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FACILITATING PULMONARY AND
SYSTEMIC HEMODYNAMICS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application claims the priority benefit
under 35 U.S.C. § 119(e) of U.S. Provisional Application
No. 62/436,465 filed on Dec. 20, 2016, the contents of which
are herein incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present disclosure pertains to a system and
method for monitoring and for facilitating pulmonary and
systemic hemodynamics in the treatment and/or prevention
of cardiac arthythmias or structural cardiac changes, caused
by altered preload.

2. Description of the Related Art

[0003] Pressure support respiratory therapy systems are
known. Typically, pressure support therapy system param-
eters (e.g., pressure levels, volumes, rates, etc.) are config-
ured to ensure a subject receives adequate airflow. Pressure
support therapy systems are not typically configured to
monitor and/or influence hemodynamics in the subject.

SUMMARY OF THE INVENTION

[0004] Accordingly, one or more aspects of the present
disclosure relate to a sensing system to monitor changes in
the atrial preload and a ventilation support system config-
ured to facilitate pulmonary and systemic circulation in a
subject. The system comprises a pressure generator, first and
second sensors, one or more hardware processors, and/or
other components. The pressure generator is configured to
generate a pressurized flow of breathable gas for delivery to
an airway of the subject according to a pressure support
therapy regime. The pressure support therapy regime indi-
cates pressure levels of the pressurized flow of breathable
gas provided by the pressure generator during inhalation and
exhalation by the subject. The first sensor is configured to
generate output signals conveying information related to
venous blood accumulation during cardiac and respiratory
cycles in the subject. The second sensor is configured to
generate output signals conveying information related to
atrial blood volume overloading and alterations in cardiac
preload and afterload in the subject. Preload is the end-
diastolic pressure in the atrium. By the given compliance it
can also be the end-diastolic blood volume in the atrium. So,
a change of the preload is both a change of the pressure and
the blood volume. As described herein, the present system
measures the change in the volume, so it is a volume centric
view on preload and preload alterations. The same holds for
the afterload. It is both the end systolic pressure and/or blood
volume. In the present volumetric view an afterload change
is the change of the outflowing blood volume which corre-
sponds to a change in the stroke volume. The one or more
hardware processors are configured by machine-readable
instructions to control the pressure generator to adjust the
pressure levels of the pressurized flow of breathable gas
during one or both of inhalation and exhalation to facilitate
the pulmonary and systemic circulation based on the output
signals from the first sensor and the second sensor.
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[0005] Another aspect of the present disclosure relates to
a ventilation support method for facilitating pulmonary and
systemic circulation in a subject with a ventilation support
system. The system comprises a pressure generator, a first
sensor, a second sensor, one or more hardware processors,
and/or other components. The method comprises generating,
with the pressure generator, a pressurized flow of breathable
gas for delivery to an airway of the subject according to a
pressure support therapy regime. The pressure support
therapy regime indicates pressure levels of the pressurized
flow of breathable gas provided by the pressure generator
during inhalation and exhalation by the subject. The method
further comprises: generating, with the first sensor, output
signals conveying information related to venous blood accu-
mulation during cardiac and respiratory cycles in the sub-
ject; generating, with the second sensor, output signals
conveying information related to atrial blood volume and
cardiac preload/afterload in the subject; and controlling,
with the one or more hardware processors, the pressure
generator to adjust the pressure levels of the pressurized
flow of breathable gas during one or both of inhalation and
exhalation to facilitate the pulmonary and systemic circula-
tion based on the output signals from the first sensor and the
second sensor.

[0006] Still another aspect of the present disclosure relates
to system configured to facilitate pulmonary and systemic
circulation in a subject. The system comprises: means for
generating a pressurized flow of breathable gas for delivery
to an airway of the subject according to a pressure support
therapy regime, the pressure support therapy regime indi-
cating pressure levels of the pressurized flow of breathable
gas provided by the pressure generator during inhalation and
exhalation by the subject; means for generating output
signals conveying information related to venous blood accu-
mulation during cardiac cycle in the subject; means for
generating output signals conveying information related to
blood volume, cardiac preload and blood volume and pre-
load changes in the subject; and means for controlling the
means for generating the pressurized flow of breathable gas
to adjust the pressure levels of the pressurized flow of
breathable gas during one or both of inhalation and exha-
lation to facilitate the pulmonary and systemic circulation
based on the output signals from the means for generating
output signals conveying information related to the venous
blood accumulation and the means for generating output
signals conveying information related to blood volume and
cardiac preload and blood volume and preload changes.
[0007] These and other features and characteristics of the
present disclosure, as well as the methods of operation and
functions of the related elements of structure and the com-
bination of parts and economies of manufacture, will
become more apparent upon consideration of the following
description and the appended claims with reference to the
accompanying drawings, all of which form a part of this
specification, wherein like reference numerals designate
corresponding parts in the various figures. It is to be
expressly understood, however, that the drawings are for the
purpose of illustration and description only and are not
intended as a definition of the limits of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a schematic illustration of a ventilation
support system configured to facilitate pulmonary and sys-
temic circulation in a subject;
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[0009] FIG. 2 is a schematic illustration of a circulatory
system;
[0010] FIG. 3 is a schematic illustration of a pulmonary

circulation systeni;

[0011] FIG. 4 illustrates a venous sublingual PPG sensor
and a systemic PPG sensor in a schematic illustration of a
circulatory system;

[0012] FIG. 5A is a graphical representation of informa-
tion conveyed by one or more output signals generated by
the system, and/or parameters determined by the system;
[0013] FIG. 5B illustrates a delay/transfer time;

[0014] FIG. 6 illustrates adjusting exhalation and/or inha-
lation pressure levels of pressure support therapy responsive
to a determination that atrial fibrillation is occurring or is
likely to occur;

[0015] FIG. 7 illustrates determining whether the right
and/or left atrium in the subject are overloaded and adjusting
the pressure support therapy based on such a determination;
[0016] FIG. 8 illustrates a pressure level profile of pres-
sure support provided to the subject responsive to determin-
ing that an overload of the right atrium in the subject has
occurred;

[0017] FIG. 9 illustrates a pressure level profile of pres-
sure support provided to the subject responsive to determin-
ing that an overload of the left atrium in the subject has
occurred; and

[0018] FIG. 10 illustrates a method for facilitating pulmo-
nary and systemic circulation in the subject with a ventila-
tion support system.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0019] As used herein, the singular form of “a”, “an”, and
“the” include plural references unless the context clearly
dictates otherwise. As used herein, the statement that two or
more parts or components are “coupled” shall mean that the
parts are joined or operate together either directly or indi-
rectly, i.e., through one or more intermediate parts or com-
ponents, so long as a link occurs. As used herein, “directly
coupled” means that two elements are directly in contact
with each other. As used herein, “fixedly coupled” or “fixed”
means that two components are coupled so as to move as one
while maintaining a constant orientation relative to each
other. As used herein, “removably coupled” means that two
elements are able to be separated and/or rejoined with each
other.
[0020] As used herein, the word “unitary” means a com-
ponent is created as a single piece or unit. That is, a
component that includes pieces that are created separately
and then coupled together as a unit is not a “unitary”
component or body. As employed herein, the statement that
two or more parts or components “engage” one another shall
mean that the parts exert a force against one another either
directly or through one or more intermediate parts or com-
ponents. As employed herein, the term “number” shall mean
one or an integer greater than one (i.e., a plurality).
[0021] Directional phrases used herein, such as, for
example and without limitation, top, bottom, left, right,
upper, lower, front, back, and derivatives thereof, relate to
the orientation of the elements shown in the drawings and
are not limiting upon the claims unless expressly recited
therein.
[0022] FIG. 1 is a schematic illustration of a ventilation
support system 10 configured to facilitate pulmonary and
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systemic circulation in a subject 12. System 10 is configured
to assist the heart to balance pulmonary hemodynamics, to
discourage and/or reverse cardiac overloading (including
overstretching and/or dilatation of atria), to discourage and/
or prevent the development of structural cardiac changes,
atrial fibrillation, and/or perform other operations. Paroxys-
mal atrial fibrillation (Afib) is higher in subjects suffering
from sleep apnea. These subjects often experience episodes
of paroxysmal Afib during sleep. Many subjects who
develop obstructive sleep apnea (OSA) also develop chronic
persistent Afib. During an OSA event the intrathoracic
pressure in subject 12 builds (e.g., as a negative pressure),
which increases the venous return flow to the heart. This
results in an increased preload of the right atrium, which
causes a volume overloading of the right atrium and an
activation of mechanical stretch receptors, the Bainbridge
receptors, located both in the right atrium and the left atrium.
The volume overloading causes stretching and dilatation of
the atria and can, over the long term, cause a structural
change of the atria. The structural change of the atria and the
activation of the Bainbridge receptors contribute to the
development of cardiac arrhythmias and consequent devel-
opment of persistent Afib.

[0023] Similarly, subjects with enlarged hearts and low
resting heart rates (e.g., endurance athletes and/or other
subjects), who require large stroke volumes, are also prone
to Afib episodes. For example, during sleep, the heart rate of
such subjects may become very low, leading to long cardiac
filling times, and higher stroke volumes. This induces higher
stress (atrial stretching) on the heart, which can lead to Afib.
The likelihood of Afib in such subjects is also increased by
high intrathoracic pressure changes that arise because of the
very slow breathing rate in such subjects during sleep.

[0024] FIG. 2 is a schematic illustration of a circulatory
system 200. As shown in FIG. 2, blood from the systemic
circulation system 202 of the body is received by the right
atrium 204 of the heart 206 via systemic veins 208. Blood
from the right ventricle 210 passes through the pulmonary
arteries 212 into the pulmonary circulation system 214 of the
lungs, then back to the left atrium 216 of heart 206 via
pulmonary veins 218. Blood from the left ventricle 220 of
heart 206 is pumped via systemic arteries 222 through
systemic circulation system 202.

[0025] Returning to FIG. 1, in a given subject 12, the
respiration muscles (e.g., the ribcage muscles and the dia-
phragm) act as a pulmonary muscle pump. During inhalation
the thorax widens and the intrathoracic pressure (e.g., the
intra pleural pressure) builds (e.g., as a negative pressure).
This intrathoracic pressure has several hemodynamic
effects. For example, the pressure increases the venous
return flow from the extra-thoracic systemic veins into the
vena cava. This increased venous return increases the pre-
load of the right atrium and the loading of the right ventricle.
Over an extended period of time, the increased preload
repeatedly dilates the right atrium, and may cause permanent
structural changes, and changes of the electrophysiological
pathways in the atria, which can cause arrhythmias, and
consequent development of Afib (e.g., as described above).
In addition, the pressure impacts the pulmonary blood
vessels (e.g., the extra-alveolar vessels). The intra pleural
pressure changes the transmural pressure on the pulmonary
vessels. The high compliance of the pulmonary vessels
causes the pulmonary vessels to widen or constrict when the
pressure of the blood in the vessels changes. The increased
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intrathoracic pressure causes an increased accumulation of
blood in the pulmonary vessels. This correlates with a
decrease of the vascular resistance of the extra-alveolar
vessels, which has hemodynamic consequences on the flow
velocity and the blood pressure, for example.

[0026] FIG. 3 illustrates a pulmonary circulation system
300. As shown in FIG. 3, blood enters pulmonary circulation
system 300 via pulmonary arteries 302 and leaves pulmo-
nary circulation system 300 via pulmonary veins 304. Intra
pleural pressure 306 (described above) influences extra-
alveolar arteries 308 and extra-alveolar veins 310, while
airway pressure 312 influences alveolar perfusion resistance
314, intra-alveolar arteries 316, and intra-alveolar veins 318.
The pulmonary circulation depends on the respiration cycle,
respiration depth and the airway pressure. A device-assisted
control of respiration and airway pressure offers therapeutic
options in the control of the pulmonary blood flow, the
pressure in the pulmonary veins and the blood accumulation.
It should be noted, however, that this invention may be
applied to both spontaneously breathing patients and
mechanically assisted patients. The pressure-control may
different in each situation but the principles described herein
apply to both situations.

[0027] Muscular effort during exhalation turns the tho-
racic pressure from a “negative” pressure into a “positive”
pressure, but nonetheless pressurizes the venous system. The
pressure caused by the muscular effort acts as a transmural
force on the extra-alveolar vessels. This force compresses
the extra-alveolar vessels and creates a blood flow out of the
vessels. The pressure swing between inhalation and exha-
lation acts physiologically as a pulmonary muscle pump
such that blood is pumped from the extra-alveolar vessels
into the intra-alveolar arterioles and/or capillaries. However,
a backpressure wave may also occur, which forces blood to
flow back into the right ventricle (FIG. 2). For example, if
the heart is in the systolic phase of the cardiac cycle, the
pulmonary valve is open and the backpressure wave causes
a backflow into the right ventricle. If the heart is in the
diastolic phase the pulmonary valve is closed and no back
flow occurs into the right ventricle. However, during exha-
lation, when the heart is in the diastolic phase, blood flows
into the intra-alveolar arteries and capillaries. This respira-
tion related additional transmural pressure leads to an
increase of the pulmonary arterial blood pressure. As such,
an increased transmural pressure results in an increased
pulmonary arterial pressure. Scenarios like these may occur,
for example, during physical exercise, during a stay in
higher altitudes, etc., when the respiration drive is increased.
Scenarios like these may also occur in subjects suffering
from an obstructed upper airway and/or suffering from a
restricted pulmonary airflow (e.g., asthma, congested bron-
chiole, etc.).

[0028] Returning to FIG. 1, as described above, intratho-
racic pressure (e.g., “positive” or “negative”) causes
changes in the thoracic hemodynamics and blood volume
overloading. System 10 is configured to lower the required
muscular effort for breathing, and lower (e.g., increase a
“negative” pressure and/or decrease a “positive” pressure)
the intrathoracic pressure, which consequently lowers the
transmural force on the pulmonary vessels. Typical positive
pressure support therapy devices (e.g., CPAP devices) do not
monitor the hemodynamics described above. Parameter set
points in such devices are not set to levels which treat the
hemodynamic conditions caused by an obstructive respira-
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tion disorder, for example. Traditionally, ventilation support
(e.g. CPAP, etc.) devices have been developed to control
parameters such as the tidal volume, the minute volume,
etc., during breathing. In contrast, system 10 is configured to
lower the work of breathing.

[0029] Pressure support therapy may be used by system 10
to lower the muscular effort required for breathing (e.g., the
respiration drive) and reduce preload related cardiac stress,
rather than merely using pressure support therapy to ensure
subject 12 receives adequate airflow. System 10 is config-
ured to monitor and control volume overloading in pulmo-
nary circulation. System 10 is configured to monitor the
trans-pulmonary delay/transfer/transit time and use pressure
support therapy to control the venous return blood flow to
the right and left atriums. In this context delay/transfer/
transit time is the time a volumetric change in the right atrial
preload takes before a volumetric change in the afterload of
the left ventricle (change in LV stroke volume) can be
measured.

[0030] As described herein, system 10 is configured to
discourage and/or prevent hemodynamic cardiac stress
(atrial stretch by volume overloading) using ventilation
support using hemodynamic vital sign information to deter-
mine therapy pressures. Advantageously, system 10 reduces
and/or prevents volume overloading of the atria and ven-
tricles. System 10 is configured to cause a decrease in the
volume of accumulated blood in pulmonary circulation.
System 10 is configured to lower the preload to discourage
and/or prevent atrial dilatation and/or activation of the
stretch receptors (e.g., the Bainbridge receptors) in the atria.
System 10 is configured to lower the amount of blood in the
venous return and reduce the end-systolic blood accumula-
tion. System 10 is configured to lower the required inspira-
tory muscular breathing effort. System 10 is configured to
reduce the intrathoracic pressure swing (e.g., the difference
between the “positive” intrathoracic pressure and the “nega-
tive” intrathoracic pressure) during breathing. System 10 is
configured to reduce and/or end paroxysmal Afib by dis-
couraging and/or reversing atrial dilatation.

[0031] Insome embodiments, system 10 comprises one or
more of a pressure generator 14, a subject interface 16, one
or more sensors 17, 18, 19, one or more processors 20, a user
interface 22, electronic storage 24, and/or other components.
[0032] Pressure generator 14 is configured to generate a
pressurized flow of breathable gas for delivery to the airway
of subject 12. Pressure generator 14 is configured to generate
the pressurized flow of breathable gas for delivery to the
airway of subject 12 according to a pressure support therapy
regime. The pressure support therapy regime indicates pres-
sure levels of the pressurized flow of breathable gas pro-
vided by pressure generator 14 during inhalation and exha-
lation by subject 12 and/or other information. Pressure
generator 14 may control one or more ventilation parameters
of the flow of gas (e.g., rates, pressures, volumes, tempera-
tures, compositions, etc.) for therapeutic purposes, and/or
for other purposes. Pressure generator 14 is configured to
control one or more ventilation parameters of the pressur-
ized flow of breathable gas according to a prescribed pres-
sure support therapy regime and/or other therapy regimes.
By way of a non-limiting example, pressure generator 14
may be configured to control ventilation parameters such as
a breath rate, a flow rate, a pressure support positive end
expiratory pressure (PEEP), a tidal volume, a minute vol-
ume, an inspiratory to expiratory breath phase ratio (e.g., an
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LE ratio), inhalation pressure levels, exhalation pressure
levels, and/or other ventilation parameters of the flow of gas
to provide pressure support.

[0033] Pressure generator 14 receives a flow of gas from
a gas source, such as the ambient atmosphere, and elevates
and/or reduces the pressure of that gas for delivery to the
airway of subject 12. Pressure generator 14 is and/or
includes any device, such as, for example, a pump, blower,
piston, or bellows, that is capable of elevating and/or reduc-
ing the pressure of the received gas for delivery to a patient.
Pressure generator 14 may comprise servo controlled valves
and/or motors, one or more other valves and/or motors for
controlling the pressure and/or flow of gas, and/or other
components for generating and/or controlling the pressur-
ized flow of breathable gas. The present disclosure also
contemplates controlling the operating speed of the blower,
either alone or in combination with such valves, to control
the pressure and/or flow of gas provided to the patient.

[0034] Subject interface 16 is configured to deliver the
pressurized flow of breathable gas to the airway of subject
12. As such, subject interface 16 comprises conduit 30,
interface appliance 32, and/or other components. Conduit 30
is configured to convey the pressurized flow of gas to
interface appliance 32. Conduit 30 may be a flexible length
of hose, or other conduit that places interface appliance 32
in fluid communication with pressure generator 14. Interface
appliance 32 is configured to deliver the flow of gas to the
airway of subject 12. In some embodiments, interface appli-
ance 32 is non-invasive. As such, interface appliance 32
non-invasively engages subject 12. Non-invasive engage-
ment comprises removably engaging an area (or areas)
surrounding one or more external orifices of the airway of
subject 12 (e.g., nostrils and/or mouth) to communicate gas
between the airway of subject 12 and interface appliance 32.
Some examples of non-invasive interface appliance 32 may
comprise, for example, a nasal cannula, a nasal mask, a
nasal/oral mask, a full face mask, a total face mask, or other
interface appliances that communicate a flow of gas with an
airway of a subject. The present disclosure is not limited to
these examples, and contemplates delivery of the flow of gas
to the subject using any interface appliance, including an
invasive interface appliance such as an endotracheal tube
and/or other appliances.

[0035] Sensors 17 are configured to generate output sig-
nals conveying information related to the ventilation of
subject 12 and/or other gas and/or breathing parameters. In
some embodiments, the information related to the ventila-
tion of subject 12 includes the flow rate (and/or information
related to the flow rate) of the pressurized flow of breathable
gas, the CO, concentration (and/or information related to the
CO, concentration such as the partial pressure of CO, and/or
other information) in the pressurized flow of breathable gas,
and/or other information. In some embodiments, the infor-
mation related to other gas and/or breathing parameters may
comprise information related to volumes (e.g., tidal volume,
minute volume, etc.), pressures (e.g., inhalation pressure
level, exhalation pressure level, etc.), other compositions
(e.g., concentration(s)) of one or more constituent gasses, a
gas temperature, a gas humidity, acceleration, velocity,
acoustics, changes in a parameter indicative of respiratory
effort by subject 12, and/or other parameters. Sensors 17
may comprise one or more sensors that measure such
parameters directly (e.g., through fluid communication with
the flow of gas in subject interface 16). Sensors 17 may
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comprise one or more sensors that generate output signals
related to one or more parameters of the flow of gas
indirectly. For example, one or more of sensors 17 may
generate an output based on an operating parameter of
pressure generator 14 (e.g., a valve driver or motor current,
voltage, rotational velocity, and/or other operating param-
eters). Although sensors 17 are illustrated at a single location
within (or in communication with) conduit 30 between
interface appliance 32 and pressure generator 14, this is not
intended to be limiting. Sensors 17 may include sensors
disposed in a plurality of locations, such as for example,
within pressure generator 14, within (or in communication
with) interface appliance 32, in communication with subject
12, and/or in other locations. For example, sensors 17 may
include a flow rate sensor, a capnography sensor (configured
to generate output signals conveying information related to
a concentration of CO, in the pressurized flow of breathable
gas), a volume sensor, a pressure sensor, a temperature
sensor, an acoustic sensor, and/or other sensors located at
various locations in system 10.

[0036] Sensor 18 is configured to generate output signals
conveying information related to venous blood accumula-
tion during cardiac and respiratory cycles in subject 12. In
some embodiments, sensor 18 is and/or includes a sublin-
gual photoplethysmography (PPG) sensor configured to
generate output signals that convey information related to a
blood volume variation at the anatomical area at and around
a sublingual vein modulated by a respiration cycle and a
beating heart of subject 12. Sensor 18 may monitor blood
accumulation by generating output signals conveying infor-
mation related to dilation of the jugular vein and/or a branch
of the jugular vein such as the sublingual vein and/or other
veins. In some embodiments, the information in the output
signals of sensor 18 may be used to determine the right
atrium preload, for example.

[0037] In some embodiments, sensor 18 generates output
signals conveying information related to accumulated
venous blood over time modulated by the respiration cycle
and the beating heart in subject 12. In some embodiments,
sensor 18 comprises components configured for remote
and/or contact monitoring using laser Doppler, laser speckle,
ultrasound Doppler and imaging, (electro)magnetic sensing,
and/or NIRS.

[0038] At onsets of individual respiration cycles (e.g., at
the onset of inhalation) the cardiac preload is increased,
which leads to an increased filling of the right atrium and an
increase right ventricular stroke volume (RV-SV). This
increased RV-SV creates a stronger blood flow (wave)
through the pulmonary vessels. This increased pulmonary
blood flow can be measured as an increased and delayed left
ventricular stroke volume. The delay of the increased stroke
volume corresponds to the pulmonary transfer time measur-
able in the systemic arteries (e.g., by sensor 19 described
below). As described above, in some embodiments, sensor
18 may be implemented by optical means like Laser Doppler
or laserspeckle and/or any other optical means, Ultrasound
Doppler, and/or bio-impedance sensing or near infrared
spectroscopy (NIRS). The sensors could be either in contact
or non-contact mode.

[0039] Sensor 19 is configured to generate output signals
conveying information related to the heart activity and/or the
systemic arterial circulation in subject 12. In some embodi-
ments, sensor 19 includes sensor 18; a systemic PPG sensor
configured to removably couple with a forehead, temple, ear,
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finger, and/or other portion of subject 12; and/or other
components. In some embodiments. sensor 19 comprises
electrocardiogram (ECG) electrodes, an accelerometer,
radio frequency (RF) sensors, radar, a microphone, a cam-
era, and/or other sensors configured to generate output
signals conveying information related to a heart rhythm of
subject 12. In some embodiments, one or more such sensors
(e.g., a microphone, a camera, etc.) may be included in a
smartphone and configured to communicate wirelessly with
one or more other components of system 10.

[0040] Insome embodiments, sensor 19 is configured such
that generating output signals conveying information related
to left ventricular afterload includes generating output sig-
nals that convey information related to the increased and
delayed blood flow (wave) in the systemic arteries and
arterioles (e.g., as described above related to sensor 18). The
delay or transfer time (the delayed arrival of the blood flow
(wave)) corresponds to the anatomical structures of the
blood vessels and cardiac chambers in subject 12. The
delay/transfer time is a function of the flow resistance and
the capacitive behavior of the pulmonary vessels in subject
12. The volume of accumulated blood in the pulmonary
vessels changes with a modulated blood wave. Therefore,
the delay/transfer time may be a surrogate representative of
the accumulated blood in the right atrium, the pulmonary
veins, and the left atrium of subject 12. The delay/transfer
time is measured and determined by the time delay of the
respiration-induced modulation in the signal of sensor 18
compared with the modulated signal of sensor 19 (see FIG.
5B and its corresponding description below).

[0041] FIG. 4 illustrates a venous sublingual PPG sensor
402 (e.g., sensor 18 shown in FIG. 1) and a systemic PPG
sensor 404 (e.g., sensor 19 shown in FIG. 1) relative to a
schematic illustration of a circulatory system 400. Circula-
tory system 400 includes a heart 406 (comprising right
atrium 408, left atrium 410, right ventricle 412, and left
ventricle 414), systemic circulation system 416, and pulmo-
nary circulation system 418. Blood from systemic circula-
tion system 416 is received by right atrium 408 of heart 406
via systemic veins 420. Blood from the right ventricle 412
passes through pulmonary arteries 422 into pulmonary cit-
culation system 418, then back to left atrium 410 of heart
406 via pulmonary veins. Blood from left ventricle 414 of
heart 406 is pumped through systemic arteries 426 through
systemic circulation system 416. As shown in FIG. 4, the
coastal “breathing” muscles 430 influence the intra pleural
pressure, and in turn the extra-alveolar arteries and veins.
Pressure support therapy 432 influences the airway pressure,
and in turn alveolar perfusion resistance and the intra-
alveolar arteries and veins.

[0042] It should be noted that in some embodiments,
system 10 (FIG. 1) only need include one of the sensors 17,
18, or 19 described above. For example, in some embodi-
ments, system 10 may be configured as a sensing and/or
monitoring system configured to measure atrial stretch based
on hemodynamic parameters (as described herein, e.g.,
venous, pulmonary, and/or systemic hemodynamic param-
eters). In such embodiments, system 10 would not need
pressure generator 14 for example, or the components which
control pressure generation based on the sensor output
signals. As another example, system 10 may include more
than one sensor only for embodiments where one would like
to measure delay/transfer times as described herein (e.g.,
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two sensors are needed in such embodiments, one at the
venous and one at the arterial side, with both being preload-
dependent).

[0043] Returning to FIG. 1, processor 20 is configured to
provide information processing capabilities in system 10. As
such, processor 20 may comprise one or more of a digital
processor, an analog processor, a digital circuit designed to
process information, an analog circuit designed to process
information, a state machine, and/or other mechanisms for
electronically processing information. Although processor
20 is shown in FIG. 1 as a single entity, this is for illustrative
purposes only. In some implementations, processor 20 may
comprise a plurality of processing units. These processing
units may be physically located within the same device (e.g.,
pressure generator 14), or processor 20 may represent pro-
cessing functionality of a plurality of devices operating in
coordination.

[0044] As shown in FIG. 1, processor 20 is configured to
execute one or more computer program components. The
one or more computer program components may comprise
one or more of a ventilation parameter component 40, a
control component 42, a hemodynamics component 44, an
adjustment component 46, and/or other components. Pro-
cessor 20 may be configured to execute components 40, 42,
44, and/or 46 by software; hardware; firmware; some com-
bination of software, hardware, and/or firmware; and/or
other mechanisms for configuring processing capabilities on
processor 20.

[0045] It should be appreciated that although components
40, 42, 44, and 46 are illustrated in FIG. 1 as being
co-located within a single processing unit, in implementa-
tions in which processor 20 comprises multiple processing
units, one or more of components 40, 42, 44, and/or 46 may
be located remotely from the other components. The
description of the functionality provided by the different
components 40, 42, 44, and/or 46 described below is for
illustrative purposes, and is not intended to be limiting, as
any of components 40, 42, 44, and/or 46 may provide more
or less functionality than is described. For example, one or
more of components 40, 42, 44, and/or 46 may be elimi-
nated, and some or all of its functionality may be provided
by other components 40, 42, 44, and/or 46. As another
example, processor 20 may be configured to execute one or
more additional components that may perform some or all of
the functionality attributed below to one of components 40,
42, 44, and/or 46.

[0046] Ventilation parameter component 40 is configured
to determine ventilation parameters of the pressure support
therapy. The ventilation parameters are determined based on
the output signals from sensors 17, 18, and/or 19, and/or
other information. The parameters may comprise gas param-
eters related to the pressurized flow of breathable gas,
breathing parameters related to the respiration of subject 12,
and/or other parameters. The information determined by
parameter component 40 may be used for controlling pres-
sure generator 14, stored in electronic storage 24, and/or
used for other uses. The one or more gas parameters of the
pressurized flow of breathable gas may comprise, for
example, one or more of a pressure, a flow rate, a volume,
humidity, temperature, acceleration, velocity, a gas compo-
sition (e.g., a CO, composition) and/or other gas parameters.
Breathing parameters related to the respiration of subject 12
may comprise a tidal volume, a timing (e.g., beginning
and/or end of inhalation, beginning and/or end of exhalation,
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etc.), a respiration rate, a duration (e.g., of inhalation, of
exhalation, of a single breathing cycle, etc.), respiration
frequency, an indication of respiratory effort, and/or other
breathing parameters.

[0047] Control component 42 is configured to control
pressure generator 14 to generate the pressurized flow of
breathable gas. Control component 42 is configured to cause
pressure generator 14 to generate the pressurized flow of
breathable gas in accordance with a pressure support therapy
regime. Control component 42 is configured to cause pres-
sure generator 14 to control the one or more ventilation
parameters of the pressurized flow of breathable gas (e.g.,
described above) according to the prescribed pressure sup-
port therapy regime. Control component 42 is configured to
control pressure generator 14 based on information related
to the output signals from sensors 17, 18, and/or 19, infor-
mation determined by ventilation parameter component 40,
information determined by hemodynamics component 44
(described below), information determined by adjustment
component 46 (described below), information entered and/
or selected by a user via user interface 22, and/or other
information. The pressurized flow of breathable gas gener-
ated by pressure generator 14 is controlled to facilitate
pulmonary and systemic circulation in subject 12 (e.g., as
described below). In some embodiments, control component
40 may be configured to control pressure generator 14 to
generate the flow of gas in accordance with a ventilation
therapy regime, a positive airway pressure support therapy
regime, and/or other pressure support therapy regimes. By
way of non-limiting example, control component 40 may
control pressure generator 14 such that the pressure support
provided to subject 12 via the flow of gas comprises con-
tinuous positive airway pressure support (variable CPAP),
bi-level positive airway pressure support (BPAP), low pres-
sure positive airway pressure (IpPAP) therapy, high pressure
positive airway pressure (hpPAP) therapy, and/or other types
of pressure support therapy. In some embodiments, control
component 42 may be configured to control the pressurized
flow of breathable gas based on the information described
above differently for spontaneously breathing subjects rela-
tive to subjects who require assisted ventilation.

[0048] Hemodynamics component 44 is configured to
determine hemodynamic parameters in subject 12. The
hemodynamic parameters are determined based on the infor-
mation from sensors 17, 18, and/or 19, and/or based on other
information. Hemodynamic parameters comprise param-
eters related to heart function, pulmonary circulation, sys-
temic circulation, and/or other physiological functions. For
example, hemodynamic parameters may include heart rate,
blood pressure, blood gas quantities and/or composition,
parameters related to cardiac afterload, a transpulmonary
delay/transfer time (e.g., described herein), parameters
related to an amount of accumulated blood at one or more
locations in the circulatory system, parameters related to
overloading one or both sides of the heart, parameters
related to atrial fibrillation, and/or other parameters. In some
embodiments, hemodynamics component 44 is configured
to determine “venous” parameters (e.g., pulsations and/or
other parameters). In some embodiments, hemodynamics
component 44 is configured to determine “preload-depen-
dent” parameters (e.g., pulse pressure, stroke volume, “arte-
rial” and/or “venous” PPG, etc.). For example, as described
herein, the preload is controlled to prevent atrial fibrillation.
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[0049] In some embodiments, based on such parameters,
hemodynamics component 44 is configured to determine
whether an overload of the right and/or left atrium of subject
12 has occurred, whether an episode of atrial fibrillation is
occurring or is likely to occur in subject 12, and/or deter-
mine other physiological conditions. The right atrial over-
loading, the increased right atrial preload can be extracted
from the respiration induced modulation of the venous
accumulation sensed by sensor 18. An increase of the
respiration induced modulation is specific for an increased
right atrial preload and consequently an increased afterload
of the right ventricle causing an increase of the accumulated
blood in the pulmonary arteries and an increase of the
pulmonary arterial pressure. The increased preload of the
left atrium can be sensed by sensor 19. The transfer time, the
delay time of the respiration induced modulation of the
blood wave flowing through the pulmonary arteries and
veins is specific for the accumulated blood, the blood
pressure, the left atrial preload and the left ventricular
afterload. An increase of the blood pressure in the pulmo-
nary circulation causes an increase of the pulse transit time
in the pulmonary vessels consequently causing a decreased
delay time sensed by sensor 18 and 19. A left atrial preload
change corresponds linearly to a change of the left ventricu-
lar afterload. Preload changes at the left atrium and the delay
time through the pulmonary circulation are reciprocally
correlated. A decline of the delay time is an indication for an
increased preload. Persistently increased preload is the cause
for atrial overloading, stretching of atrial chamber walls,
cardiac remodeling. All are primary causes in the onset of
paroxysmal atrial fibrillation.

[0050] In some embodiments, hemodynamics component
44 is configured to determine whether an episode of atrial
fibrillation is occurring or is likely to occur based on the
information in the output signals from sensors 17, 18, and/or
19, and/or other information. In some embodiments, deter-
mining whether an episode of atrial fibrillation is occurring
or is likely to occur in subject 12 includes determining the
heart rate (e.g., via the output signals of sensor 19) and/or
respiration rate (e.g., via the output signals of sensor 17
and/or based on information determined by parameter com-
ponent 40), comparing the heart rate and/or respiration rate
to a threshold value, and determining that atrial fibrillation
is occurring and/or is likely to occur responsive to the heart
rate and/or respiration rate breaching the threshold. For
example, hemodynamics component 44 may determine that
atrial fibrillation is occurring or is about to occur responsive
to the heart rate and/or respiration rate slowing to a rate that
is below a fibrillation threshold level. The fibrillation thresh-
old level may be programmed at manufacture, input and/or
adjusted by a user via user interface 22, and/or determined
in other ways.

[0051] In some embodiments, prediction of an episode of
atrial fibrillation is based on how frequent atrial extra-
systoles occur. When the number of atrial extra-systoles per
time unit exceeds a certain threshold, atrial fibrillation is
likely to occur when no intervention would take place. This
could therefore be a trigger to change the pressure control of
the ventilation support system. Atrial extra-systoles can be
measured with for example ECG electrodes or with a blood
volume or blood velocity sensor, which could use a tech-
nique such as PPG, laser speckle or ultrasound.

[0052] In some embodiments, changes in AC value, DC
value, or features of waveform morphology of blood volume
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sensors (like PPG) are used to determine whether an episode
of atrial fibrillation is occurring or is likely to occur.
[0053] In some embodiments changes in the heart rate,
breathing rate, or the detection of extra systoles are used to
change the ventilation settings to determine the hemody-
namic response with respect to a change of heart rate,
breathing rate and the data sensed by sensor 18 and sensor
19.

[0054] In some embodiments, determining whether an
episode of atrial fibrillation is occurring or is likely to occur
in subject 12 includes determining whether increased blood
accumulation/volume overloading is present in the pulmo-
nary vessels. In some embodiments, determining whether
increased blood accumulation/volume overloading is pres-
ent in the pulmonary vessels comprises determining a
transpulmonary delay/transfer time of increased blood flow
(e.g., a blood wave) in the pulmonary circulation system of
subject 12. As described above, the delay/transfer time (e.g.,
the delay time measured by sensor 18 and 19) corresponds
to an amount of accumulated blood in a right atrium,
pulmonary veins, and left atrium of subject 12. In this
context delay/transfer/transit time is defined as the time a
volumetric change in the right atrial preload takes before a
volumetric change in the afterload of the left ventricle
(change in LV stroke volume) can be measured.

[0055] Changes in the transfer time correspond to changes
in the amount of accumulated blood. For example, a reduc-
tion of the pulmonary transfer time correlates with an
increase of the pulse wave velocity. The pulse wave velocity
correlates with the pressure in the vessels which is an
indirect measure of the amount of accumulated blood. In
some embodiments, hemodynamics component 44 is con-
figured to determine correlations between therapy pressures,
pulsation and/or dilation, and the arrival and/or transfer time
of blood waves for subject 12.

[0056] FIG. 5Ais a graphical representation 500 of infor-
mation conveyed by one or more output signals generated by
system 10 (FIG. 1), and/or parameters determined by system
10. For example, FIG. 5A illustrates airway pressure 502,
airflow (flow rate) 504, venous PPG 506, venous blood
pooling (during expiration) 508, and right ventricle filling
(during inspiration) 510. In some embodiments, system 10
may determine one or more of the parameters based on the
graphical representation itself.

[0057] FIG. 5B (a zoomed in portion of FIG. 5A) illus-
trates a delay/transfer time 550. As described above, delay/
transfer time 550 may be a surrogate representative of the
accumulated blood in the right atrium, the pulmonary veins,
and the left atrium of subject 12. Delay/transfer time 550 is
measured and determined by the time delay of the respira-
tion-induced modulation in the signal of sensor 18 (FIG. 1)
compared with the modulated signal of sensor 19 (FIG. 1).
In some embodiments, delay/transfer time 350 is the time
delay of the respiration-induced modulation in the signal of
sensor 18 compared with the air flow measured by the
ventilator. In some embodiments, delay/transfer time 550 is
the time delay of the respiration-induced modulation in the
signal of sensor 19 compared with the air flow measured by
the ventilator. In some embodiments, the delay/transfer time
may comprise a time difference between a minimum in the
signal of sensor 18 and a maximum in the signal of sensor
19, for example. In some embodiments, determining the
delay/transfer time between sensor 19 and sensor 18 is the
same as and/or similar to determining the delay/transfer time
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between sensor 19 and the flow signal of the ventilator, so
that no sublingual sensor would be needed in such embodi-
ments. In some embodiments, delay/transfer time 550 is the
determined based on the pulse arrival times and pulse transit
times of the pressure wave of: the ECG versus the pulse
signal of sensor 18, the ECG versus the pulse signal of
sensor 19, the pulse signal of sensor 18 versus that of sensor
19, and/or other delay/transfer times.

[0058] Returning to FIG. 1, adjustment component 46 is
configured to cause pressure generator 14 to adjust the one
or more ventilation parameters of the pressurized flow of
breathable gas based on the information determined by
hemodynamics component 44, the information from sensors
17, 18, and/or 19, and/or other information. Adjustment
component 46 is configured to control pressure generator 14
to adjust the pressure levels and/or other parameters of the
pressurized flow of breathable gas during inhalation and/or
exhalation by subject 12 to facilitate pulmonary and sys-
temic circulation. In some embodiments, adjustment com-
ponent 46 is configured to cause adjustment of the pressure
levels of the pressurized flow of breathable gas during one
or both of inhalation and exhalation by amounts that corre-
spond to an amount of venous blood accumulation during
cardiac preload and/or an amount of cardiac hypervolemic
stress in subject 12. In some embodiments, adjustment
component 46 is configured to cause pressure generator 14
to adjust the ventilation parameters of the pressurized flow
of breathable gas via electronic communication with the
valves, blower, motor (e.g., the servo controllers, valves,
motors), and/or other components of pressure generator 14.

[0059] For example, adjustment component 46 may cause
pressure generator 14 to operate in an IpPAP and/or hpPAP
therapy mode, and/or switch from operating in a typical
CPAP (or some other typical therapy mode) to the IpPAP
and/or hpPAP therapy modes. Adjustment component 46
may be configured such that therapy parameters of the
IpPAP and/or hpPAP therapy discourage and/or prevent
volume overloading, and decrease the amount of accumu-
lated blood in the atria. During typical CPAP (for example),
as long as the CPAP pressure is not higher than a given
threshold level (e.g., which is subject dependent but usually
about 4 cmH20), exhalation by subject 12 may be passive,
with little to no muscular effort needed to assist the outflow
because the natural recoil of the ribcage and alveoli are
enough to overcome the CPAP pressure. If the CPAP exha-
lation pressure is higher than a given threshold level (e.g,,
something above the 4 cmH20, usually about 8 cmH20)
exhalation requires muscular effort by subject 12 (the
amount of muscular effort required by individual subjects 12
varies across the range of 4-8 cmH20).

[0060] Controlling pressure generator 14 to operate in an
IpPAP therapy mode assists the heart during the inhalation
cycle. Adjustment component 46 is configured to adjust the
pressure levels and/or the parameters of the IpPAP therapy
such that during inhalation the pressurized flow of breath-
able gas is provided at a pressure level that is higher than the
pressure level specified by the pressure support therapy
regime (e.g., typical CPAP pressure support therapy), and
exhalation by subject 12 remains a passive expiratory air-
flow without need of muscular effort by subject 12 to exhale.
In some embodiments, IpPAP therapy increases (e.g., makes
less negative) the intrathoracic pressure during inhalation,
which reduces the venous return from the systemic veins,
and lowers the preload of the right atrium. In some embodi-
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ments, IpPAP therapy increases the external positive end-
expiratory pressure (ePEEP), which increases the vascular
resistance of the intra-alveolar capillaries to lower the trans-
alveolar perfusion, and lowers the preload of the left atrium.
[0061] Controlling pressure generator 14 to operate in an
hpPAP therapy mode includes assisting the heart during the
inhalation cycle as described above using 1pPAP therapy.
Adjustment component 46 is configured such that hpPAP
therapy additionally causes pressure generator 14 to gener-
ate the pressurized flow of breathable gas during exhalation
at a pressure level that is higher than the pressure level
provided during inhalation. At this higher expiratory pres-
sure level, the recoil behavior of the alveoli and the ribcage
is not sufficient for subject 12 to naturally and/or involun-
tarily complete the expiratory tidal airflow. Instead, subject
12 must breathe out actively against the provided exhalation
pressure using muscular expiratory breathing effort. This
breathing effort during exhalation acts as an expiratory
pulmonary muscle pump. In some embodiments, the hpPAP
therapy rapidly increases (e.g., makes less negative after
inhalation) the intrathoracic pressure to further lower the
preload of the right atrium. In some embodiments, the
hpPAP therapy increases the transmural pressure on the
extra-alveolar vessels during exhalation to assist an
increased trans-alveolar perfusion pressure to increase the
alveolar blood flow.

[0062] It should be noted that the pressure levels and/or
other parameters of the IpPAP and/or hpPAP therapies are
specific to subject 12. The pressure levels and/or other
parameters may be determined at manufacture, set and/or
adjusted by a physician and/or other caregivers (e.g., via
user interface 22), determined based on (integrated) elec-
tromyography (EMG) and/or other methods, and/or deter-
mined in other ways.

[0063] In some embodiments, responsive to a determina-
tion that atrial fibrillation is occurring or is likely to occur by
hemodynamics component 44, adjustment component 46 is
configured to control pressure generator 14 to adjust the
pressure levels during one or both of inhalation and exha-
lation to facilitate the pulmonary and systemic circulation,
and discourage or prevent the episode of atrial fibrillation.
For example, FIG. 6 illustrates adjusting the exhalation
and/or inhalation pressure levels of the pressure support
therapy responsive to a determination that atrial fibrillation
is occurring or is likely to occur. As shown in FIG. 6,
pressure support is provided 602 to a subject (not shown in
FIG. 6). Sublingual and/or systemic PPG sensors generate
604 output signals conveying information used to determine
606 the heart rate of the subject, the respiration rate of the
subject, a transfer time (e.g., as described above), and/or
other parameters. The heart rate, respiration rate, transfer
time, and/or other parameters are compared 608 to corre-
sponding threshold values to determine whether atrial fibril-
lation is occurring and/or is likely to occur (e.g., responsive
to the heart rate, respiration rate, transfer time, etc., breach-
ing a threshold). Parameters (e.g., an exhalation pressure
level) of the pressure support are adjusted 610 responsive to
a determination that atrial fibrillation is occurring or is likely
to occur.

[0064] Returning to FIG. 1, in some embodiments, respon-
sive to determining that an overload of the right atrium in
subject 12 has occurred (e.g., based on the transfer time
and/or other information), adjustment component 46 is
configured to cause pressure generator 14 to increase the
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pressure level during inhalation above the level indicated by
the pressure support therapy regime (e.g., a typical CPAP
therapy regime) and cause oscillation of the pressure about
the increased pressure level with a timing that corresponds
to systolic and diastolic phases of a cardiac cycle in subject
12 (e.g., IpPAP).

[0065] Responsive to determining that an overload of the
left atrium has occurred, adjustment component 46 is con-
figured to cause pressure generator 14 to adjust the pressure
levels during inhalation and exhalation such that the pres-
sure level during exhalation is higher than the pressure level
during inhalation (e.g., hpPAP). Adjustment component 46
is configured to cause pressure generator to oscillate the
pressure about the adjusted pressure levels during inhalation
and exhalation with an oscillation amplitude that is larger
during exhalation than inhalation, and with an oscillation
timing that corresponds to the systolic and diastolic phases
of the cardiac cycle in subject 12.

[0066] Determining whether the right and/or left atrium in
subject 12 is overloaded and then adjusting the pressure
support therapy based on such a determination is illustrated
in FIG. 7. As shown in FIG. 7, responsive to a determination
that the right atrium is overloaded (right heart preload, blood
volume overloading) 702 based on information from a
systemic pulse arrival sensor (e.g., comprising sensors 18
and 19 shown in FIG. 1) 704 and/or other information, a
ventilation support device (e.g., pressure generator 14) 706
is controlled to generate IpPAP 708 for a patient (e.g,
subject 12) 710. Responsive to a determination that the left
atrium is overloaded (left heart preload, systemic venous
blood volume overloading) 712 based on information from
a sublingual PPG sensor (e.g., sensor 18) 714 and/or other
information, ventilation support device 706 is controlled to
generate hpPAP 716 for patient 710.

[0067] FIG. 8 illustrates a pressure level profile 800 of
pressure support provided to subject 12 (FIG. 1) responsive
to determining that an overload of the right atrium in subject
12 has occurred. Pressure level profile 800 is shown relative
to diastolic 806 and systolic 808 phases of the cardiac cycle
802 and inspiration 810 and expiration 812 phases of the
respiration cycle 804. As shown in FIG. 8, responsive to a
determination that an overload of the right atrium has
occurred, the pressure level is increased 814 during inspi-
ration above the level indicated by the pressure support
therapy regime (e.g., a typical CPAP therapy regime) and
caused to oscillate 816 about the increased pressure level
with a timing 818, 820 that corresponds to systolic and
diastolic phases of cardiac cycle 802.

[0068] FIG. 9 illustrates a pressure level profile 900 of
pressure support provided to the subject (e.g., subject 12
shown in FIG. 1) responsive to determining that an overload
of the left atrium in the subject has occurred. Pressure level
profile 900 is shown relative to diastolic 906 and systolic
908 phases of the cardiac cycle 902 and inspiration 910 and
expiration 912 phases of the respiration cycle 904. As shown
in FIG. 9, responsive to a determination that an overload of
the left atrium has occurred, the pressure level is adjusted
such that the pressure level during expiration 914 is higher
than the pressure level during inspiration 916. In addition,
the pressure level oscillates 918 about the adjusted pressure
levels during inhalation and exhalation with an oscillation
amplitude 920, 922 that is larger 920 during expiration than
the amplitude during inspiration 922, and with an oscillation
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timing 924 that corresponds to the systolic and diastolic
phases of the cardiac cycle in the subject.

[0069] Returning to FIG. 1, by way of a non-limiting
example of the operation of system 10, optical PPG sensor
18 may be located at a branch of the internal jugular vein in
subject 12 and monitor the respiration related venous blood
pooling and filling of the right atrium. Parameter component
40 and/or hemodynamics component 44 may determine the
pulse rate and the respiration rate based on the information
from sensors 17, 18, and/or 19. A signal amplitude (e.g.,
from sensor 18) may be representative of the effort of the
heart during respiration and the dilatation of the vein, which
corresponds to the blood accumulation. If the amplitude of
the signal is outside of a predetermined range for subject 12,
the therapy pressure level may be increased for the inspira-
tion cycle. Subject 12 may respond autonomously by
decreasing the muscular effort needed for breathing. The
response to the decreased effort may be determined based on
a change of the amplitude of the signal from sensor 18 at the
sublingual vein in the next breathing cycle. Information
from sensor 19 may be used to determine a change in the
transfer time accordingly.

[0070] By way of a second non-limiting example of the
operation of system 10, hemodynamics component 44 is
configured to detect increases in the transfer times of blood
waves and determine that volume overloading in the pul-
monary system occurs (e.g., as described above). This
overloading is a typical symptom in patients with congestive
heart failure (CHF). The increased transfer times correlate
with the amount of accumulated blood in the capacitive,
highly compliant, pulmonary vessels. In such embodiments,
adjustment component 46 is configured to control pressure
generator 14 to increase the therapy pressure level during
expiration to a level that requires an active muscular effort
during expiration by subject 12. The increased pressure level
causes an increase in the vascular resistance of the intra-
alveolar capillaries, so less blood is flowing into the pulmo-
nary veins, and the increased transmural pressure at the
pulmonary veins (extra-alveolar veins) increases the preload
of the left side of the heart. Both effects contribute to
balancing the pulmonary circulation such that the blood
accumulated in the pulmonary circulation system 1is
decreased (e.g., as evidenced in a decrease of the pulmonary
transfer time determined by hemodynamics component 44).

[0071] Returning to FIG. 1, user interface 22 is configured
to provide an interface between system 10 and subject 12
and/or other users through which subject 12 and/or other
users provide information to and receive information from
system 10. For example, user interface 22 is configured to
receive entry and/or selection of control inputs from subject
12 and/or other users that specify control parameters for the
pressure support therapy and/or other information. Other
users may comprise a caregiver, a doctor, a decision maker,
and/or other users. User interface 22 enables data, cues,
results, and/or instructions and any other communicable
items, collectively referred to as “information,” to be com-
municated between a user (e.g., subject 12) and one or more
of pressure generator 14, sensors 17, 18, 19, processor 20,
electronic storage 24, and/or other components of system 10.
Examples of interface devices suitable for inclusion in user
interface 22 comprise a keypad, buttons, switches, a key-
board, knobs, levers, a display screen, a touch screen,
speakers, a microphone, an indicator light, an audible alarm,
a printer, a tactile feedback device, and/or other interface
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devices. In some embodiments, user interface 22 comprises
aplurality of separate interfaces. In some embodiments, user
interface 22 comprises at least one interface that is provided
integrally with pressure generator 14.

[0072] It is to be understood that other communication
techniques, either hard-wired or wireless, are also contem-
plated by the present disclosure as user interface 22. For
example, the present disclosure contemplates that user inter-
face 22 may be integrated with a removable storage interface
provided by electronic storage 24. In this example, infor-
mation may be loaded into system 10 from removable
storage (e.g., a smart card, a flash drive, a removable disk,
etc.) that enables the user(s) to customize the implementa-
tion of system 10. Other exemplary input devices and
techniques adapted for use with system 10 as user interface
22 comprise, but are not limited to, an RS-232 port, RF link,
an IR link, modem (telephone, cable or other). In short, any
technique for communicating information with system 10 is
contemplated by the present disclosure as user interface 22.
[0073] In some embodiments, electronic storage 24 com-
prises electronic storage media that electronically stores
information. The electronic storage media of electronic
storage 24 may comprise system storage that is provided
integrally (i.e., substantially non-removable) with system
10; removable storage that is removably connectable to
system 10 via, for example, a port (e.g., a USB port, a
firewire port, etc.) or a drive (e.g., a disk drive, efc.);
remotely located electronic (e.g., “cloud”) storage wirelessly
accessed by system 10; and/or other electronic storage.
Electronic storage 24 may comprise one or more of optically
readable storage media (e.g., optical disks, etc.), magneti-
cally readable storage media (e.g., magnetic tape, magnetic
hard drive, floppy drive, etc.), electrical charge-based stor-
age media (e.g., EPROM, RAM, etc.), solid-state storage
media (e.g., flash drive, etc.), and/or other electronically
readable storage media. Electronic storage 24 may store
software algorithms, information determined by processor
20, information received via user interface 22, and/or other
information that enables system 10 to function as described
herein. Electronic storage 24 may be (in whole or in part) a
separate component within system 10, or electronic storage
24 may be provided (in whole or in part) integrally with one
or more other components of system 10 (e.g., user interface
22, processor 20, etc.).

[0074] FIG. 10 illustrates a method 1000 for facilitating
pulmonary and systemic circulation in the subject with a
ventilation support system. The system comprises a pressure
generator, a first sensor, a second sensor, one or more
hardware processors, and/or other components. The one or
more hardware processors are configured by machine read-
able instructions to execute computer program components.
The computer program components include a control com-
ponent, a hemodynamics component, an adjustment com-
ponent, and/or other components. The operations of method
1000 presented below are intended to be illustrative. In some
embodiments, method 1000 may be accomplished with one
or more additional operations not described, and/or without
one or more of the operations discussed. Additionally, the
order in which the operations of method 1000 are illustrated
in FIG. 10 and described below is not intended to be
limiting.

[0075] Insome embodiments, method 1000 may be imple-
mented in one or more processing devices (e.g., a digital
processor, an analog processor, a digital circuit designed to
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process information, an analog circuit designed to process
information, a state machine, and/or other mechanisms for
electronically processing information). The one or more
processing devices may include one or more devices execut-
ing some or all of the operations of method 1000 in response
to instructions stored electronically on an electronic storage
medium. The one or more processing devices may include
one or more devices configured through hardware, firmware,
and/or software to be specifically designed for execution of
one or more of the operations of method 1000.

[0076] At an operation 1002, a pressurized flow of breath-
able gas is generated according to a pressure support therapy
regime. The pressure support therapy regime indicates pres-
sure levels of the pressurized flow of breathable gas pro-
vided by the pressure generator during inhalation and exha-
lation by the subject. In some embodiments, operation 1002
is performed by a pressure generator the same as or similar
to pressure generator 14 (shown in FIG. 1 and described
herein).

[0077] At an operation 1004, output signals conveying
information related to venous blood accumulation during
cardia preload are generated. In some embodiments the
output signals are generated by a sublingual photoplethys-
mography (PPG) sensor configured to generate output sig-
nals that convey information related to a pulsation of a
sublingual vein modulated by a respiration cycle of the
subject. In some embodiments, operation 1004 is performed
by a sensor the same as or similar to sensor 18 (shown in
FIG. 1 and described herein).

[0078] At an operation 1006, output signals conveying
information related to cardiac blood volume overloading are
generated. In some embodiments, the output signals are
generated by a systemic PPG sensor configured to remov-
ably couple with a forehead, temple, ear, or finger of the
subject. In some embodiments, operation 1006 is performed
by a sensor the same as or similar to sensor 19 (shown in
FIG. 1 and described herein).

[0079] At an operation 1008, the pressurized flow of
breathable gas is adjusted, based on the output signals, to
facilitate pulmonary and systemic circulation. In some
embodiments, the pressure generator is controlled to adjust
the pressure levels of the pressurized flow of breathable gas
during one or both of inhalation and exhalation. In some
embodiments, causing the pressure generator to adjust the
pressure levels of the pressurized flow of breathable gas
comprising adjusting the pressure levels by amounts that
correspond to an amount of venous blood accumulation
during cardiac preload and/or an amount of cardiac hyper-
volemic stress in the subject. In some embodiments, opera-
tion 1008 is performed by a processor compornent the same
as or similar to adjustment component 46 (shown in FIG. 1
and described herein).

[0080] In some embodiments, method 1000 includes
determining, with the hemodynamics component of the one
or more hardware processors, based on the output signals
from the first sensor and the second sensor, whether an
episode of atrial fibrillation is occurring or is likely to occur
in the subject; and responsive to a determination that atrial
fibrillation is occurring or is likely to occur, controlling, with
the adjustment component of the one or more hardware
processors, the pressure generator to adjust the pressure
levels during one or both of inhalation and exhalation to
facilitate the pulmonary and systemic circulation, and dis-
courage or prevent the episode of atrial fibrillation. In some

Feb. 6, 2020

embodiments, determining whether an episode of atrial
fibrillation is occurring or is likely to occur includes deter-
mining a transpulmonary transfer time of a blood wave in a
pulmonary circulation system of the subject. The transfer
time corresponds to an amount of accumulated blood in a
right atrium, pulmonary veins, and left atrium of the subject.

[0081] In some embodiments, method 1000 includes
determining, with the hemodynamics component of the one
or more hardware processors, based on the output signals of
the first sensor and the second sensor, whether an overload
of a right and/or left atrium of the subject has occurred. In
such embodiments, method 1000 further comprises, respon-
sive to determining that an overload of the right atrium has
occurred, causing, with the adjustment component of the one
or more hardware processors, the pressure generator to
increase the pressure level during inhalation above the level
indicated by the pressure support therapy regime and cause
oscillation of the pressure about the increased pressure level
with a timing that corresponds to systolic and diastolic
phases of a cardiac cycle in the subject. In such embodi-
ments, method 1000 further comprises, responsive to deter-
mining that an overload of the left atrium has occurred,
causing, with the adjustment component of the one or more
hardware processors, the pressure generator to: adjust the
pressure levels during inhalation and exhalation such that
the pressure level during exhalation is higher than the
pressure level during inhalation; and oscillate the pressure
about the adjusted pressure levels during inhalation and
exhalation with an oscillation amplitude that is larger during
exhalation than inhalation, and with an oscillation timing
that corresponds to the systolic and diastolic phases of the
cardiac cycle.

[0082] Although the description provided above provides
detail for the purpose of illustration based on what is
currently considered to be the most practical and preferred
embodiments, it is to be understood that such detail is solely
for that purpose and that the disclosure is not limited to the
expressly disclosed embodiments, but, on the contrary, is
intended to cover modifications and equivalent arrange-
ments that are within the spirit and scope of the appended
claims. For example, it is to be understood that the present
disclosure contemplates that, to the extent possible, one or
more features of any embodiment can be combined with one
or more features of any other embodiment.

[0083] In the claims, any reference signs placed between
parentheses shall not be construed as limiting the claim. The
word “comprising” or “including” does not exclude the
presence of elements or steps other than those listed in a
claim. In a device claim enumerating several means, several
of these means may be embodied by one and the same item
of hardware. The word “a” or “an” preceding an element
does not exclude the presence of a plurality of such ele-
ments. In any device claim enumerating several means,
several of these means may be embodied by one and the
same item of hardware. The mere fact that certain elements
are recited in mutually different dependent claims does not
indicate that these elements cannot be used in combination.

1. A sensing and monitoring system configured to mea-
sure atrial stretch in a subject based on one or more
hemodynamic parameters, the system comprising:

one or more sensors configured to generate output signals

conveying information related to hemodynamic activ-
ity in the subject; and
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one or more hardware processors configured by machine-

readable instructions to:

determine the one or more hemodynamic parameters
based on the output signals; and

determine the atrial stretch in the subject based on the
on the one or more determined hemodynamic param-
eters, wherein the one or more sensors comprise: a
first photoplethysmography (PPG) sensor placed in a
first location on the subject and a second PPG sensor
placed on a second location on the subject, the
second location differing from the first location.

2. The system of claim 1, wherein:

the one or more hemodynamic parameters comprise atrial

extra systoles determined based on output signals from
the second PPG sensor;
responsive to detection of an atrial extra systole, the one
or more hardware processors trigger a pressure genera-
tor to provide ventilation support to the subject; and

the one or more hardware processors validate success of
the ventilation support based on output signals from the
first PPG sensor that indicate reversion of overloading
and/or atrial stretch in the subject.

3. The system of claim 1, further comprising a pressure
generator that is part of a ventilation support system, the
pressure generator configured to generate a pressurized flow
of breathable gas for delivery to an airway of the subject
according to a pressure support therapy regime, the pressure
support therapy regime indicating pressure levels of the
pressurized flow of breathable gas provided by the pressure
generator during inhalation and exhalation by the subject;

wherein the first PPG sensor is configured to generate

output signals conveying information related to venous
blood accumulation during cardiac preload in the sub-
ject; and
the second PPG sensor is configured to generate output
signals conveying information related to heart activity and/
or systemic arterial circulation in the subject; and

wherein the one or more hardware processors are config-

ured to control the pressure generator to adjust the
pressure levels of the pressurized flow of breathable gas
during one or both of inhalation and exhalation to
facilitate the pulmonary and systemic circulation based
on the output signals from the first PPG sensor and the
second PPG sensor.

4. The system of claim 3, wherein the one or more
hardware processors are configured to:

determine, based on the output signals from the first PPG

sensor and the second PPG sensor, whether an episode
of atrial fibrillation is occurring or is likely to occur in
the subject; and

responsive to a determination that atrial fibrillation is

occurring or is likely to occur, control the pressure
generator to adjust the pressure levels during one or
both of inhalation and exhalation to facilitate the pul-
monary and systemic circulation, and discourage or
prevent the episode of atrial fibrillation.

5. The system of claim 4, wherein the first PPG sensor is
a sublingual PPG sensor configured to generate output
signals that convey information related to a pulsation of a
sublingual vein modulated by a respiration cycle of the
subject, and the second PPG sensor is a systemic PPG sensor
configured to removably couple with a forehead, temple, ear,
or finger of the subject.
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6. The system of claim 5, wherein determining, based on
the output signals from the first PPG sensor and the second
PPG sensor, whether an episode of atrial fibrillation is
occurring or is likely to occur in the subject includes
determining a transpulmonary delay/transfer time of a blood
wave in a pulmonary circulation system of the subject, the
delay/transfer time corresponding to an amount of accumu-
lated blood in a right atrium, pulmonary veins, and left
atrium of the subject.

7. The system of claim 3, wherein the one or more
hardware processors are further configured to cause adjust-
ment, by the pressure generator, of the pressure levels of the
pressurized flow of breathable gas during one or both of
inhalation and exhalation by amounts that correspond to an
amount of venous blood accumulation during cardiac pre-
load and/or an amount of cardiac hypervolemic stress in the
subject.

8. The system of claim 3, wherein the one or more
hardware processors are further configured to determine,
based on the output signals of the first PPG sensor and the
second PPG sensor whether an overload of a right and/or left
atrium of the subject has occurred, and:

responsive to determining that an overload of the right

atrium has occurred, cause the pressure generator to
increase the pressure level during inhalation above the
level indicated by the pressure support therapy regime
and cause oscillation of the pressure about the
increased pressure level with a timing that corresponds
to systolic and diastolic phases of a cardiac cycle in the
subject; and

responsive to determining that an overload of the left

atrium has occurred, cause the pressure generator to:

adjust the pressure levels during inhalation and exha-
lation such that the pressure level during exhalation
1s higher than the pressure level during inhalation;
and

oscillate the pressure about the adjusted pressure levels
during inhalation and exhalation with an oscillation
amplitude that is larger during exhalation than inha-
lation, and with an oscillation timing that corre-
sponds to the systolic and diastolic phases of the
cardiac cycle.

9. A method for measuring atrial stretch in a subject with
a sensing and monitoring system based on one or more
hemodynamic parameters, the system comprising one or
more sensors and one or more hardware processors, the
method comprising:

generating, with the one or more sensors, output signals

conveying information related to hemodynamic activ-
ity in the subject;

determining, with the one or more hardware processors,

the one or more hemodynamic parameters based on the
output signals; and

determining, with the one or more hardware processors,

the atrial stretch in the subject based on the on the one
or more determined hemodynamic parameters; wherein
the one or more sensors comprise a first photoplethys-
mography (PPG) sensor placed in a first location on the
subject and a second PPG sensor placed on a second
location on the subject, the second location differing
from the first location.

10. The method of claim 9, wherein the one or more
hemodynamic parameters comprise atrial extra systoles
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determined based on output signals from the second PPG
sensor; the method further comprising:

responsive to detection of an atrial extra systole, trigger-

ing a pressure generator to provide ventilation support
to the subject; and

validating success of the ventilation support based on

output signals from the first PPG sensor that indicate
reversion of overloading and/or atrial stretch in the
subject.

11. The method of claim 9, wherein the sensing and
monitoring system further comprises a pressure generator
that is part of a ventilation support system, the method
further comprising:

generating, with the pressure generator, a pressurized flow

of breathable gas for delivery to an airway of the
subject according to a pressure support therapy regime,
the pressure support therapy regime indicating pressure
levels of the pressurized flow of breathable gas pro-
vided by the pressure generator during inhalation and
exhalation by the subject;

generating, with the first PPG sensor, output signals

conveying information related to venous blood accu-
mulation during cardiac preload in the subject;
generating, with the second PPG sensor, output signals
conveying information related to heart activity and/or
systemic arterial circulation in the subject; and
controlling, with the one or more hardware processors, the
pressure generator to adjust the pressure levels of the
pressurized flow of breathable gas during one or both of
inhalation and exhalation to facilitate the pulmonary
and systemic circulation based on the output signals
from the first PPG sensor and the second PPG sensor.

12. The method of claim 11, further comprising;

determining, with the one or more hardware processors,

based on the output signals from the first PPG sensor
and the second PPG sensor, whether an episode of atrial
fibrillation is occurring or is likely to occur in the
subject; and

responsive to a determination that atrial fibrillation is

occurring or is likely to occur, controlling, with the one
or more hardware processors, the pressure generator to
adjust the pressure levels during one or both of inha-
lation and exhalation to facilitate the pulmonary and
systemic circulation, and discourage or prevent the
episode of atrial fibrillation.

13. The method of claim 12, wherein the first PPG sensor
is a sublingual PPG sensor configured to generate output
signals that convey information related to a pulsation of a
sublingual vein modulated by a respiration cycle of the
subject, and the second PPG sensor is a systemic PPG sensor
configured to removably couple with a forehead, temple, ear,
or finger of the subject.

14. The method of claim 13, wherein determining, based
on the output signals from the first PPG sensor and the
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second PPG sensor, whether an episode of atrial fibrillation
is occurring or is likely to occur in the subject includes
determining a transpulmonary delay/transfer time of a blood
wave in a pulmonary circulation system of the subject, the
transfer time corresponding to an amount of accumulated
blood in a right atrium, pulmonary veins, and left atrium of
the subject.
15. The method of claim 11, further comprising causing,
with the one or more hardware processors, the pressure
generator to adjust the pressure levels of the pressurized
flow of breathable gas during one or both of inhalation and
exhalation by amounts that correspond to an amount of
venous blood accumulation during cardiac preload and/or an
amount of cardiac hypervolemic stress in the subject.
16. The method of claim 11, further comprising;
determining, with the one or more hardware processors,
based on the output signals of the first PPG sensor and
the second PPG sensor, whether an overload of a right
and/or left atrium of the subject has occurred, and:

responsive to determining that an overload of the right
atrium has occurred, causing, with the one or more
hardware processors, the pressure generator to increase
the pressure level during inhalation above the level
indicated by the pressure support therapy regime and
cause oscillation of the pressure about the increased
pressure level with a timing that corresponds to systolic
and diastolic phases of a cardiac cycle in the subject;
and

responsive to determining that an overload of the left

atrium has occurred, causing, with the one or more
hardware processors, the pressure generator to:

adjust the pressure levels during inhalation and exhalation

such that the pressure level during exhalation is higher
than the pressure level during inhalation; and
oscillate the pressure about the adjusted pressure levels
during inhalation and exhalation with an oscillation
amplitude that is larger during exhalation than inhala-
tion, and with an oscillation timing that corresponds to
the systolic and diastolic phases of the cardiac cycle.

17. A sensing and monitoring system configured to mea-
sure atrial stretch in a subject based on one or more
hemodynamic parameters, the system comprising:

means for generating output signals conveying informa-

tion related to hemodynamic activity in the subject;
means for determining the one or more hemodynamic
parameters based on the output signals; and

means for determining the atrial stretch in the subject

based on the on the one or more determined hemody-
namic parameters; wherein the means for generating
output signals comprise: a first means placed on a first
location on the subject and a second means placed on
a second location on the subject, the second location
differing from the first location.
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