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each generated EIT image based at least partially on the
impedance indicated by each pixel of each generated EIT
image.

[0066] Referring to FIGS. 5-6B together, the EIT plethys-
mograph includes a waveform that is derived from a sum of
all pixels within a given region of interest of an EIT image
(or the entire EIT image) (frame) plotted against time. In
particular, the EIT plethysmograph represents an amount of
air that moves in and out of the region of interest (referred
to as tidal oscillation (AZ,)). The tidal oscillation (AZ ) in
the EIT plethysmograph correlates to a change in lung
volume estimated by computerized tomography. Addition-
ally, the determined change in EELVs (acts 510 and 515)
correlates to the change in end-expiratory lung impedance
(EELZ) demonstrated in the generated EIT images. Thus,
the generated EIT images indicate changes in pulmonary
aeration (via AEELZ) caused by, for example, position
changes or PEEP adjustments and/or changes.

[0067] In view of the foregoing, the EIT images are a
representation of the tidal changes in impedance pixel by
pixel. In other words, the EIT images represent a color map
of the pixel wise AZ (e.g., AZ,). Accordingly, based on the
EIT images, a distribution of ventilation in given direction
(e.g., ventral-to-dorsal direction) for a given PEEP can be
determined. Furthermore, based on the pixel wise AZ, at
each PEEP step, a compliance can be calculated from an
amount of air entering the lungs (A7) and the difference
between a plateau pressure (P,;,,.,,) and the applied PEEP
(e.g., an elastic pressure of the lungs). For instance, because
the plateau pressure (P,,,.,,) and the applied PEEP can be
substituted for inspiratory and expiratory alveolar pressures
at zero flow, a compliance of each EIT image pixel can be
estimated as:

) AZ M
Compll
omp mncepi”l = m’
plateau

[0068] Based on the determined compliance of each pixel,
a sum of the determined compliances of each pixel of a
given EIT image yields an overall compliance of the image
(e.g., an overall compliance of the lungs of the patients at a
given PEEP). Likewise, a sum of the determined compli-
ances of each pixel within a region of interest of an EIT
image yields an overall compliance of the region of interest.
[0069] Moreover, the method 500 may include calculating
a first index representing a change in EELZ in the Iungs of
the patient based on a chord compliance and/or an overall
compliance determined in act 520, as shown in act 525 of
FIG. 5. For instance, act 525 may include calculating an first
index (e.g., a value and/or continuous variable) representing
the change in EELZ in at least one region of a lung of the
patient that is “above-predicted” or “below-predicted” based
on a first chord-compliance (a pressure-volume relationship)
observed during a first given applied PEEP. For example, the
first index may be at least partially representative of how far
above or how far below the change in EELZ is relative to a
predicted change in EELZ for given alveolar pressure. The
first index, the change in EELZ, and procedures for deter-
mining the change in EELZ is described in greater detail
below in regard to, for example, FIGS. 7-9.

[0070] Additionally, the method 500 may include deter-
mining a change in chord-compliance and/or overall com-
pliance (e.g., a change in lung compliance), as shown in act
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530. For instance, act 530 may include determining a change
in chord-compliance of the lungs of a patient and/or detet-
mining a change in chord-compliance of a region of interest
of the lungs of the patient. For instance, act 530 may include
determining a change in a chord-compliance (or a pixel
compliance) between a first applied PEEP and a second
subsequently applied PEEP (e.g., calculating the difference
between a first determined chord-compliance and a second
determined chord-compliance).

[0071] Furthermore, the method 500 may include calcu-
lating a second index (e.g., a value) representing the deter-
mined change in chord-compliance in the lungs of the
patient (e.g., at least one region of a lung of the patient), as
shown in act 530a of FIG. 5A. Additionally, act 530a may
include calculating a second index that is “above-predicted”
or “below-predicted” based on the pressure difference
between the first applied PEEP and the second subsequently
applied PEEP and based on algorithms describing the elastic
lung behavior, such as any of the equations described below
in regard to FIGS. 7-14. For example, the second index may
be at least partially representative of how far below or how
far above the change in compliance is relative to a predicted
change in compliance for given alveolar pressure. The
second index, the change in compliance, and procedures for
determining the change in compliance is described in greater
detail below in regard to, for example, FIG. 10.

[0072] In some instances, the first applied PEEP and the
second applied PEEP may be immediately sequential to each
other. For instance, the first applied PEEP may be applied in
step 1, as depicted in FIGS. 6A and 6B, and the second
applied PEEP may be applied in step 2, as depicted in FIGS.
6A and 6B. In other embodiments, the first applied PEEP
and the second applied PEEP may be separated by at least
one other application of a PEEP.

[0073] Furthermore, the method 500 may include deter-
mining an amount of alveoli (e.g., a volume of the lungs)
recruited by applying the sequence of PEEPs (i.e., PEEP
therapy), as shown in act 535 of FIG. 5. Furthermore, as will
be discussed in greater detail in regard to FIGS. 7-15, act
535 of FIG. 5 may include normalizing the first and second
indexes (e.g., the values and/or continuous variables consti-
tuting the first and second indexes) representing the deter-
mined change in EELZ and the determined change in
compliance, as shown in act 540 of FIG. 5 and applying
weights to (e.g., weighting) the first and second indexes
representing the determined change in EELZ and the deter-
mined change in compliance and measurements of compli-
ance and EELI as shown in act 545 of FIG. 5. Applying the
weights to the first and second indexes is described in greater
detail below in regard to FIG. 15. In some embodiments,
acts 540 and 545 of FIG. 5 may be independent of act 535.
Furthermore, in some embodiments, act 535 may be optional
and may not be required in every embodiment.

[0074] FIG. 7 shows a graph of the lung volume of the
patient (y-axis) determined from an EIT plethysmograph
(e.g., the plethysmograph of FIG. 6B) plotted against a
determined (e.g., calculated) alveolar pressure (x-axis).
Referring to FIGS. 5 and 7 together, each segmented line
connects (e.g., extends between) points representing a
moment of end-expiration and a moment of end-inspiration
at each step of applied PEEP and represents a chord com-
pliance (AV/AP) of the lungs of the patient that links an
end-expiratory pressure-volume to end inspiratory pressure-
volume at a given applied PEEP. The sequence of applied
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PEEPs in the example of FIG. 7 corresponds to FIG. 6B.
Continuous line 701 (corresponding to step 0) represents a
moment of PEEP=10 cmH,0 with inspiratory alveolar pres-
sures of 20 cmH,O. Dashed line 702 represents an extrapo-
lation of the continuous line 701 to higher pressures. The
dashed line 702 may be extrapolated via, for example, linear
extrapolation, exponential extrapolation with downward
concavity, etc. Dashed line 702 represents predicted lung
volumes for a given alveolar pressure. Arrow 703 represents
an EELV (and as a result an EELZ) gain “above-predicted”
within the lung caused by alveolar recruitment. Furthermore,
a vertical distance (indicated by arrow 703) between steps of
the same applied PEEP (e.g., steps 1 and 7, which have the
same PEEP of 15 ¢mH,0) is proportional to a recruited
volume (volume-gain) of the lungs at this respective pres-
sure. In some embodiments, additional plots and/or curves
such as those depicted in FIG. 7 may be plotted for at least
one region of interest of a lung (e.g., for just one region of
interest of a lung) of the patient or individually for each pixel
of an EIT image generated for a given applied PEEP, where
the y-axis is a volume change in the region of interest or
pixel. In FIG. 7, the origin of the y-axis is zero, representing
a functional residual capacity for a given individual at a first
PEEP step.

[0075] In some embodiments, the volume of the patient’s
lungs may be determined by converting the captured EIT
signals of the EIT images into volume in millimeters via
conventional calibration methods.

[0076] However, referring still to FIGS. 5 and 7 together,
unlike conventional methods of determining a recruited
volume of lungs of a patient, the system and methods
described herein account for the occurrence that a similar
number of alveoli may be represented by different vertical
distance (e.g., differences in volume) depending on the
amount of applied PEEP. For instance, a same number of
recruited alveoli may be indicated by a relatively larger
vertical distance (e.g., change in volume between applied
PEEPs) at a relatively higher applied PEEP and by a
relatively smaller vertical distance (e.g., change in volume
between applied PEEPs) at a relatively lower applied PEEP.
For instance, referring to FIG. 8, which shows a graph of a
number of recruited alveoli at a first PEEP, and at a second
PEEP,, because PEEP; is greater than PEEP, the vertical
distance (e.g., the volume-gain between applied PEEPs) is
larger at PEEP;. In particular, FIG. 8 shows exponential
pressure-volume curves representing simulated lung infla-
tion when all lung alveoli (e.g., units) are already recruited
at a start of inflation. For the sake of simplicity, the repre-
sented lung has only includes two units. The dashed line 801
represents a case where one lung unit was recruited after the
beginning of lung inflation, and the solid line 802 represents
the case where two lung units were recruited after the
beginning of lung inflation. The shadowed zones 805 rep-
resent tidal-oscillations in alveolar pressures during the first
step with PEEP,, (around 10 cmH,0) and the second step
with PEEP (around 20 cmH,0).

[0077] To calculate the chord compliance at a certain
PEEP step, the slope of the portions of the exponential
functions within the shadowed zones is measured. The
arrows 803 represent the volume-gain “above-predicted” for
a patient starting inflation with one unit recruited, and
subsequently having another unit recruited. When no
recruitment occurs, the “predicted-volume” is the volume
predicted by the exponential curve at a higher pressure (next
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PEEP step), which can be approximated by a line with same
slope of the chord compliance when the PEEP steps are
close enough. As shown in FIG. 8, volume gain is larger at
higher pressure following a relationship that can be calcu-
lated (and accounted for) according to one of the embodi-
ments of the present disclosure. In particular, the method
500 may include adjusting the values of PEEP by, for
example, fitting the applied PEEPs to a linear function or
exponential function. For instance, the method 500 may
include fitting the applied PEEPs to the following function:

Volumeggy, at PEEP; @

%Recruitment= ————————
FVCragicrea * (1 — e7K8)

where Volume,,;, represents the volume gain observed at
PEEP=B, (e.g., between steps 1 and 7), FVC,, . scrap
represents the predicted force vital capacity obtained via
conventional formulas and methods of pulmonary function
tests after accounting for the patient’s individual anthropo-
metric measurements (e.g., sex, height, weight, and race),
and K is the constant described in regard to FIGS. 8-10
herein and defining the specific hyper-elastic behavior of the
lung and chest-wall during inflation. Value K can be fixed
(e.g. 0.06), or can be measured for the same individual,
during decremental PEEP steps.

[0078] Additionally, method 500 (e.g., act 535) of FIG. 5§
may include converting a determined recruited volume of
the lungs of the patient into a percentage of recruited lung
mass and/or units. In particular, the method 500 may include
determining changes in chord-compliance between steps
applying the same PEEP by estimating a weighted sum of C,
(pixel compliance) for each step of applying PEEP=B. In
estimating the weighted sum of Cp, it is assumed that C_zzp
(chord compliance at ZEEP) is a function of a size of the
patient, which can be related to the predicted forced vital
capacity according to the formulas below:

Cg= CZEEP*EJ(B 3

Creep ) #

FVCyredicted = ( %

where C;, represents the chord-compliance (of a respiratory
system) measured at PEEP=B and using a relatively small
tidal volume (e.g., smallest possible tidal volume), C,zzp
represents the chord-compliance (of the respiratory system)
measured at zero end expiratory airway pressure (ZEEP) and
using the relatively small tidal volume (e.g., smallest pos-
sible tidal volume), and K is the constant described herein in
regard to FIGS. 8-10 herein, defining the specific hyper-
elastic behavior of the lung and chest-wall during inflation.
Value K can be fixed (e.g. 0.06), or can be measured for the
same individual, during decremental PEEP steps.

[0079] Moreover, by measuring the chord-compliance
(C,) at any PEEP level=A, the expected chord-compliance
Cj at PEEP=B is predictable by using the formula shown
below, which is derived from equations 3 and/or 4 above:

C=CpHe XED Q)

[0080] FIG. 9 shows a graph of simulated lung inflation
including volume of lungs plotted against applied PEEPs.
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FIG. 9 further includes equations representing dashed infla-
tion line 901 and solid inflation line 902, where V represents
the lung volume as a certain alveolar pressure p, V,,..
represents an asymptotic maximum lung volume at an
infinite alveolar pressure, and value K is the constant defin-
ing the hyper-elastic behavior of the lung and chest-wall
during inflation. Unlike a linear model of inflation, the
elasticity of the lung and chest decreases at higher pressure
according to the shown exponential functions and the value,
K. The shown exponential functions are validated in physi-
ological studies of humans as shown in Knudson R I,
Kaltenborn W T. Evaluation of lung elastic recoil by expo-
nential curve analysis. Respir Physiol. October; 46(1):29-42,
the disclosure of which is incorporated in its entirety refer-
ence herein. However, the exponential functions of FIG. 9
are adjusted to represent the behavior of the lung plus
chest-wall together. Additionally, the lung volume at the
origin of the graph is assumed to be the functional residual
capacity (FRC) at zero-PEEP.

[0081] The methods described above in regard to FIGS.
5-9 provide advantages over conventional methods because
V243 can be approximated to total lung capacity (“TLC”) or
to vital Capacity (“FVC”) when the origin of the graph is
assumed to be the residual volume of the lung. As is known
in the art, the FVC can be predicted via conventional
equations extracted from human populations and using
anthropometric information from the patient, such as, age,
height, sex, weight, and/or race. Thus, by knowing the
predicted FVC for a patient, the FVC can be compared to the
observed-volume-gain “above-predicted” during a sequence
of PEEP steps. After extrapolating the observed-volume-
gain to an infinite alveolar pressure (using the same expo-
nential functions), the method 500 may include calculating
the ratio between this asymptotic-volume-gain and the
asymptotic V,,,,, which represents the percentage of lung
units that were recruited from PEEP, to PEEP.

[0082] FIG. 10 shows a graph of calculated lung compli-
ances plotted against applied PEEPs utilizing the same
simulated lung model with only two units, as represented
and described in regard to FIGS. 8 and 9. In FIG. 10, the
chord compliance represents a derivative of the exponential
fanctions describing lung and chest-wall inflation discuss
above in regard to FIGS. 8 and 9. In view of the foregoing,
the compliance at a certain pressure (PEEP) can be calcu-
lated according to the following equation:

Cp=Cogpp*e™® (6

where Cj represents the chord compliance (of respiratory
system) measured at PEEP=B and using a relatively small
tidal volume (e.g., smallest possible tidal volume), C,zzp
represents the chord compliance (of the respiratory system)
measured at zero end expiratory airway pressure (ZEEP) and
using the relatively small tidal volume (e.g., smallest pos-
sible tidal volume), and K is the constant described herein in
regard to FIGS. 8-10, defining the specific hyper-elastic
behavior of the lung and chest-wall during inflation. Value K
can be fixed (e.g. 0.06), or can be measured for the same
individual, during decremental PEEP steps.

[0083] The methods described in regard to FIG. 10 are
advantageous over conventional methods because, after the
constant K is determined, and the compliance Cz, mea-
sured at PEEP=0, the expected compliance at any other
pressure can be predicted which enables a determination as
to whether an observed change in compliance is “above-
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predicted” (i.e., above the predicted compliance) or “below-
predicted” (i.e., below the predicted compliance). Addition-
ally, a decrease in chord compliance should be expected
from an increase in PEEP. However, if the determined
change in compliance is “above-predicted” (i.e. the decrease
is less than expected), the change in compliance indicates
lung recruitment. Conversely, if the determined change in
compliance is “below-predicted,” the change in compliance
indicates derecruitment.

[0084] Moreover, by measuring the chord-compliance
(C,) at any PEEP level=A, the expected chord compliance
C, at PEEP=B can be predicted using the formula below,
which is derived from the equation above.

Cy=Cpre XED )

[0085] Moreover, in view of the exponential relationships
described above, the predicted FVC is related to a predicted
chord-compliance at ZEEP, according to the following equa-
tion:

Cregp ®

FVCyredicted = X

where FVC,,, ;.rq is the predicted forced-vital-capacity,
Cpzp 18 the predicted chord-compliance when PEEP=0, and
K is the constant described herein in regard to FIGS. 8-10,
defining the specific hyper-elastic behavior of the lung and
chest-wall during inflation. Value K can be fixed (e.g. 0.06),
or can be measured for the same individual, during decre-
mental PEEP steps.

[0086] Utilizing the equations described above, the com-
pliance (e.g., observed compliance) can be measured at a
certain PEEP, predicted at PEEP=0, and related to the
predicted compliance at zero PEEP (C,zp) utilizing con-
ventional equations related to FVC.

[0087] Referring still to FIGS. 5, 9, and 10 together, factor
K can be extracted by assuming that typical aerated paren-
chyma (relatively large number of alveoli) obey an expo-
nential inflation according to the equations indicated in FIG.
9. Furthermore, it is assumed that along the curves repre-
sented by the equations indicated in FIG. 9, given a first
PEEP (e.g., 10 cmH,0) along both curves and a second
PEEP (e.g., 20 cmH,0) along both curves, a compliance of
a first curve at the first PEEP divided by a compliance of the
first curve at the second PEEP is always equal to a compli-
ance of a second curve at the first PEEP divided by a
compliance of the second curve at the second PEEP (e.g.,
C,/C,, of the first curve is equal to C,/C,, of the second
curve).

[0088] Based on the foregoing, lung compliance of nor-
mally aerated parenchyma can be demonstrated to obey an
exponential decay along increasing PEEP levels according
to the equations indicated in FIG. 10. Furthermore,
Cp=Cpppe™ is shown to be an invariant property in FIG.
10. Additionally, factor K is extracted by assuming that,
once open, the parenchyma obeys the equations indicated in
FIGS. 9 and 10. Furthermore, collapsed lung tissue repre-
sents some lung units that are excluded from the exponential
inflation. The collapsed lung tissue remains closed, causing
a decrease in potential V, ., (FIG. 9). For example, if half
of the units of a lung are closed at a PEEP of 40cmH,0, the
lung inflation can be predicted as V=V, /2%(1-¢7).
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[0089] FIG. 11 shows simulated pressure-volume relation-
ships during lung inflation while modeling a lung with
multiple compartments in which each compartment behaves
like simpler models (e.g., the models described above in
regard to FIGS. 8-10). However, the simulated pressure-
volume relationships demonstrated in FIG. 11 are based on
the units (e.g., all units) being closed at the origin when
airway pressures are zero. As shown in FIG. 11, even if each
compartment obeys an exponential inflation (once
recruited), the sequential recruitment of lung units at differ-
ent airway pressures produces a sigmoidal pressure-volume
relationship for the whole lung inflation (black thick line),
because the recruitment of each unit produces sequential and
small “volume-gains” as indicate in by the arrow 803 of
FIG. 8. Thus, even for patients with lungs typically present-
ing sigmoidal pressure-volume relationships, the models and
equations described herein to calculate the volume gain
remain accurate. When performing the maneuvers described
in the present disclosure, the chord-compliance during
PEEP,, can be represented by the slope of the segment 1101
and the chord compliance during PEEPy is represented by
the slope of the segment 1102. Additionally, the slope of the
segment 1102 represents the predicted-compliance at PEEP,
if no recruitment has occurred. As shown, the higher slope
of the segment 1103 in comparison to the theoretical slope
of the segment 1102 (the predicted one) indicates that there
was relatively large amounts of recruitment of new lung
units.

[0090] FIG. 12 shows a function defining a probability or
frequency of occurrence of derecruitment of the lungs of a
patient. For this example, the threshold opening pressures
are set and simplified as 40 cmH,O for the entire lung. For
instance, there is no tidal recruitment if plateau pressures do
not reach 40 cmH,0. The foregoing simplification remains
accurate when applying to low tidal volumes. In particular,
FIG. 12 represents, mathematically, the derivative of the
sigmoidal curves shown in FIG. 11.

[0091] The sigmoidal curves of FIG. 11 represent a com-
position of exponential curves, in which a lung size is
progressively larger (i.e. progressively moving (e.g., jump-
ing) to an upper exponential curve) when an applied PEEP
is above a threshold closing pressure of parenchyma. Fur-
thermore, the sigmoid curves of FIG. 11 assume that a
currently applied PEEP is applied after a recruitment maneu-
ver occurred that exceeded 40 cmH,O. A low probability of
derecruitment at very low (around zero) or at very high
pressures (around 20cmH,O with the peak probability
occurring at 10 cmH,0) cause the sigmoid shape of the
derecruitment curve with a maximum slope at 10 cmH,O.
The maximum slope at 10 ¢cmH,O indicates a relatively
large derecruitment is expected around this 10 emH,0).
[0092] Referring to FIGS. 5-12 together, the foregoing
demonstrates that if an applied PEEP is kept at a same value
before and after a recruiting maneuver, a percent increase in
compliance (i.e., a percentage of the predicted value) is
proportional to a gain in the percent mass of aerated-lung
tissue (e.g., recruited amount of lung). Furthermore, the
foregoing shows that a percent-mass of the ventilated lung
is proportional to the percent-number of ventilated lung
units, and that the percent-number of ventilated lung units is
proportional to the compliance of respiratory system.
[0093] Insome embodiments, a percentage of the mass or
a number of units recruited by applying the sequence of
PEEPs to the lungs of the patient is determined the equations
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described above in regard to FIGS. 5-12. Furthermore, in
some embodiments, the first and second indexes may be at
least partially determined via the equations described above
in regard to FIGS. 5-12. For instance, the above-described
calculations, which are based on the change in end expira-
tory lung volume and the change in chord-compliance (e.g.,
the first and second indexes), may indicate that a certain
percentage of the lungs was recruited during the application
of the sequence of PEEPs. For example, the recruited
percentage may be between 0 and 5%, 5% and 10%, 10%
and 20%, or over 20%.

[0094] The recruited percentage may indicate whether that
the collapsed parenchyma of the lungs exhibit a relatively
low threshold opening pressure. For instance, the recruited
percentage may indicate that the collapsed parenchyma of
the lungs exhibit a threshold opening pressure of less than 50
cmH,0. Having a threshold opening pressure of less than 50
cmH,O suggests that the cost (e.g., risk of hemodynamic
impairment and barotrauma) of a recruitment maneuver is
relatively low when compared to the benefits (e.g., relatively
large reduction in driving pressures, pulmonary shunt, and
dead space) after a recruiting maneuver.

[0095] As mentioned above, in some embodiments, act
535 may include applying weights to the values (e.g., the
first and second indexes) representing the determined
change in EELZ and the determined change in compliance
and measurements of compliance and EELI, as shown in act
545 of FIG. 5. Applying the weights to the first and second
indexes is described in greater detail below in regard to FIG.
15.

[0096] The method 500 may further include, based on the
normalized and/or weighted first and second indexes, deter-
mining a potential lung recruitment value for the patient, as
show in act 550 of FIG. 5. Furthermore, act 550 may include
determining a threshold value and classifying the patient as
a responder (e.g., an individual that would respond well to
a recruitment maneuver) of a non-responder (e.g., an indi-
vidual that would not respond well to a recruitment maneu-
ver) based on the threshold value. FIGS. 13 and 14 are
referred to in conjunction with FIG. § to describe the
procedures and methods of determining the potential lung
recruitment value. FIGS. 13 and 14 show graphs represent-
ing two different individuals, the first with a normal lung and
PEEP=10 ¢cmH,0O and with very small recruitable lung
tissue (i.e., no lung collapse when starting the maneuver),
compared with the second who had a lung injury and has a
relatively large potential for recruitment. The graphs were
determined utilizing at least some of the methods described
above in regard to FIG. 7.

[0097] In the upper panels of FIGS. 13 and 14, the
pressure-volume relationships during the PEEP step maneu-
vers are represented where the lung volume is calculated
from a generated EIT plethysmogram (e.g., the EIT plethys-
mograms described above in regard to FIGS. 6A and 6B).
The volumes are plotted against the calculated alveolar
pressure. Each line connects (e.g., extends between) points
representing a moment of end-expiration and a moment of
end-inspiration at each step of applied PEEP and represents
a chord compliance (AV/AP) of the lungs of the patient that
links an end-expiratory pressure-volume to end inspiratory
pressure-volume at a given applied PEEP. The sequence of
PEEP steps is represented by different segments, ranging
from PEEP ,=12cmH,O to PEEP;=40cmH,0. The slope of
each segment represents the chord compliance at each PEEP
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step. The segments present minimum vertical displacement
in FIG. 13 (i.e., no volume gain “above-predicted,” accord-
ing to an exponential lung inflation), but the segments
present a large vertical displacement in FIG. 14.

[0098] Additionally, the slopes of the segments markedly
decrease along increasing pressures in FIG. 13, whereas the
slopes are similar to each other in FIG. 14. The foregoing
indicates that the slopes decreased according to an expo-
nential decay in the first case, whereas the slopes remained
“above-predicted” at higher pressures in the second case.
Thus, the first and second indexes of lung recruitment were
coherent, which indicates a non-responder in FIG. 13 and a
responder in FIG. 14. The lower panels in each of FIGS. 13
and 14 show the evolution of the indexes for lung recruit-
ment according to one or more embodiments of the present
disclosure along the PEEP steps (shown in the x-axis). The
horizontal solid lines represent the predicted FVC according
to the anthropometric data from the patient assigned as
100%.

[0099] Referring still to FIGS. 13 and 14, at each new
PEEP level, the volume-gain “above-predicted” (e.g., the
first index) is calculated (upper stepped line 1302a, 13025),
and, after a sequence PEEPs, if this volume-gain approaches
the FVC, the index reaches 100%. Simultaneously, the chord
compliance (observed) (e.g., the second index) (lower
stepped line 1303a. 13035) is determined at each PEEP
utilizing data obtained via EIT, and then is related to the
“predicted-compliance” at ZEEP, which is derived from the
predicted FVC according to the embodiments described
herein. When the index reaches 100%, it indicates that the
lung, at the given PEEP step, is demonstrating a same chord
compliance that should be observed in a patient with normal
lungs with the same anthropometric measurements and
subjected to the same PEEP level. Additionally, the solid
lower stepped portions 1304a, 13045 represent the weighted
sum of the two indexes (e.g., the first index and the second
index) according to one or more embodiments of the present
disclosure. The percentages found at the first and last step of
the maneuver are shown in numbers on the right. The
weighted sum is utilized to minimize measurement errors
that may occur during the computation of the two (or more)
indexes.

[0100] Referring to FIGS. 5-14 together, the determined
recruited percentage of the lungs of the patient indicates a
level of physiologic dose-response behavior (represented in
FIG. 13) that can be expected in an individual. In particular,
for an individual having a relatively good potential for lung
recruitment, at the lower levels of PEEPs (i.e., pressures
lower than pressures utilized to achieve maximum lung
recruitment), a measureable amount of the lung is recruited
by applying the sequence of PEEPs. Alternatively, for an
individual having a relatively poor potential for lung recruit-
ment, at the lower levels of PEEPs, a little to no measureable
amount of the lung is recruited by applying the sequence of
PEEPs.

[0101] Because the determined indexes (e.g., the first
index and the second index) can be continuous variables,
and due to the determined indices weighted sums and/or
averages (described in greater detail below in regard to FIG.
15), a threshold for a binary classification, 1) responder and
2) non-responder, may include at least the following
embodiments.

[0102] Some embodiments include determining a thresh-
old value based on a receiver-operating-characteristic-curve
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(“ROC”) where multiple levels for the threshold value are
tested using a binary outcome and a consequent performance
of threshold based on its sensitivity and specificity. For
example, a positive outcome (indicating a responder) may
be a) an increase in oxygenation (expressed by a P/F ratio,
or partial pressure of oxygen measured in the blood, divided
by the oxygen faction used in the inspiratory gases) of more
than 100, b) patient survival, ¢) bilateral improvement in
radiography of the thorax, or d) an improvement in lung
compliance of more than 25%. In some embodiments, the
threshold value may include an increase of at least 20%
(percentage points) in a combined index (in relation to the
maximum predicted for a patient based on his/her anthro-
pometric characteristics).

[0103] One or more embodiments include determining a
threshold value based on initial data of patient after calcu-
lating the amount of recruitment needed to reduce the
patient’s inspiratory driving pressure by more than 5
cmH,0. For instance, the threshold value could be based in
a probable reduction in driving pressure of 3 cmH,O. For
example, the threshold value may be determined via the
following equation:

AAP«Ch ©
Vr «Cprep — AAP «Cprep  Cp

Thresholdyeenit index =

[0104] where AAP is the intended reduction inspiratory
driving pressures (e.g, 5 cmH,0), C; is the compliance
observed at the start of the RAM procedure (step 0), V. is
the tidal volume to be used after the recruitment (e.g., 6
ml/kg), and Cpp -, is the predicted compliance for a normal
lung subjected to PEEP used at baseline (or after recruit-
ment) obtained via the methods described above, after
determining the FVC from anthropometric data and pub-
lished formulas for human populations. As a non-limiting
example, for a common ARDS patient with observed Cz=20
ml/emH,0, V=400 ml, baseline PEEP=10 cmH,O,
Cprep=54 mL/ecmH,0, and a target reduction in driving
pressure of 5 cmH,0, the threshold value (e.g., threshold
value for a recruitability index) separating responders from
non-responders would be 12%. The foregoing indicates that,
if during a RAM, and increase of greater than 12% is
observed in the combined indexes (recruitability index (i.e.,
the weighted sum of the first and second index)), the patient
would be considered a responder having a relatively good
potential to reduce the patient’s driving pressure by 5
cmH,0.

[0105] In some embodiments, act 550 may include deter-
mining a potential recruitment value of a region of interest
of the lungs (e.g., only a portion of the lungs) of the patient
that may be eflectively recruited during an ARM. For
instance, utilizing the EIT system and compliance values
derivable therefrom, the potential recruitment value may be
determined for a region of interest (e.g., only a portion of the
lungs). In some embodiments, the region of interest may be
in the axial plane of the patient or the sagittal plane of the
patient.

[0106] FIG. 15 shows EIT images of three patients col-
lected simultaneously where the first index is represented in
the left column of images and the second index is repre-
sented in the right column of images. Utilizing more than
one index in determining lung recruitment value of a patient
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is advantageous. For instance, utilizing more than one index
decreases experimental errors assuming that the indexes
originate from independent measurements. As a result, any
errors are diluted due to averaging processes among various
indexes. Additionally, there is a possibility that one index
will better represent a recruitability of some or all of alveolar
units (e.g., dependent units located in dorsal lung regions)
and another index will better represent a recruitability of
other alveolar units (e.g., independent units located in ven-
tral lung regions). As demonstrated in the present disclosure,
a first index may related to a volume gain of pop-open
alveolar units (i.e., vertical displacement in the pressure
volume plots described above) and may be more sensitive to
recruitment within an anterior lung zones, and a second
index may be related to pixel-chord compliance and pixel-
chord compliance changes along multiple PEEP steps and
may be more sensitive to recruitment in a posterior lung
Zones.

[0107] Referring still to FIG. 15, regions presented in
lighter shades (i.e., larger recruitment) are displaced upward
as compared to the right columns. The images in FIG. 15
demonstrate that the second index better represents recruit-
ment of the dorsal zones of the lungs. As a result, the
composition (e.g., combination) of the first index and the
second index provides a more accurate (e.g., sensitive)
detection of recruitment in comparison to conventional
methods.

[0108] As noted above in regard to FIG. 5, in some
embodiments, act 550 may include assigning a relative
weight to each of the first index and the second index. In
some embodiments, the relative weights may be fixed across
a certain patient population, or estimated case by case. As
mentioned above, the relative weights help to correct for a
well-known phenomenon that, at high PEEP levels, the gain
in lung volume is disproportionally high as compared to the
gain in compliance.

[0109] In one or more embodiments, when the first index
and the second index are utilized in conjunction with each
other to dilute errors, each of the first index and the second
index may be assigned balanced weights (e.g., 50% each). In
additional embodiments, the weights of the first and second
indexes may be assigned according to the reliability of the
measurements utilized in determining the first and second
indexes. For instance, the weights of the first and second
indexes could be inverse to coefficients of variation for the
respective indexes. In further embodiments, the weights of
the first and second indexes may be assigned as a progres-
sive balance across the pixels of the EIT images where the
pixels located in the dorsal regions have a higher weight for
the second index (e.g., 75%) and where the pixels in the
ventral regions have a higher weight for the first index (e.g.,
75%). In view of the foregoing, the weights of the first and
second indexes may be assigned for each pixel based on a
spatial location of the pixel.

[0110] Referring to FIGS. 1-15 together, the systems and
methods described herein may provide advantages over
conventional systems and method for determining recruit-
ment potential of ungs of a patient. For instance, due to at
least the data provided by the EIT images, the systems and
methods of the present disclosure may more accurately
differentiate between stretching of an already-aerated lung
and actual recruitment of previously collapsed when deter-
mining a recruited percentage of lungs of a patient when
applying a sequence of PEEPs. As a result, the systems and
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methods of the present disclosure may provide a more
accurate quantification of a potential lung recruitment value
in comparison to conventional systems and methods. Addi-
tionally, unlike conventional systems and methods, the sys-
tems and methods of the present disclosure may be imple-
ments via EIT, by pulmonary mechanics utilizing gas
monitoring sensors, or by any combination thereof. Further-
more, the systems and methods of the present disclosure
may be implemented during tidal breaths within any addi-
tional required maneuvers beyond an application of a
sequence of different PEEP levels.

[0111] Furthermore, unlike conventional systems and
methods, the systems and methods of the present disclosure
utilizes information at the pixel level of EIT images to assist
in determining a potential lung recruitment value. In par-
ticular, systems and methods of the present disclosure uti-
lizes pixel locations (e.g., locations within the lungs indi-
cated by the pixels), changes in pixel aeration between
images, and changes in pixel compliance during the appli-
cation of the sequence of different PEEP levels. As a result,
the systems and methods of the present disclosure can
provide a more accurate quantification of a potential lung
recruitment value. In particular, the systems and methods of
the present disclosure may provide a spatial location within
an ElT-cross-sectional image or EIT-3D image that is rep-
resentative of a location within the lungs of the patient where
recruitment is achievable. Additionally, the systems and
methods of the present disclosure may estimate at a pixel
level, a potential for recruitment.

[0112] Moreover, because the systems and methods of the
present disclosure utilize EIT, at least portions of the sys-
tems and methods may be implemented bedside, used con-
tinuously, implemented in real time, and non-invasive. Fur-
thermore, unlike computerized tomography, EIT does not
require the use of radiation. Additionally, unlike pulmonary
mechanics, EIT provides regional information and estima-
tions of changes in EELV.

[0113] One or more embodiments of the present disclosure
may include a method for determining a potential lung
recruitment value for a patient, using an Electrical Imped-
ance Tomography (EIT) system. The method may include
applying a first positive end expiratory pressure to the lung
of the patient; measuring a first end expiratory lung imped-
ance in at least one region of the lung, that represents a first
end expiratory lung volume at said region of the lung of the
patient, at the first positive end expiratory pressure; applying
a second positive end expiratory pressure to the lung of the
patient; measuring a second end expiratory lung impedance
in the at least one region of the lung, that represents a second
end expiratory lung volume at the said region of the lung of
the patient, at the second positive end expiratory pressure;
determining a change in end expiratory lung impedance in
the at least one region of the lung, that represents the change
in end expiratory lung volume in said region of the lung,
between the first positive end expiratory pressure and the
second positive end expiratory pressure: determining a first
chord-compliance (or pressure-volume relationships) of the
at least one region of the lung of the patient from the
corresponding region of EIT images of the patient, acquired
at the first positive end expiratory pressure; calculating an
index representing the change in end-expiratory lung imped-
ance in the at least one region of the lung that is “above-
predicted” or “below-predicted” based on the first chord-
compliance (pressure-volume relationships) observed
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during the first positive end expiratory pressure; determining
a second chord-compliance (or pressure-volume relation-
ships) of the at least one region of the lung of the patient
from the corresponding region of EIT images of the patient,
acquired during tidal breaths at the second positive end
expiratory pressure; calculating an index representing the
change in lung compliance in the at least one region of the
lung that is “above-predicted” or “below-predicted” based
on the pressure difference between at least two positive end
expiratory pressures and based on equations describing the
elastic lung behavior; normalizing the indexes by predicted
lung volumes like vital capacity, total lung capacity, residual
capacity, or inspiratory capacity obtained from human popu-
lation studies, and/or from anthropometric measurements of
the patient; weighting the indexes and measurements of
compliance and end expiratory lung impedance to determine
the potential for lung recruitment of that at least one region
of the lung of the patient; and classifying the patient as
responder or non-responder.

[0114] Embodiments of the present disclosure further
includes the following embodiments:

Embodiment 1

[0115] A method for determining a potential lung recruit-
ment value for a patient, the method comprising: during an
applied first positive end expiratory pressure, measuring a
first end expiratory lung impedance in at least one region of
a lung; during an applied second positive end expiratory
pressure, measuring a second end expiratory lung imped-
ance in the at least one region of the lung; determining a
change in end expiratory lung impedance in the at least one
region of the lung, between the impedance measurements
obtained in the first positive end expiratory pressure and the
second positive end expiratory pressure; determining a first
chord-compliance of the at least one region of the lung from
impedance measurements obtained during the application of
the first positive end expiratory pressure; determining a
second chord-compliance of the at least one lung of the
patient from pixels of a second electrical impedance tomog-
raphy image of the patient at the second positive end
expiratory pressure; and determining a second chord-com-
pliance of the at least one region of the lung from impedance
measurements obtained during the application of the second
positive end expiratory pressure.

Embodiment 2

[0116] The method of embodiment 1, further comprising
determining a first index representing the change in end-
expiratory lung impedance in the at least one region of the
lung that is above-predicted or below-predicted based on the
first chord-compliance observed during the first positive end
expiratory pressure.

Embodiment 3

[0117] The method of embodiments 1 and 2, further com-
prising determining a second index representing the change
in lung compliance in the at least one region of the lung that
is above-predicted or below-predicted based on the pressure
difference between the first and second positive end expi-
ratory pressures and based on equations describing the
elastic lung behavior.
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Embodiment 4

[0118] The method of embodiments 1-3, further compris-
ing normalizing the first and second indexes by predicted
lung volumes selected from the list consisting of vital
capacity, total lung capacity, residual capacity, or inspiratory
capacity, and anthropometric measurements of the patient.

Embodiment 5

[0119] The method of embodiments 3 and 4, further com-
prising assigning weights to the first and second indexes and
measurements of compliance and end expiratory lung
impedance to determine a potential for lung recruitment of
that at least one region of the lung of the patient.

Embodiment 6

[0120] The method of embodiments 3-5, further compris-
ing, based on the first index and the second index, deter-
mining a potential lung recruitment value for the patient.

Embodiment 7

[0121] The method of embodiments 1-6, further compris-
ing, based on the first index and the second index, detet-
mining a potential lung recruitment value for the patient.

Embodiment 8

[0122] The method of embodiments 1-7, further compris-
ing classifying the patient as either a responder or a non-
responder.

Embodiment 9

[0123] The method of embodiments 1-8, further compris-
ing during an applied third positive end expiratory pressure,
measuring a third end expiratory lung impedance in at least
one region of a lung, wherein the second positive end
expiratory pressure comprises an increase in pressure rela-
tive to the first positive end expiratory pressure, and wherein
the third positive end expiratory pressure comprises an
decrease in pressure relative to the second positive end
expiratory pressure.

Embodiment 10

[0124] The method of embodiments 1-9, wherein deter-
mining the first chord-compliance comprises determining a
compliance represented by each pixel of an electrical imped-
ance tomography image.

Embodiment 11

[0125] The method of embodiment 10, wherein the com-
pliance represented by each pixel of the electrical impedance
tomography image is determined as a ratio of an amount of
air entering the at least on lung during a respiratory cycle
and a difference between a plateau pressure and the first
positive end expiratory pressure.

Embodiment 12

[0126] A system for determining a potential lung recruit-
ment value for a patient, the system comprising: at least one
processor; and at least one non-transitory computer readable
storage medium storing instructions thereon that, when
executed by the at least one processor, cause the at least one
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processor to: in response to a sequence of positive end
expiratory pressures being applied to a patient, cause an end
expiratory lung impedance to be measured at each positive
end expiratory pressure of the sequence of positive end
expiratory pressures, determine a first index representing a
change in end expiratory lung impedance between a given
end expiratory lung volume of the sequence of positive end
expiratory pressures and a subsequent end expiratory lung
volume of the sequence of positive end expiratory pressures;
determine a second index representing change in chord-
compliance of the lungs of the patient between the given end
expiratory lung volume and the subsequent end expiratory
lung volume; and based on the first index and the second
index, determine a potential lung recruitment value for the
patient.

Embodiment 13

[0127] The system of embodiment 12, wherein determin-
ing a potential lung recruitment value for the patient com-
prises assigning a relative weight to each of the first index
and the second index.

Embodiment 14

[0128] The system of embodiment 13, further comprising
instructions that, when executed by the at least one proces-
sor, cause the at least one processor to assign the relative
weights to the first index and the second index based on at
least one of age, body mass index, or gender.

Embodiment 15

[0129] The system of embodiments 12-14, further com-
prising instructions that, when executed by the at least one
processor, cause the at least one processor to determine a
change in chord-compliance of the lungs, comprising: deter-
mining a compliance represented by each pixel of a first
electrical impedance tomography image representing the
given end expiratory lung volume; and determining a com-
pliance represented by each pixel of a second electrical
impedance tomography image representing the subsequent
end expiratory lung volume.

Embodiment 16

[0130] The system of embodiment 15, wherein determin-
ing a compliance represented by each pixel is determined by
dividing an amount of air entering the at least on lung during
a respiratory cycle by a difference between a plateau pres-
sure and a positive end expiratory pressure.

Embodiment 17

[0131] The system of embodiments 12-16, further com-
prising instructions that, when executed by the at least one
processor, cause the at least one processor to classify the
patient as either a responder or a non-responder based on
whether the determined potential lung recruitment value for
the patient meets or exceeds a threshold value.

Embodiment 18

[0132] A system for determining a potential lung recruit-
ment value for a patient, the system comprising: a ventilator
system; an electrical impedance tomography system; a con-
troller, wherein the ventilator system and the electrical
impedance tomography system are operably coupled to the
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controller, the controller comprising: at least one processor;
and at least one non-transitory computer readable storage
medium storing instructions thereon that, when executed by
the at least one processor, cause the at least one processor to:
cause the ventilator system to apply a sequence of positive
end expiratory pressures to a patient; cause the ventilator
system to measure an end expiratory lung impedance at each
positive end expiratory pressure of the sequence of positive
end expiratory pressures, determine a first index represent-
ing a change in end expiratory lung impedance between at
least two applied positive end expiratory pressures; deter-
mine a second index representing a change in overall
compliance of the lungs of the patient between the at least
two applied positive end expiratory pressures based on
impedance measurements represented within electrical
impedance tomography images generated by the electrical
impedance tomography system; and based on the first index
and the second index, determine a potential lung recruitment
value for the patient.

Embodiment 19

[0133] The system of embodiment 18, further comprising
instructions that, when executed by the at least one proces-
sor, cause the at least one processor to classify the patient as
either a responder or a non-responder based on whether the
determined potential lung recruitment value for the patient
meets or exceeds a threshold value.

Embodiment 20

[0134] The system of embodiments 18 and 19, wherein
determining a potential lung recruitment value for the
patient comprises determining a potential lung recruitment
value for a region of interest of the lungs of the patient.
[0135] While the present disclosure has been described
herein with respect to certain illustrated embodiments, those
of ordinary skill in the art will recognize and appreciate that
it is not so limited. Rather, many additions, deletions, and
modifications to the illustrated embodiments may be made
without departing from the scope of the disclosure as
hereinafter claimed, including legal equivalents thereof. In
addition, features from one embodiment may be combined
with features of another embodiment while still being
encompassed within the scope of the disclosure. Further,
embodiments of the disclosure have utility with different and
various detector types and configurations.
What is claimed is:
1. A method for determining a potential lung recruitment
value for a patient, the method comprising:
during an applied first positive end expiratory pressure,
measuring a first end expiratory lung impedance in at
least one region of a lung;
during an applied second positive end expiratory pressure,
measuring a second end expiratory lung impedance in
the at least one region of the lung;
determining a change in end expiratory lung impedance in
the at least one region of the lung, between the imped-
ance measurements obtained in the first positive end
expiratory pressure and the second positive end expi-
ratory pressure,
determining a first chord-compliance of the at least one
region of the lung from impedance measurements
obtained during the application of the first positive end
expiratory pressure;

Aug. 15,2019

determining a second chord-compliance of the at least one
lung of the patient from pixels of a second electrical
impedance tomography image of the patient at the
second positive end expiratory pressure; and

determining a second chord-compliance of the at least one
region of the lung from impedance measurements
obtained during the application of the second positive
end expiratory pressure.

2. The method of claim 1, further comprising determining
a first index representing the change in end-expiratory lung
impedance in the at least one region of the lung that is
above-predicted or below-predicted based on the first chord-
compliance observed during the first positive end expiratory
pressure.

3. The method of claim 2, further comprising determining
a second index representing the change in lung compliance
in the at least one region of the lung that is above-predicted
or below-predicted based on the pressure difference between
the first and second positive end expiratory pressures and
based on equations describing the elastic lung behavior.

4. The method of claim 3, further comprising normalizing
the first and second indexes by predicted lung volumes
selected from the list consisting of vital capacity, total ung
capacity, residual capacity, or inspiratory capacity, and
anthropometric measurements of the patient.

5. The method of claim 3, further comprising assigning
weights to the first and second indexes and measurements of
compliance and end expiratory lung impedance to determine
a potential for lung recruitment of that at least one region of
the lung of the patient.

6. The method of claim 3, further comprising, based on
the first index and the second index, determining a potential
lung recruitment value for the patient.

7. The method of claim 1, further comprising, based on
the first index and the second index, determining a potential
lung recruitment value for the patient.

8. The method of claim 1, further comprising classifying
the patient as either a responder or a non-responder.

9. The method of claim 1, further coniprising during an
applied third positive end expiratory pressure, neasuring a
third end expiratory lung impedance in at least one region of
a lung, wherein the second positive end expiratory pressure
comprises an increase in pressure relative to the first positive
end expiratory pressure, and wherein the third positive end
expiratory pressure comprises an decrease in pressure rela-
tive to the second positive end expiratory pressure.

10. The method of claim 1, wherein determining the first
chord-compliance comprises determining a compliance rep-
resented by each pixel of an electrical impedance tomogra-
phy image.

11. The method of claim 10, wherein the compliance
represented by each pixel of the electrical impedance tomog-
raphy image is determined as a ratio of an amount of air
entering the at least on lung during a respiratory cycle and
a difference between a plateau pressure and the first positive
end expiratory pressure.

12. A system for determining a potential lung recruitment
value for a patient, the system comprising:

at least one processor; and

at least one non-transitory computer readable storage

medium storing instructions thereon that, when
executed by the at least one processor, cause the at least
one processor 1o:
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in response to a sequence of positive end expiratory
pressures being applied to a patient, cause an end
expiratory lung impedance to be measured at each
positive end expiratory pressure of the sequence of
positive end expiratory pressures;

determine a first index representing a change in end
expiratory lung impedance between a given end
expiratory lung volume of the sequence of positive
end expiratory pressures and a subsequent end expi-
ratory lung volume of the sequence of positive end
expiratory pressures;

determine a second index representing change in chord-
compliance of the lungs of the patient between the
given end expiratory lung volume and the subse-
quent end expiratory lung volume; and

based on the first index and the second index, determine
a potential lung recruitment value for the patient.

13. The system of claim 12, wherein determining a
potential lung recruitment value for the patient comprises
assigning a relative weight to each of the first index and the
second index.

14. The system of claim 13, further comprising instruc-
tions that, when executed by the at least one processor, cause
the at least one processor to assign the relative weights to the
first index and the second index based on at least one of age,
body mass index, or gender.

15. The system of claim 12, further comprising instruc-
tions that, when executed by the at least one processor, cause
the at least one processor to determine a change in chord-
compliance of the lungs, comprising:

determining a compliance represented by each pixel of a

first electrical impedance tomography image represent-
ing the given end expiratory lung volume; and

determining a compliance represented by each pixel of a

second electrical impedance tomography image repre-
senting the subsequent end expiratory lung volume.

16. The system of claim 15, wherein determining a
compliance represented by each pixel is determined by
dividing an amount of air entering the at least on lung during
a respiratory cycle by a difference between a plateau pres-
sure and a positive end expiratory pressure.

17. The system of claim 12, further comprising instruc-
tions that, when executed by the at least one processor, cause
the at least one processor to classify the patient as either a
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responder or a non-responder based on whether the deter-
mined potential lung recruitment value for the patient meets
or exceeds a threshold value.

18. A system for determining a potential lung recruitment
value for a patient, the system comprising:

a ventilator system;

an electrical impedance tomography system;

a controller, wherein the ventilator system and the elec-
trical impedance tomography system are operably
coupled to the controller, the controller comprising:
at least one processor; and
at least one non-transitory computer readable storage

medium storing instructions thereon that, when

executed by the at least one processor, cause the at

least one processor to:

cause the ventilator system to apply a sequence of
positive end expiratory pressures to a patient;

cause the ventilator system to measure an end expi-
ratory lung impedance at each positive end expi-
ratory pressure of the sequence of positive end
expiratory pressures;

determine a first index representing a change in end
expiratory lung impedance between at least two
applied positive end expiratory pressures;

determine a second index representing a change in
overall compliance of the lungs of the patient
between the at least two applied positive end
expiratory pressures based on impedance mea-
surements represented within electrical imped-
ance tomography images generated by the electri-
cal impedance tomography system; and

based on the first index and the second index, deter-
mine a potential lung recruitment value for the
patient.

19. The system of claim 18, further comprising instruc-
tions that, when executed by the at least one processor, cause
the at least one processor to classify the patient as either a
responder or a non-responder based on whether the deter-
mined potential lung recruitment value for the patient meets
or exceeds a threshold value.

20. The system of claim 18, wherein determining a
potential lung recruitment value for the patient comprises
determining a potential lung recruitment value for a region
of interest of the lungs of the patient.
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