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7) ABSTRACT

This disclosure describes methods and systems for stimu-
lating a respiratory muscle of a patient. The methods herein
may include positioning a stimulator adjacent a nerve
capable of activating the respiratory muscle; activating the
stimulator to cause the respiratory muscle to contract; and
ceasing the activation of the stimulator for a period of time.
The level and the time of the stimulation may be adjusted for
various applications. One or more of the steps in the
methods may be repeated. The systems herein may include
a stimulator for positioning adjacent a nerve capable of
activating the respiratory muscle; a signal generator for
providing stimulation energy to the stimulator; a sensor for
detecting a response of the respiratory muscle to the stimu-
lation energy; and a controller programmed to control the
signal generator for providing stimulation with desired level
and time.
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SYSTEMS AND METHODS FOR
STRENGTHENING A RESPIRATORY
MUSCLE

INCORPORATION BY REFERENCE

[0001] In general, all publications, patent applications, and
patents mentioned in this specification are herein incorpo-
rated by reference in their entirety to the same extent as if
each individual document was specifically individually indi-
cated to be incorporated by reference.

TECHNICAL FIELD

[0002] This disclosure relates generally to methods and
devices (including systems) for increasing the strength and/
or maximum inspiratory force and/or endurance of a respi-
ratory muscle. In some examples, the present disclosure
describes methods for increasing the force of a respiratory
muscle until a living being (e.g., a patient) is able to breathe
without the need for invasive or non-invasive mechanical
ventilation, or without the need for other external respiratory
support.

[0003] In certain examples, the present disclosure
describes systems and methods for delivering energy at
intervals, or at a low duty cycle, over a period of several days
or weeks to respiratory muscles to increase their maximum
strength, and/or improve the fatigue threshold until a living
being can breathe with reduced, or without, external respi-
ratory support.

[0004] In addition, the present disclosure describes sys-
tems and methods to mitigate the loss of maximum inspira-
tory strength of a respiratory muscle in a living being, and
more specifically to reduce the degree of such strength loss
while a patient is receiving external respiratory support.

BACKGROUND

[0005] Critical care patients, particularly those requiring
invasive mechanical ventilation (MV), are known to expe-
rience higher levels of diaphragm, lung, brain, heart, and
other organ injury. The respiratory muscles (e.g., diaphragm,
sternocleidomastoid, scalenes, pectoralis minor, external
intercostals, internal intercostals, abdominals, quadratus,
etc.) are known to rapidly lose mass and strength during MV.
The lungs suffer from ventilator-induced trauma; including
both high and low pressure injuries. Cognitive effects of MV
are believed to be caused by several factors, including
aberrant neuro-signaling and inflammatory responses. The
heart needs to work harder as: a) respiratory devices such as
mechanical ventilators increase blood flow resistance, b)
reduced respiratory muscle contraction provides less venous
blood flow support, and c) prolonged positive end-expira-
tory pressure creates blood flow resistance. Each of these is
exacerbated the longer that a patient is on MV. To prevent
these negative side effects, it is important to keep patients on
MYV for as short a time as possible. However, rapid respi-
ratory muscle atrophy in MV patients makes it challenging
to transition many patients away from a dependency on MV.
Today, there are no commercially available options to
strengthen the respiratory muscles of critical care patients,
particularly for those that are on MV, so that they can
quickly regain the ability to breathe without external respi-
ratory support.

[0006] In many cases, a patient who is sedated and con-
nected to a mechanical ventilator cannot breathe normally
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because the central neural drive to the diaphragm and
accessory respiratory muscles is often suppressed. Although
MYV can be a life-saving intervention for patients suffering
from respiratory failure, prolonged MV can promote respi-
ratory muscle atrophy. Of particular focus has been the
atrophy and contractile dysfunction of the diaphragm result-
ing from extended periods of time on mechanical ventila-
tion, called ventilator-induced diaphragm atrophy (VIDD).
This type of diaphragm injury and accompanying diaphragm
weakness are recognized as likely contributors to difficulty
in weaning from MV. In a landmark study in brain-dead ICU
patients who were kept on MV for just 18 to 69 hours until
their donated organs were harvested, the diaphragm muscle
fibers had shrunk to less than half of their normal sizes
(Levine et al., New England Journal of Medicine, 358:
1327-1335, 2008). Such profound atrophy, when allowed to
progress for days or weeks, is considered to be a primary
cause for failure to wean from MV in large numbers of MV
patients (Demoule et al., Relevance of Ventilator-induced
Diaphragm Dysfunction in ICU patients, Clinical Pulmo-
nary Medicine, Volume 19, Number 6 (November 2012)).

[0007] Ithas been demonstrated that even short periods of
time on mechanical ventilation can lead to lung injury (e.g.,
barotrauma, atelectrauma, etc.), lung infection (e.g., pneu-
monia), brain injury (e.g., cognitive dysfunction, dementia,
etc.) and heart injury.

[0008] It has been estimated that over 600,000 U.S.
patients will be ventilator-dependent and require prolonged
mechanical ventilation by the year 2020, at a cost to the US
healthcare system of over $60 billion (Zilberberg et al.,
“Growth in adult prolonged acute mechanical ventilation:
implications for healthcare delivery,” Crit Care Med., 2008
May, 36(5): 1451-55).

[0009] As such, both short and extended time on a
mechanical ventilator increases health care costs and greatly
increases patient morbidity and mortality. An international,
prospective, observational study of MV practices that
included 5,183 patients from 20 countries who received MV
for greater than 12 hours revealed that patients spend, on
average, 40% of their duration of MV in the process of
weaning (Esteban et al., Evolution of mechanical ventilation
in response to clinical research, Am. J. Respir. Crit. Care
Med., 2008 Jan. 15; 177(2):170-7).

[0010] The majority of patients treated with MV are
readily liberated from ventilator support upon resolution of
respiratory failure or recovery from surgery, but approxi-
mately one-third encounter challenges with regaining the
ability to breathe spontaneously. The prognosis is good for
patients who wean successfully at the first attempt (simple
wean—ICU mortality~5%), but is less so for the remaining
patients (difficult or prolonged wean—ICU mortality~25%)
(Boles et al., Weaning from mechanical ventilation, Eur.
Respir. J., 2007 May; 29(5):1033-56).

[0011] Difficulty in weaning from MV is the subject of
numerous research efforts around the world, because in
many cases patients are able to recover from the condition
that originally required them to have MV, but due to the
effects of MV they are unable to regain full health.

[0012] Some researchers have looked at ways to reduce
diaphragm muscle atrophy. Reynolds et al. demonstrated
that frequent phrenic nerve stimulation can help mitigate
diaphragm muscle atrophy in animal models (Reynolds et
al., Mitigation of Ventilator-induced Diaphragm Atrophy by
Transvenous Phrenic Nerve Stimulation, Am. J. Respir. Crit.
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Care Med., 2017 Feb. 1; 195(3):339-348). Lungpacer Medi-
cal has disclosed several devices, systems, and methods to
prevent diaphragm muscle atrophy.

[0013] The literature related to weaning patients from
mechanical ventilation has focused on the need for patients
to regain diaphragm muscle endurance. One theory has been
that a patient needs respiratory muscle endurance to support
independent respiration for long periods of time.

SUMMARY

[0014] Embodiments of the present disclosure relate to,
among other things, systems, devices, and methods for
stimulating a respiratory muscle for a small portion of the
breaths delivered to or required by a patient in order to
strengthen the muscle and/or increase the endurance of the
muscle. Each of the embodiments disclosed herein may
include one or more of the features described in connection
with any of the other disclosed embodiments.

[0015] This disclosure includes methods for stimulating a
respiratory muscle of a patient. In some aspects, the methods
may include: (a) positioning a stimulator adjacent a nerve
capable of activating the respiratory muscle; (b) activating
the stimulator to cause the respiratory muscle to contract
only 100 times or less; (c) ceasing the activation of the
stimulator for one or more hours; and (d) repeating steps (b)
and (c) at least once. The patient may initiate at least one
respiratory muscle contraction of step (b).

[0016] In some examples, the methods may further
include selecting a pre-determined value of a maximum
inspiratory pressure of the patient, and repeating steps (b)
and (c) until the maximum inspiratory pressure of the patient
increases to the pre-determined value. The pre-determined
value may be at least 30 cm H,O. The nerve may be a first
nerve, and the respiratory muscle may be a first respiratory
muscle, and the method may further include carrying out
steps (a) through (d) relative to a second nerve and a second
respiratory muscle. The stimulator may include one or more
of transvascular electrodes, transdermal electrodes, subcu-
taneous electrodes, or electrodes configured to be positioned
in contact with the nerve.

[0017] In some examples, the methods may further
include determining a stimulation threshold. The step of
determining may include palpating the respiratory muscle.
Alternatively or additionally, the step of determining may
include observing at least one of a pressure data or a volume
data from an external respiratory support system. The meth-
ods may further include using a mechanical ventilator to
provide respiratory support to the patient during at least a
portion of step (b).

[0018] In some aspects, the methods for stimulating a
respiratory muscle of a patient may include (a) positioning
a stimulator adjacent a nerve capable of activating the
respiratory muscle; (b) first activating the stimulator to cause
the respiratory muscle to contract only 100 times or less; (c)
ceasing the first activation of the stimulator for at least 30
seconds; (d) after step (c), second activating the stimulator
to cause the respiratory muscle to contract only 100 times or
less; (e) ceasing the second activation of the stimulator for
one or more hours; and (f) repeating steps (b) through (e) at
least once. The nerve may be at least one of a phrenic nerve
or a vagus nerve. In one example, step (b) may include 100
or less stimulations corresponding to the 100 or less con-
tractions of the respiratory muscle, and step (b) may include
adjusting at least one stimulation parameter between a first
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stimulation of the 100 or less stimulations and a second
stimulation of the 100 or less stimulations.

[0019] In some examples, the nerve may be a first nerve,
the respiratory muscle may be a first respiratory muscle, and
the stimulator may include a first set of electrodes positioned
adjacent the first nerve and a second set of electrodes
positioned adjacent a second nerve capable of activating
either the first respiratory muscle or a second respiratory
muscle, and the method may further include: (g) first acti-
vating the second set of electrodes to cause the first or
second respiratory muscle to contract only 100 times or less;
(h) ceasing the first activation of the second set of electrodes
for at least 30 seconds; (i) after step (h), second activating
the second set of electrodes to cause the first or second
respiratory muscle to contract only 100 times or less; (j)
ceasing the second activation of the second set of electrodes
for one or more hours; and (k) repeating steps (g)-(j) at least
once. Steps (b) and (g) may occur at the same time.

[0020] In some examples, the methods may further
include sensing a contraction of the respiratory muscle; and
adjusting at least one stimulation parameter to achieve a
desired contraction of the respiratory muscle. The steps of
sensing and adjusting may be carried out automatically by a
controller. The controller may be implanted in the patient.

[0021] In some aspects, the methods for stimulating a
respiratory muscle of a patient may include (a) positioning
a stimulator adjacent a nerve capable of activating a respi-
ratory muscle; and (b) activating the stimulator to cause the
respiratory muscle to contract for no more than 20% of the
breaths taken by, or delivered to, the patient in a 24-hour
period. Step (b) may include activating the stimulator to
cause the respiratory muscle to contract for no more than
10% of the breaths taken by, or delivered to, the patient in
the 24-hour period.

[0022] In some examples, the methods may further
include providing external respiratory support for at least
60% of the patient’s breaths in the 24-hour period; and
subsequent to step (b), at least one of reducing a pressure
provided by the external respiratory support or reducing a
percentage of breaths assisted by the external respiratory
support. The external respiratory support may include at
least one of mechanical ventilation, BiPAP, CPAP, or nasal
cannula oxygenation. In some examples, the stimulator may
include a plurality of electrodes, and the method may further
include using a controller to automatically select an elec-
trode combination from the plurality of electrodes for stimu-
lating the nerve and causing the respiratory muscle to
contract. In some examples, the methods may further
include using a sensor to measure a physiological parameter
of the patient, wherein the physiological parameter may
include at least one of a breath rate, a heart rate, an ECG, a
temperature, a motion, a blood oxygen level, a blood CO,
level, or an air flow.

[0023] In some aspects, the methods for stimulating a
respiratory muscle of a patient may include (a) positioning
a stimulator adjacent a nerve capable of activating the
respiratory muscle; (b) providing external respiratory sup-
port to the patient; (c) providing extracorporeal membrane
oxygenation to the patient to at least one of remove CO, or
add oxygen to the patient’s blood; and (d) activating the
stimulator to cause the respiratory muscle to contract for no
more than five cumulative hours in a 24-hour period. At least
some stimulations during the activation of the stimulator in
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step (d) may occur during inspiration periods of the external
respiratory support provided in step (b).

[0024] In some examples, a first time period between a
first pair of consecutive stimulations during the activation of
the stimulator in step (d) may be different than a second time
period between a second pair of consecutive stimulations
during the activation of the stimulator in step (d). A plurality
of electrodes of the stimulator may be positioned within the
patient through a percutaneous incision. A plurality of elec-
trodes of the stimulator may be positioned external to the
patient.

[0025] In some examples, the methods may alternatively
or additionally include: delivering at least one drug to the
patient prior to step (d); or using a sensor to detect an
inflammatory agent.

[0026] In some aspects, methods for stimulating a respi-
ratory muscle of a patient may include (a) positioning a
stimulator adjacent a nerve capable of activating the respi-
ratory muscle; (b) providing external respiratory support for
at least 90% of the patient’s breaths in a 24-hour period; (c)
activating the stimulator to cause the respiratory muscle to
contract for no more than five cumulative hours in a 24-hour
period; (d) repeating steps (b) and (c) for 48 hours; and (e)
removing the external respiratory support from the patient.
The methods may further include repeating step (c) for at
least one day after removing the external respiratory support
from the patient.

[0027] In some aspects, the methods for stimulating a
respiratory muscle of a patient may include: (a) positioning
a stimulator adjacent a nerve capable of activating the
respiratory muscle; and (b) activating the stimulator to cause
the respiratory muscle to contract for a cumulative duration
of 2 hours or less per day while the patient is breathing.
[0028] In some aspects, the methods for stimulating a
respiratory muscle of a patient may include: (a) positioning
a stimulator adjacent a nerve or muscle capable of activating
a respiratory muscle; (b) providing external respiratory
support for at least 90% of a patient’s breaths in a 24-hour
period (c) activating the stimulator to cause the respiratory
muscle to contract; (d) varying at least one of a stimulation
intensity or a stimulation rate; and (e) removing the external
respiratory support from the patient.

[0029] This disclosure further includes systems for stimu-
lating a respiratory muscle of a patient. In some examples,
the systems may include: a stimulator for positioning adja-
cent a nerve capable of activating the respiratory muscle; a
signal generator for providing stimulation energy to the
stimulator; a sensor for detecting a response of the respira-
tory muscle to the stimulation energy; and a controller
programmed to: (i) cause the signal generator to provide
stimulation energy to the stimulator to cause only 100 or less
contractions of the respiratory muscle; and (ii) cause the
signal generator to provide a period of one hour or more
after causing the 100 or less contractions. The stimulator
may include one or more of: nerve stimulation electrodes,
endotracheal electrodes, endoesophageal electrodes, intra-
vascular electrodes, transcutaneous electrodes, intracutane-
ous electrodes, electromagnetic beam electrodes, balloon-
type electrodes, basket-type electrodes, umbrella-type
electrodes, tape-type electrodes, suction-type electrodes,
screw-type electrodes, barb-type electrodes, bipolar elec-
trodes, monopolar electrodes, metal electrodes, wire elec-
trodes, patch electrodes, cuff electrodes, clip electrodes,
needle electrodes, or probe electrodes. The stimulation
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energy may be delivered by an energy form that includes at
least one of mechanical, electrical, ultrasonic, photonic, or
electromagnetic energy. In some examples, the systems may
further include a switch communicably coupled to the
controller, wherein the switch includes one of a hand switch,
a foot switch, a touch screen, a voice-activated switch, or a
remote switch

[0030] It may be understood that both the foregoing gen-
eral description and the following detailed description are
exemplary and explanatory only and are not restrictive of the
invention, as claimed. As used herein, the terms “com-
prises,” “comprising,” or any other variation thereof, are
intended to cover a non-exclusive inclusion, such that a
process, method, article, or apparatus that comprises a list of
elements does not include only those elements, but may
include other elements not expressly listed or inherent to
such process, method, article, or apparatus. The term “exem-
plary” is used in the sense of “example,” rather than “ideal.”

BRIEF DESCRIPTION OF DRAWINGS

[0031] The accompanying drawings, which are incorpo-
rated in and constitute a part of this specification, illustrate
non-limiting embodiments of the present disclosure and
together with the description, serve to explain the principles
of the disclosure.

[0032] FIG. 1 illustrates the anatomy of selected nerves
and blood vessels in a person’s neck and upper torso, the
diaphragm and intercostal respiratory muscles, an exem-
plary stimulation catheter placed in one vein, a control unit,
a sensor (e.g., motion sensor, airflow sensor, and/or pressure
sensor), an exemplary remote control device, a graphical
user interface, a pulse generator, and an external respiratory
support device, according to an exemplary embodiment.
[0033] FIG. 2 illustrates the anatomy of respiratory
muscles of the torso, a transdermal respiratory muscle
stimulation array of electrodes placed upon the skin of the
patient over the intercostal muscles, transesophageal elec-
trodes, and an external respiratory support device, according
to an exemplary embodiment.

[0034] FIG. 3 illustrates a block diagram of a respiratory
muscle stimulation system having an intravascular catheter
and a controller, according to an exemplary embodiment.
[0035] FIG. 4 illustrates a flowchart describing an exem-
plary therapy for increasing the strength of a respiratory
muscle.

[0036] FIG. 5 illustrates a flowchart describing an alter-
nate exemplary therapy for increasing the endurance of a
respiratory muscle.

[0037] FIG. 6 illustrates data related to the increase in
strength of respiratory muscles for two exemplary living
beings receiving therapy using the systems and methods of
one example of this disclosure.

DETAILED DESCRIPTION

[0038] Throughout the following description, specific
details are set forth to provide a more thorough understand-
ing to persons skilled in the art. The following description of
examples of the technology is not intended to be exhaustive
or to limit the system to the precise forms of any example
embodiment. Accordingly, the description and drawings are
to be regarded in an illustrative, rather than a restrictive,
sense.
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[0039] As described above in the Background section,
endurance of respiratory muscles has been a focus of pre-
vious research. This disclosure relates in part to increasing
the maximum respiratory muscle strength, which also is
useful for achieving successful independent respiration. To
date, there remains an unmet need for an easy-to-use device,
system, and method to rapidly and efficiently build, or
maintain, respiratory muscle strength and/or endurance to
reverse, or to limit, the muscle injury often experienced
when patients are dependent on external respiratory support
such as mechanical ventilation.

[0040] This disclosure includes systems and methods that
may provide a rapid increase in the maximum inspiratory
strength and/or endurance of patients with weakened respi-
ratory muscles, and help wean them from external respira-
tory support. The systems may involve the delivery of
energy-based therapy to the patients to activate respiratory
muscle(s) for a relatively small percentage of the breaths
taken by, or delivered by external means to, the patient each
day. Therapy can be delivered as intermittently as 25% of the
breaths taken per day, or in some cases less than 10%, less
than 1%, or less than 0.2% of the breaths taken by, or
delivered by external means to, the patient each day. The
systems and methods can automatically stimulate the desired
muscles, either directly or indirectly (e.g., via nerves), at a
determined interval, frequency, or duty cycle. The therapy
can be activated automatically at predetermined intervals or
conditions, activated by a healthcare professional, or acti-
vated by the patients themselves, as needed. The therapy
may be designed to increase, or preserve, the respiratory
muscle strength and/or endurance for patients dependent on
external respiratory suppott.

[0041] In general, embodiments of this disclosure relate to
medical devices and methods for electrically stimulating a
patient’s nerves to activate a respiratory muscle at infrequent
intervals. In some cases, the muscles may be strengthened
until the patient can breathe without external respiratory
support.

[0042] Referring to FIG. 1, the systems described herein
may include several components, including: a stimulator
having one or more electrodes or electrode assemblies, such
as a transvascular nerve stimulation catheter 12 including
stimulation electrodes (FIG. 1) or transcutaneous stimula-
tion array 13 (FIG. 2); a signal generator 14 to provide
stimulation energy to the electrode assemblies; one or more
sensors 16, or means for sensing, to sense a condition of the
patient and inform adjustments to the stimulation signals
and/or external respiratory support; and a control unit 18 to
manage the parameters associated with the delivery of the
stimulation signals to the electrodes. In some embodiments,
the system may incorporate a remote controller 20, a graphi-
cal user interface (GUI) 21, a touchscreen (e.g., as part of
GUI 21), a hand-held controller (e.g., remote controller 20),
akeyboard, a computer (e.g., control unit 18), a smart phone,
a tablet, or another input device.

[0043] In some examples, the stimulator devices (e.g.,
catheter 12) are readily applied to, or inserted into, the
patient, temporary, and easily removed from the patient
without the need for surgery at a later time. The stimulator,
such as catheter 12 or other stimulation array, may be
positioned internal to the patient via a percutaneous incision
in the patient’s neck. In some cases, the stimulator may be
inserted proximate subclavian, femoral, or radial regions of
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the patient. In other examples, as described herein, the
stimulator may be positioned external to the patient.
[0044] The various system components described herein
may be combined and used together in any logical arrange-
ment. Furthermore, individual features or elements of any
described example may be combined with or used in con-
nection with the individual features or elements of other
embodiments. The various examples may further be used in
different contexts than those specifically described herein.
For example, the disclosed electrode structures may be
combined or used in combination with various deployment
systems known in the art for various diagnostic and/or
therapeutic applications.

[0045] FIG. 1 further illustrates the anatomy of the neck
and chest and, in particular, the relative locations of the left
and right phrenic nerves (L. PhN 26 and R. PhN 28), vagus
nerves (L. VN 7 and R. VN 9), left and right internal jugular
veins (L. [TV 32 and R. 1TV 33), left and right brachiocepha-
lic veins (L. BCV 25 and R. BCV 27), left and right
subclavian veins (L. SCV 22 and R. SCV 23), the superior
vena cava (SVC 24), and intercostal nerves (IN 29). FIG. 1
further illustrates a diaphragm 30 and intercostal muscles
39. The phrenic nerves 26, 28 run approximately perpen-
dicular to and close to the subclavian veins 22, 23, or in
some cases brachiocephalic veins 25, 27 near the junctions
of the internal jugular veins 32, 33 and the brachiocephalic
veins 25, 27. Each phrenic nerve 26, 28 may have more than
one branch. The branches may join together at variable
locations ranging from the neck region to the chest region
below the junctions between the internal jugular veins 32, 33
and the brachiocephalic veins 25, 27. In the latter case,
branches of the phrenic nerves 26, 28 on either side of the
body may course on opposite sides of the brachiocephalic
veins 25, 27. The right phrenic nerve 28 may include
branches that course on either side of the superior vena cava
24. The left and right phrenic nerves 26, 28 extend respec-
tively to left and right hem i-diaphragms.

[0046] FIG. 1 also illustrates a medical system 100 that
includes transvascular nerve stimulation catheter 12 and
control unit 18. Catheter 12 may include a plurality of
electrodes 34. Catheter 12 may be operably connected (e.g.,
hardwired via cable 5, wireless, etc.) to control unit 18.
Control unit 18 may be programmed to perform any of the
functions described herein in connection with system 100. In
some embodiments, control unit 18 may include a remote
controller 20 to allow a patient or health professional to
control operation of control unit 18 at a distance from the
control unit 18. The remote controller 20 may include a
handheld device, as illustrated in FIG. 1. In some examples,
remote controller 20 may include a footswitch/pedal, a
voice-activated, touch-activated, or pressure-activated
switch, or any other form of a remote actuator. The control
unit 18 may include a touch screen and may be supported by
a cart 41.

[0047] The remote controller 20 may include buttons 17,
19 that can be pressed by a patient or other user to control
breathing patterns. In one example, pressing one of buttons
17,19 can initiate a “sigh” breath, which may cause a greater
volume of air to enter the patient’s lungs than in a previous
breath. A sigh breath may result when electrodes 34 of
catheter 12 are directed to stimulate one or more of the
phrenic nerves 26, 28 at a higher level than a normal breath
(e.g., a stimulation train having a longer duration of stimu-
lation or having pulses with a higher amplitude, pulse width,
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or frequency). Higher amplitude stimulation pulses can
recruit additional nerve fibers, which in turn can engage
additional muscle fibers to cause stronger and/or deeper
muscle contractions. Extended pulse widths or extended
durations of the stimulation train can deliver stimulation
over longer periods of time to extend the duration of the
muscle contractions. In the case of diaphragm muscle stimu-
lation, longer pulse widths or extended duration of stimu-
lation (train of pulses) have the potential to help expand the
lower lung lobes by providing greater or extended negative
pressure around the outside of the lungs. Such negative
pressure has the potential to help prevent or mitigate a form
of low pressure lung injury known as atelectasis. The
increase in stimulation frequency can result in a more
forceful contraction of the diaphragm 30. The increased
stimulation (e.g., higher amplitude, pulse width, stimulation
duration, or frequency) of the one or more phrenic nerves 26,
28 may result in a more forceful contraction of the dia-
phragm 30, causing the patient to inhale a greater volume of
air, thereby providing a greater amount of oxygen to the
patient. Sigh breaths may increase patient comfort.

[0048] In other examples, buttons 17, 19 may allow the
patient or other user to start and stop stimulation therapy, or
to increase or decrease stimulation parameters, including
stimulation charge (amplitudexpulse width), frequency of
pulses in a stimulation train, or breath rate. LED indicators
or a small LCD screen (not shown) on the remote controller
20 or control unit 18 may provide other information to guide
or inform the operator regarding the stimulation parameters,
the feedback from the system sensors, or the condition of the
patient.

[0049] Alternatively, a control unit having the functional-
ity of control unit 18 can be implanted in the patient, along
with catheter 12. In this example, remote controller 20 and
a programmer (not shown) may communicate with the
implanted control unit wirelessly. Each of the programmer,
the implanted control unit, and remote controller 20 may
include a wireless transceiver so that each of the three
components can communicate wirelessly with each other.
The implanted control unit may include all of the electron-
ics, software, and functioning logic necessary to perform the
functions described herein. Implanting the control unit may
allow catheter 12 to function as a permanent breathing
pacemaker. A programmer may allow the patient or health
professional to modify or otherwise program the nerve
stimulation or sensing parameters. In some examples,
remote controller 20 may be used as described in connection
with FIGS. 1 and 2. In other examples, remote controller 20
may be in the form of a smartphone, tablet, watch, or other
suitable input device.

[0050] In yet another additional or alternative example,
the control unit of system 100 may be portable. The portable
control unit may include all of the functionality of control
unit 18 of FIG. 1, but it may be carried by a patient or other
user to provide the patient with more mobility and may be
disconnected from the cart 41. In addition to carrying the
portable control unit, the patient can wear the control unit on
a belt, on other articles of clothing, or around his/her neck,
for example. In other examples, the portable control unit
may be mounted to a patient’s bed to minimize the footprint
of system 100 in the area around the patient, or to provide
portable muscle stimulation in the event a bed-ridden patient
needs to be transported or moved to another location.
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[0051] The distal tip of catheter 12 may be a tapered distal
end portion of catheter 12 and may have a smaller circum-
ference than the body of catheter 12. The distal tip may be
open at the distal end to allow a guide wire to pass through
and distally beyond catheter 12. And, the distal tip may be
softer than other portions of catheter 12, be atraumatic, and
have rounded edges. Catheter 12 also may have two ports or
openings in the sidewall of the catheter. A first opening may
be located at a mid-portion of catheter 12 and a second
opening may be located near a proximal end of catheter 12.
Each opening may be in fluid communication with respec-
tive lumens in catheter 12, through which fluid can be
infused. The fluid may exit the ports to be delivered into a
blood vessel.

[0052] During use, a proximal portion of catheter 12 may
be positioned in left subclavian vein 22, and a distal portion
of catheter 12 may be positioned in superior vena cava 24.
Positioned in this manner, electrodes 34 on the proximal
portion of catheter 12 may be positioned proximate left
phrenic nerve 26, and electrodes 34 on the distal portion of
catheter 12 may be positioned proximate right phrenic nerve
28. As an alternative insertion site, catheter 12 may be
inserted into left jugular vein 32 and superior vena cava 24,
such that the proximal electrodes are positioned to stimulate
left phrenic nerve 26 and the distal electrodes are positioned
to stimulate right phrenic nerve 28.

[0053] Left and right phrenic nerves 26, 28 may innervate
diaphragm 30. Accordingly, catheter 12 may be positioned
to electrically stimulate one or both of the left and right
phrenic nerves 26, 28 to cause contraction of the diaphragm
muscle 30 to initiate or support a patient breath.

[0054] In further examples, catheter 12 can be placed into
and advanced through other vessels providing access to the
locations adjacent the target nerve(s) (e.g., phrenic nerves),
such as: the jugular, axillary, cephalic, cardiophrenic, bra-
chial, or radial veins. In addition, the stimulator (e.g.,
catheter 12 or array 13) may use other forms of stimulation
energy, such as ultrasound, to activate the target nerves. In
some examples, the system 100 can target other respiratory
muscles (e.g., intercostal) either in addition to, or alterna-
tively to, the diaphragm 30. The energy can be delivered via
one or more types of electrodes/methods including trans-
vascular electrodes, subcutaneous electrodes, electrodes
configured to be positioned in contact with the nerve (e.g.,
nerve cuffs), transdermal electrodes/stimulation, or other
techniques known in the field.

[0055] The nerve stimulation systems and methods
described herein may reduce or eliminate the need for a
patient to receive external respiratory support. External
respiratory support 88 in FIGS. 1 and 2 can include any
devices or methods to help correct or otherwise enhance
blood gases and/or reduce the work of breathing of a patient.
Some non-limiting examples include mechanical ventila-
tion, non-invasive ventilation (NIV), CPAP, BiPAP, nasal
cannula oxygenation, DPS (Synapse, Avery, etc.), and
ECMO, as described below.

[0056] Mechanical ventilation may refer to use of a ven-
tilator to assist or replace spontaneous breathing. Mechani-
cal ventilation is termed “invasive” if it involves any instru-
ment penetrating through the mouth (such as an
endotracheal tube) or the skin (such as a tracheostomy tube).
There are two main types of mechanical ventilation: positive
pressure ventilation, where air (or another gas mix) is forced
into the trachea via positive pressure, and negative pressure
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ventilation, where air is drawn into (e.g., sucked into) the
lungs (e.g., iron lung, etc.). There are many modes of
mechanical ventilation. Mechanical ventilation may be indi-
cated when the patient’s spontaneous ventilation is unable to
provide effective gas exchange in the lungs.

[0057] Ventilation also can be provided via a laryngeal
mask airway (e.g., laryngeal mask), which is designed to
keep a patient’s airway open during anesthesia or uncon-
sciousness. It is often referred to as a type of supraglottic
airway. A laryngeal mask may include an airway tube that
connects to an elliptical mask with a cuff, which is inserted
through the patient’s mouth and down the windpipe. Once
deployed, the device forms an airtight seal on top of the
glottis (unlike tracheal tubes, which pass through the glottis)
to provide a secure or stable airway.

[0058] Non-invasive ventilation (NIV) is the use of airway
support administered through a face (e.g., oral, nasal, nasal-
oral) mask/cannula instead of an endotracheal tube. Inhaled
gases are given with positive end-expiratory pressure, often
with pressure support or with assist control ventilation at a
set tidal volume and rate. This type of treatment is termed
“non-invasive” because it is delivered with a mask that is
tightly fitted to the face, but without a need for tracheal
intubation.

[0059] Continuous positive airway pressure (CPAP) 1s a
form of positive airway pressure ventilation, which applies
mild air pressure on a continuous basis to keep the airways
continuously open. CPAP may be used for patients who are
able to breathe spontaneously on their own but may require
a level of pressure support. It is an alternative to positive
end-expiratory pressure (PEEP). Both modalities stent the
lungs’ alveoli open and therefore help recruit more of the
lung’s surface area for ventilation. PEEP generally refers to
devices that impose positive pressure only at the end of an
exhalation. CPAP devices apply continuous positive airway
pressure throughout the breathing cycle. Thus, the ventilator
itself does not cycle during CPAP, no additional pressure
above the level of CPAP is provided, and patients must
initiate each breath on their own.

[0060] Bilevel Positive Airway Pressure (BiPAP) therapy
is very similar in function and design to CPAP. BiPAPs can
also be set to include a breath timing feature that measures
the amount of breaths per minute a person should be taking.
If the time between breaths exceeds the set limit, the
machine can force the person to breath by temporarily
increasing the air pressure. The main difference between
BiPAP and CPAP machines is that BiPAP machines gener-
ally have two pressure settings: the prescribed pressure for
inhalation (ipap), and a lower pressure for exhalation (epap).
The dual settings allow the patient to move more air in and
out of their lungs.

[0061] Extracorporeal membrane oxygenation (ECMO),
which is also known as extracorporeal life support (ECLS),
is an extracorporeal technique to provide prolonged cardiac
and respiratory support to patients whose heart and lungs are
unable to provide an adequate amount of gas exchange. The
technology for ECMO is similar to that used during cardio-
pulmonary bypass, which is typically used to provide
shorter-term support. During ECMO, blood is removed from
the person’s body and passed through a device which
removes carbon dioxide and provides oxygen to red blood
cells. Long term ECMO patients can often develop respira-
tory muscle weakness because of muscle inactivity and other
causes. Certain therapy methods described herein may
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include delivering stimulation therapy to a patient receiving
both ECMO and another form of external respiratory sup-
port. Certain therapy methods in this disclosure may utilize
ECMO devices, which may include a stimulation array, to
deliver the described therapy.

[0062] Referring still to FIG. 1, catheter 12 may include a
stimulation array comprising a plurality of electrodes 34 or
other energy delivery elements. In one example, electrodes
34 may be surface electrodes located on an outer wall of
catheter 12. In another example, electrodes 34 may be
positioned radially inward relative to the outer wall of
catheter 12 (e.g., exposed through openings in the outer
wall). In yet another example, the electrodes 34 may include
printed electrodes as described in U.S. Pat. No. 9,242,088,
which is incorporated by reference herein (see below).
[0063] Electrodes 34 may extend partially around the
circumference of catheter 12. This “partial” electrode con-
figuration may allow electrodes 34 to target a desired nerve
for stimulation, while minimizing application of electrical
charge to undesired areas of the patient’s anatomy (e.g.,
other nerves or the heart). As shown in FIG. 1, catheter 12
may include a proximal set 35 of electrodes 34 configured to
be positioned proximate to and stimulate left phrenic nerve
26 and a distal set 37 of electrodes 34 configured to be
positioned proximate to and stimulate right phrenic nerve
28. Electrodes 34 may be arranged in rows extending along
the length of catheter 12. In one example, proximal set 35
may include two rows of electrodes 34 extending parallel to
a longitudinal axis of catheter 12, and distal set 37 may
include two rows of electrodes 34 extending parallel to a
longitudinal axis of catheter 12.

[0064] Furthermore, the catheters described herein may
include any features of the nerve stimulation devices and
sensing devices described in the following documents,
which are all incorporated by reference herein in their
entireties: U.S. Pat. No. 8,571,662 (titled “Transvascular
Nerve Stimulation Apparatus and Methods,” issued Oct. 29,
2013); U.S. Pat. No. 9,242,088 (titled “Apparatus and Meth-
ods for Assisted Breathing by Transvascular Nerve Stimu-
lation,” issued Jan. 26, 2016); U.S. Pat. No. 9,333,363 (titled
“Systems and Related Methods for Optimization of Multi-
Electrode Nerve Pacing,” issued May 10, 2016); U.S. appli-
cation Ser. No. 14/383,285 (titled “Transvascular Nerve
Stimulation Apparatus and Methods,” filed Sep. 5, 2014);
U.S. application Ser. No. 14/410,022 (titled “Transvascular
Diaphragm Pacing Systems and Methods of Use,” filed Dec.
19, 2014); U.S. application Ser. No. 15/606,867 (titled
“Apparatus And Methods For Assisted Breathing By Trans-
vascular Nerve Stimulation,” filed May 26, 2017); or U.S.
application Ser. No. 15/666,989 (titled “Systems And Meth-
ods For Intravascular Catheter Positioning and/or Nerve
Stimulation,” filed Aug. 2, 2017). In addition, the control
units described herein can have any of the functionality of
the control units described in the above-referenced patent
documents (e.g., the control units described herein can
implement the methods of nerve stimulation described in the
incorporated documents).

[0065] During nerve stimulation, one or more electrodes
34 may be selected from the proximal set 35 for stimulation
of left phrenic nerve 26, and one or more electrodes 34 may
be selected from the distal set 37 for stimulation of right
phrenic nerve 28. Catheter 12 may stimulate nerves using
monopolar, bipolar, or tripolar electrode combinations, or
using any other suitable combination of electrodes 34. In
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some examples, a second or third group of electrodes can be
used to stimulate other respiratory muscles. In general, a
stimulator or a stimulation array may include multiple sets
of electrodes, with each set being configured to stimulate
either the same or different nerves or muscles. When mul-
tiple nerves or muscles are being stimulated, the controllers
and sensors described herein may be used to coordinate
stimulation to achieve the desired muscle activation, breath,
or level of respiratory support.

[0066] Catheter 12 may further include one or more
lumens. Each lumen may extend from a proximal end of
catheter 12 to a distal end of catheter 12, or to a location
proximate the distal end of catheter 12. In some examples,
lumens may contain or be fluidly connected to sensors, such
as blood gas sensors, electrical sensors, motion sensors, flow
sensors, or pressure sensors. In some examples, catheter 12
may include three lumens (not shown) that may connect
with extension lumens (not shown) that extend proximally
from hub 36. Any lumens within catheter 12 may terminate
in one or more distal ports (not shown) either at the distal
end of catheter 12 or in a sidewall of catheter 12. In one
example, the lumens may be used to transport fluid to and
from the patient, such as to deliver medications or withdraw
blood or other bodily fluids, to remove CO,, and/or to infuse
oxygen. In other examples, these lumens may be used to
hold a guidewire, stiffening wire, optical fiber camera,
sensors, or other medical devices.

[0067] Catheter 12, or other stimulation devices of this
disclosure, may incorporate markings or other indicators on
its exterior to help guide the positioning and orientation of
the device. Catheter 12, or other stimulation devices of this
disclosure, may also include internal indicators (e.g.,
radiopaque markers, contrast material such as barium sul-
fate, echogenic markers, etc.) visible by x-ray, ultrasound or
other imagining technique to assist with positioning the
stimulator in the desired location. Catheter 12 may include
any combination of the features described herein. Accord-
ingly, the features of catheter 12 are not limited to the
specific combination shown in FIG. 1.

[0068] Referring still to FIG. 1, a hub 36 may be con-
nected to the proximal end of catheter 12. Hub 36 may
include a conductive surface and can act as a reference
electrode during monopolar stimulation or sensing. In some
embodiments, hub 36 may be sutured on a patient’s skin. In
addition, hub 36 may be used as an ECG electrode.

[0069] In one example, the distal or proximal portion of
catheter 12 may be configured to assume a helical shape
when positioned within the patient to help anchor catheter
12 to the vessel wall or to stabilize catheter 12 during nerve
stimulation. The helical shape may position electrodes 34 at
different radial positions within the vessel and relative to
target nerves. Selecting electrodes 34 at different radial
positions within the vessel (whether or not due to any helical
shape), or at different distances from the target neve
(whether or not due to any helical shape), may be useful for
nerve stimulation. For example, in certain instances it may
be desirable to stimulate the nerve with electrodes 34 that are
closer to the nerve (e.g., to obtain a stronger respiratory
muscle response), and in other instances it may be desirable
to stimulate the nerve with electrodes 34 that are farther
away from the nerve (e.g., to obtain a weaker respiratory
muscle response, or prevent stimulation of unwanted
nerves).
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[0070] The electrodes 34 of catheter 12 may be formed by
conductive inks (such as silver, gold, graphine or carbon
flakes suspended in polymer or other media) printed on the
surface of catheter 12, as described in U.S. Pat. No. 9,242,
088, incorporated by reference herein (see above). These
conductive inks may be deposited and adhered directly onto
catheter 12 and sealed, except for the exposed electrodes 34,
with an outer polyurethane or other flexible insulative film/
material.

[0071] When electrical charge is delivered to the phrenic
nerves, the diaphragm muscles may contract and generate
negative pressure in the thoracic cavity. The lungs then
expand to draw in a volume of air. This contraction of
diaphragm muscles can be sensed manually by palpation or
by placing a hand on the thoracic cavity, as shown in FIG.
1. Alternatively, the breathing activity can be sensed by
placing an airflow or airway pressure sensor in the breathing
circuit or placing sensors 16, such as accelerometers or a
gyroscope, on the surface of the skin at the thoracic region,
as shown in FIG. 1. Sensors 16 can be hard wired to control
unit 18 or can be connected using wireless transmitters and
receivers.

[0072] In some examples, catheter 12 can be easily
inserted into (or secured relative to) the patient. In many
embodiments, catheter 12 can be readily removed from the
patient’s body when desired without the need for surgery.
For example, catheter 12 of FIG. 1 can be simply withdrawn
once the patient is breathing independently.

[0073] FIG. 2 illustrates the anatomy of the neck and
chest, similar to FIG. 1. FIG. 2 also schematically illustrates
the region of the intercostal muscles. The intercostal muscles
include several groups of muscles that run between the ribs
and that help form and move the chest wall. The intercostal
muscles are involved in the mechanical aspect of breathing.
These muscles help expand and shrink the size of the chest
cavity to facilitate breathing.

[0074] FIG. 2 illustrates a medical system 200 that
includes a transcutaneous electrode array 13. The array 13
includes a series of electrodes 44 placed on the surface of the
skin of the patient in close proximity to the intercostal
muscles. Electrodes 44 may have any suitable shape and
size, and may serve a variety of functions, such as sensing
electrical activity and stimulating the muscles or nerves
through the skin. Electrodes 44 can include stainless steel,
conductive carbon fiber loaded ABS plastic, silver/silver
chloride ionic compound, or any other suitable material, or
any combination of materials. Fach electrode 44 can be
covered by a polymeric or elastomeric film that may include
an adhesive to attach the electrode 44 to skin. Alternatively,
the electrode film may contain electrolyte gel for better
conduction of the signals. In some embodiments, other
forms of electrodes, for example subcutaneous or needle
electrodes, can be used to stimulate intercostal muscles, or
the system may use other forms of stimulation energy, such
as ultrasound, to activate the target nerves or muscles.
[0075] FIG. 2 further illustrates a transesophageal tube 46
with electrodes 48 on the tube and/or on an inflatable balloon
surrounding all or part of tube 46. Electrodes 48 can be
printed on the surface of tube 46 (or the balloon) using
conductive ink such as silver ink, gold ink, graphene ink, or
carbon-based ink. Alternatively, electrodes 48 can be formed
by using an adhesive to secure the electrode material, such
as platinum iridium, stainless steel, titanium, or similar
material, to tube 46 and connecting electrodes 48 to control
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unit 18 with one or more conductive wires. Electrodes 48
can be used to sense the signals from the phrenic nerves or
vagus nerves or some other neurological element. Electrodes
48 can also be used to stimulate the nerves, such as, for
example, at least one of vagus nerves, phrenic nerves, or
sympathetic ganglia.

[0076] Additionally or alternatively, system 200 of FIG. 2
can include a catheter with electrodes and/or sensors, as
described in the FIG. 1. To restore negative pressure venti-
lation, system 200 can stimulate one or both phrenic nerves
to activate the diaphragm muscles, along with stimulating
the intercostal muscles, to create a negative pressure in the
thoracic cavity. The system may receive feedback by sensing
the phrenic or vagus activity from one of the electrodes on
the intravascular catheter (if used) or transesophageal tube
46. Feedback from nerve activity may be used to determine
the stimulation parameters required to sustain proper venti-
lation and whether adjustments to the stimulation parameters
are needed. The system can also receive feedback from any
other suitable sensor to determine the appropriate stimula-
tion parameters. One or more of each of the following
sensors may be included in either system 100 or system 200:
an airflow sensor, an airway pressure sensor, an accelerom-
eter, a gyroscope, a blood gas sensor, or a sensor to detect an
inflammatory agent. In some examples, system 100 or
system 200 may include a sensor to detect an inflammatory
agent. Examples of such inflammatory agents include, but
are not limited to, C-reactive protein, nitric oxide, or bio-
markers for an inflammatory disease (e.g., inflammatory
bowel disease).

[0077] FIG. 3 illustrates a block diagram of various com-
ponents of an exemplary stimulation therapy system 300. A
stimulator, such as catheter 12 or array 13, may have any
number of electrodes (illustrated as electrodes 34a-34y). If
the electrodes are included on a catheter, the catheter may
include any number of lumens (illustrated as lumens 38, 40,
42, 58, and 60), which each may hold one or more of a
guidewire or optical fiber camera, or may be used for fluid
delivery or blood sample extraction. It should be understood
that any lumen of system 300 may contain or be fluidly
connected to any of the devices (e.g., sensors, guidewire,
optical fiber camera) described herein and/or may be used
for any of the functions described herein (e.g., fluid delivery,
blood sample extraction).

[0078] System 300 may include a controller 64, which
may be part of any of the control units described herein.
Each of the components of system 300 may be operably
coupled to the controller 64, and controller 64 may manage
operation of electrodes 34 during nerve stimulation, control
the gathering of information by various sensors and elec-
trodes 34, and control fluid delivery or extraction for those
embodiments with fluid lumens. It should be understood that
the various modules described herein may be part of a
computing system and are separated in FIG. 3 for explana-
tory purposes only; it is not necessary for the modules to be
physically separate.

[0079] Electrodes 34a-34j may be electronically coupled
to switching electronics 56, which may be communicably
coupled to controller 64. As shown in FIG. 3, a portion of
electrodes 34 may be distal electrodes 34a-34d, and a
portion of electrodes 34 may be proximal electrodes 34g-
34;. Other electrodes 34, such as electrodes 34e¢ and 34/, may
be positioned between the proximal and distal electrodes
and, depending on the placement of catheter 12, may be used
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for stimulating either left or right phrenic nerves 26, 28. Hub
36 also may be connected to switching electronics 56 and
may be used as an electrode.

[0080] Electrodes 34a-34j may be used for both electri-
cally stimulating nerves and for gathering physiological
information. When being used for nerve stimulation, a first
combination of electrodes (e.g., one, two, three, or more
electrodes) may be electrically coupled to a first stimulation
module channel 70 for stimulation of a first nerve (e.g., the
right phrenic nerve) and a second combination of electrodes
(e.g., one, two, three, or more electrodes) may be electrically
coupled to a second stimulation module channel 72 for
stimulation of a second nerve (e.g., the left phrenic nerve).
Electrical signals may be sent from the first and second
stimulation module channels 70, 72 to the electrode com-
binations to cause the electrodes to stimulate the nerves. In
other examples, more than two electrode combinations (e.g,,
3, 4, or more) may be used to stimulate one or more target
nerves, and system 300 may include more than two stimu-
lation module channels.

[0081] Electrodes 34a-34f may be further configured to
sense physiological information from a patient, such as
nerve activity, ECG, or electrical impedance, breathing, etc.,
as will be described further below. When being used for
sensing, one or more of electrodes 34a-34f may be elec-
tronically coupled to a signal acquisition module 68. Signal
acquisition module 68 may receive signals from electrodes
34.

[0082] Switching electronics 56 may selectively couple
electrodes 34 to first stimulation module channel 70, second
stimulation module channel 72, or signal acquisition module
68. For example, if an electrode 34 (e.g., electrode 34a) is
being used to acquire a signal, such as an ECG signal, that
electrode 34 may be coupled via switching electronics 56 to
signal acquisition module 68. Similarly, if a pair of elec-
trodes (e.g., electrodes 34b and 34d) is being used to
stimulate right phrenic nerve 28, those electrodes may be
coupled via switching electronics 56 to first stimulation
module channel 70. Finally, if a pair of electrodes (e.g.,
electrodes 34g and 34%) is being used to stimulate left
phrenic nerve 26, those electrodes may be coupled via
switching electronics 56 to second stimulation module chan-
nel 72. Switching electronics 56 may change which elec-
trodes 34 are used for stimulation and which are used for
sensing at any given time. In one example, any electrode 34
can be used for nerve stimulation and any electrode 34 can
be used for sensing functions described herein. In other
words, each electrode 34 may be configured to stimulate
nerves, and each electrode 34 may be configured to sense
physiological information.

[0083] Signal acquisition module 68 may further be
coupled to one or more sensors configured to gather physi-
ological information from a patient. For example, system
300 may include one or more of blood gas sensor 62 or
pressure sensor 90. These sensors may be located in lumens
of catheter 12, outside of the patient in fluid communication
with a lumen, on an outer surface of catheter 12, or in any
other suitable location. In one example, blood gas sensor 62
may be housed in or fluidly connected to lumen 60, while
pressure sensor 90 may be housed in or fluidly connected to
lumen 58. Blood gas sensor 62 may measure the amount of
0, or CO, in the patient’s blood. Pressure sensor 90 may
measure the central venous pressure (CVP) of the patient.
System 300 may additionally or alternatively include other
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sensors configured to measure other physiological param-
eters of a patient, such as breath rate, heart rate, ECG,
temperature, motion, or air flow.

[0084] Signal acquisition module 68 may transmit the
signals received from one or more of electrodes 34, blood
gas sensor 62, nerve sensor (not shown), and/or pressure
sensor 90 to the appropriate processing/filtering module of
system 300. For example, signals from pressure sensor 90
may be transmitted to a central venous pressure signal
processing/filtering module 84, where the signals are pro-
cessed and filtered to aid in interpretation of CVP informa-
tion. Similarly, signals from blood gas sensor 62 may be
transmitted to a blood gas signal processing/filtering module
86 for processing and filtering to determine blood gas levels.
Signals from electrodes 34, when they are used for sensing,
may be sent to nerve signal processing/filtering module 80,
ECG signal processing/filtering module 82, or impedance
signal processing/filtering module 88, as appropriate. Sig-
nals from electrodes 34 or other sensors may be sent to
amplification module 78, if necessary, to amplify the signals
prior to being sent to the appropriate processing/filtering
module.

[0085] In one embodiment, sensors can detect information
from nerve signals which can be used to help manage the
delivery of the therapy for the patient. For example, the
electrical activity of a respiratory muscle (e.g., diaphragm)
as well as vagal signals from pulmonary stretch receptors,
can be used to optimize parameters related to the delivery of
the external respiratory support and/or the respiratory
muscle stimulation.

[0086] For patients with a moderate to high level of
consciousness, the electrical activity of the diaphragm can
provide an accurate reflection of the patient’s neural respi-
ratory drive. In some examples, the electrical activity of the
diaphragm may be measured by sensing activities of phrenic
nerves. Such measurement may be performed using elec-
trodes in proximity to phrenic nerves or by electromyogra-
phy. In addition to this neural signal, there are vagally-
mediated reflexes which sense lung stretch to limit the
volume of inspiration thereby preventing over-distension
(Hering-Brever inflation reflex) and to prevent the de-
recruitment of the lung during exhalation (Hering-Breuer
deflation reflex).

[0087] The positive pressure provided by the external
respiratory support, and the negative pressure provided by
the stimulated respiratory muscle system can be adjusted
and coordinated to respond to these neural signals. For
example, increasing the work of breathing provided by
electrically-stimulated respiratory muscles (e.g., negative
pressure respiration) can allow for a reduction in the positive
pressure required from a ventilator. The reduction in positive
pressure may reduce the likelihood of barotrauma or lung
stretch injury.

[0088] Mechanical ventilators often utilize positive end
expiratory pressure (PEEP) to hold open portions of the lung
at the end of inspiration to protect against decruitment and
atelectasis. However, PEEP can increase pulmonary cardio-
vascular resistance (e.g., affect the cardiac index) and was
shown to increase mortality and cause other complications is
certain patients (Gavalcanti et al., Effect of Lung Recruit-
ment and Titrated Positive End-Expiratory Pressure (PEEP)
vs Low PEEP on Mortality in Patients With Acute Respi-
ratory Distress Syndrome: A Randomized Clinical Trial,
JAMA, 2017 Oct. 10; 318(14):1335-1345). To protect
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against decruitment and atelectasis while avoiding the nega-
tive side effects of PEEP, the methods described herein may
use a feedback system to precisely time the delivery of
negative pressure to the lungs. In one example, sensors may
be used to measure signals from a vagus nerve, a phrenic
nerve, or other nerves, as well as from a patient monitoring
system or external respiratory support device to provide
“activity information”. The activity information (e.g., nerve
activity information) can then be assessed to guide the
timing and amplitude of muscle stimulation (e.g., electrical
stimulation) throughout the respiratory cycle, i.e. during
inspiration and expiration. In one example, to hold open
portions of the lung at the end of inspiration, the stimulation
can continue to be delivered to the diaphragm or other
respiratory muscle, in some examples at a different magni-
tude, after the completion of the inspiration cycle from the
external respiratory support (e.g., mechanical ventilator).
The resulting negative end expiratory pressure (NEEP) may
mitigate de-recruitment of the lung tissue and prevent atelec-
tasis. In general, in the various therapies described herein,
stimulation can be timed to occur during inspiration periods,
during expiration periods, during pauses between inspira-
tion/expiration, or during any desired portion of a patient’s
breath cycle, whether or not the patient is receiving external
respiratory support. Devices such as Electrical Impedance
Tomography (EIT) utilize electrodes on the patient’s chest
wall to measure changes in lung volume during ventilation
which result in changes of thoracic impedance. EIT can be
used to assess respiratory function and guide the application
of NEEP, either alone or in combination with external
respiratory support.

[0089] As non-limiting examples, the electrical activity of
the diaphragm can be sensed by one of several devices/
methods, such as by electrodes on the catheter 12 (as
disclosed in U.S. patent application Ser. No. 15/666,989,
filed Aug. 2, 2017, and incorporated by reference herein), by
an esophageal probe, or by some other sensor. Separately,
vagal electrical signals can be detected by the catheter 12 (as
disclosed in U.S. Pat. Pub. No. 20050131485 A1) or by other
sensors. The lung contains pulmonary stretch receptors that
sense the expansion of the lungs. Overexpansion of the lungs
can produce pain signaling which is transmitted via the
vagus nerve to the brain. Detection of pain signaling can be
an indicator that the magnitude of the pressure from an
external respiratory support device (e.g., ventilator) should
be reduced. In this situation, the systems and methods
described herein may be used to “neurally optimize” breath-
ing assistance to the patient by balancing ventilator support
with stimulation to reduce deleterious effects of positive
pressure ventilation systems. The combined external respi-
ratory support and stimulation of nerves and/or muscles may
provide adequate respiratory support (e.g., gas exchange)
and direct respiratory muscle activation/exercise while mini-
mizing the potential for overstretch lung injury and ensuring
lower lung recruitment.

[0090] In some examples, the systems described herein
may include a respiratory muscle stimulator (e.g., catheter
12, electrodes 44, and/or tube 46), a neural sensor (e.g., any
electrode described herein, or another sensor configured to
sense electrical activity of nerves or muscles), an external
respiratory support device (e.g., external respiratory support
88), and a control system (e.g., controller 64, or any of the
control units described herein) to manage the delivery of
stimulation and ventilation assistance in proportion to and in
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synchrony with the patient’s respiratory efforts and in con-
sideration of pain receptor signaling, based on the measure-
ment of one or more electrical neural signals. The timing and
coordination between the external respiratory support device
(e.g., ventilator) and muscle stimulator can be synchronized
to optimize the support needed by the patient.

[0091] Controller 64 may further communicate with dis-
play 74, which may serve as a user interface and may have
a 2 (see FIG. 1). System 300 may further include software/
firmware 76, which may contain the instructions necessary
for carrying out the various functions described herein.
System 300 also may include data storage 79, for storing
information gathered during sensing operations of catheter
12, and/or for storing instructions related to the operation of
any of the modules or instructions for carrying out any of the
functions described herein. The stimulator, such as catheter
12 or array 13, may contain unique identification features
(e.g., RFID), and in the event the systems described herein
(e.g., having one or more of controllers/programmers 18, 64)
are used to treat multiple patients concurrently, the identi-
fication feature may allow the systems to uniquely identify
each patient and access that patient’s stored patient data.
[0092] Once the electrodes (e.g., as part of catheter 12 or
array 13) are positioned on or within the patient, various
electrodes or electrode combinations can be tested to locate
nerves of interest and to determine which electrodes most
effectively stimulate the nerves of interest. For example,
testing may be done to locate the right phrenic nerve and to
determine which group of distal electrodes (e.g., of catheter
12) in the distal electrode assemblies most effectively stimu-
late the right phrenic nerve. Similarly, testing may be done
to locate the left phrenic nerve and to determine which group
of proximal electrodes (e.g., of catheter 12) in the proximal
electrode assemblies most effectively stimulate the left
phrenic nerve. Similarly, testing may be done to locate the
intercostal nerve(s) and to determine which group of elec-
trodes (e.g., of the catheter 12, of transcutaneous electrode
array 13, or of any other electrode array) most effectively
stimulate the intercostal nerve(s).

[0093] This testing and nerve location may be controlled
and/or monitored via controller 64/control unit 18, which
may include testing programming and/or applications. For
ease of reference, a “controller” may refer to controller 64,
control unit 18, or any other control system/unit described
herein. The controller may test the electrodes and electrode
combinations to determine which combinations (bipolar,
tripolar, quadrupolar, multipolar) of electrodes most effec-
tively stimulate the right phrenic nerve, left phrenic nerve,
vagus nerve, and/or intercostal muscles.

[0094] As a non-limiting example, testing could involve
the use of a signal generator (e.g., signal generator 14 of
FIG. 1) to systematically send electrical impulses to selected
electrodes. By observing the patient’s condition or by using
sensors (either within or separate from the catheter), the
ideal stimulation electrodes may be identified. Electrodes
may serve as both stimulating electrodes and as sensing
electrodes, and the medical system may be integrated into a
mechanical ventilator, which can be used to sense the
patient’s condition. Moreover, for example, the controller
may be programmed and/or activated to (a) select a first
stimulation group of electrodes from the electrode assem-
blies to stimulate the left phrenic nerve, (b) select a second
stimulation group of electrodes from the electrode assem-
blies to stimulate the right phrenic nerve, (¢) select a third
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stimulation group of electrodes from the electrode assem-
blies to stimulate the vagus nerve, (d) select a first stimu-
lation current for the first stimulation group of electrodes to
stimulate the left phrenic nerve, (e) select a second stimu-
lation current for the second stimulation group of electrodes
to stimulate the right phrenic nerve, and (f) select a third
stimulation current for the third stimulation group of elec-
trodes to stimulate the vagus nerve. The selection of elec-
trodes and current level may be pre-programmed or input
based on the patient’s characteristics, or the controller may
test different electrode groups and current levels and monitor
the patient’s response to determine the electrode pairs and
current levels.

[0095] Alternatively, a transcutaneous noninvasive nerve
stimulator device that uses electrical current from a small
handheld device to stimulate a nerve for a respiratory muscle
can be used to stimulate the target nerve through the skin.
Alternatively, one or more other methods can be used to
stimulate nerves, for example subcutaneous electrodes or
nerve cuffs connected to the controller.

[0096] If a greater diaphragm response is desired, elec-
trodes 34 that are closer to the nerve, as determined based on
the sensed reaction of the targeted muscle, may be selected
for nerve stimulation. In other cases, if less diaphragm
response is desired, electrodes 34 that are farther from the
nerve, as determined based on sensed muscle reaction, may
be selected for nerve stimulation.

[0097] Inoneexample, a method for selecting one or more
electrodes for nerve stimulation may include inserting intra-
vascular catheter 12 into: a) at least one of left subclavian
vein 22 or left jugular vein 32, and b) superior vena cava 24,
wherein catheter 12 includes a plurality of electrodes 34, and
each electrode 34 of the plurality of electrodes 34 is con-
figured to emit electrical signals to stimulate a nerve; using
one or more electrodes 34 of the plurality of electrodes 34
to acquire an electrical signal emitted from the nerve; based
on the acquired electrical signal, selecting an electrode 34 or
an electrode combination for a nerve stimulation; and using
the selected electrode 34 or electrode combination, stimu-
lating the nerve.

[0098] Information from blood gas sensor 62 may be used
by a health professional, or by controller 64, to adjust
stimulation parameters. For example, if blood O, levels are
low (or blood CO, levels are high) controller 64 may send
a signal to electrodes 34 to emit stimulation signals having
a higher charge (amplitudexpulse width) or frequency, and
may stimulate a sigh breath. Conversely, if blood O, levels
are high (or blood CQO, levels are low), controller 64 may
cause electrodes 34 to emit stimulation signals having a
lower charge or frequency. Based on information from blood
gas sensor 62, the following parameters can be adjusted:
stimulation pulse amplitude, stimulation pulse width, stimu-
lation pulse frequency, stimulation duration, and the interval
between stimulations/pulse trains (e.g., stimulated breath
rate).

[0099] For any of the parameter adjustments described
herein, increasing stimulation pulse amplitude, width and/or
frequency may increase lung volume during a stimulated
breath. Increasing stimulation duration may increase lung
volume and/or increase the amount of time air remains in the
lungs during a stimulated breath, allowing for an extended
gas exchange period. Increasing the stimulated breath rate
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may allow for additional gas exchange periods over a given
period of time, which may increase the amount and/or speed
of gas exchange.

[0100] The systems and catheter 12 described herein may
include any combination of sensing features. For example,
catheter 12 may be configured to sense ECG, impedance,
nerve activity, blood gas levels, and CVP, and the systems
may be configured to position catheter 12, select electrodes
34 for stimulation, and select stimulation parameters based
on one or more types of information received by sensors or
electrodes 34.

Exemplary Methods for Strengthening a Respiratory Muscle

[0101] As described previously, the systems and methods
described herein may reduce or eliminate the need for a
patient to receive external respiratory support (e.g., any
device or methods to help correct or otherwise enhance
blood gases and or reduce the work of breathing of a
patient). As many patients receiving external respiratory
support suffer from respiratory muscle atrophy, the systems
and methods described herein can be used to build the
strength for these muscles over time. As will be described,
a relatively small number of stimulation cycles can greatly
improve the strength of respiratory muscles until patients no
longer need external respiratory support.

[0102] In various exemplary methods and systems for
stimulating a respiratory muscle of a patient, a stimulator
may be positioned adjacent a nerve capable of activating a
respiratory muscle. The stimulator may be any stimulation
device described herein and may include one or more sets of
electrodes for stimulating one or more nerves or muscles.
[0103] Maximal inspiratory pressure (MIP or PIMax) is a
widely used measure of respiratory muscle strength in
patients with suspected respiratory muscle weakness. It is
determined by measuring upper airway pressure (mouth for
outpatients and trachea for intubated or tracheostomized
patients) during a maximal voluntary inspiratory effort. The
measured pressure is a composite of the pressure generated
by the inspiratory muscles and the elastic recoil pressure of
the Tungs and chest wall. Often, patients with an absolute
MIP value of approximately 30 cm H,O or less will require
some level of external respiratory support. In various
examples of this disclosure, stimulation therapy may be
administered until the patient’s MIP reaches a pre-deter-
mined value. In some cases, the pre-determined value may
be at least 30 cm H,O. In other cases, the pre-determined
value may be at least 35 cm H,O, at least 40 cm H,O, at least
45 cm H,O, or at least 50 cm H,O.

[0104] In some therapy methods, external respiratory sup-
port initially may be provided for a portion of the patient’s
breaths during a 24-hour period. In various examples, exter-
nal respiratory support initially may be provided for at least
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% of
the patient’s breaths in a 24-hour period. Stimulation
therapy, as described herein, may be administered while the
patient is receiving external respiratory support. Subsequent
to administering at least some stimulation therapy, the level
of external respiratory support may be reduced, as the
patient’s respiratory muscle begins strengthening from the
stimulation. In one example, at least one of a pressure
provided by the external respiratory support or a percentage
of breaths assisted by the external respiratory support may
be reduced subsequent to administering at least some stimu-
lation therapy. In some examples, the external respiratory
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support is removed from the patient after administering at
least some stimulation therapy. Stimulation therapy may be
continued after removal of the external respiratory support
(e.g., for at least 1 day, for at least 2 days, for at least 3 days,
etc.). In some examples, a drug may be delivered to the
patient prior to, during, or after stimulation therapy.

[0105] The flowchart of FIG. 4 describes a therapy method
according to an exemplary embodiment. An exemplary
method for providing therapy may start at step 4000. In step
4010, a stimulator having electrodes, for example catheter
12 or a transdermal stimulator, may be positioned adjacent
a nerve that activates a respiratory muscle or a nerve in
proximity to the respiratory muscles, and in step 4020, the
electrodes may be connected to a control unit. In some
examples, the stimulator may include multiple sets of elec-
trodes, such as intravascular electrodes and transdermal
electrodes, or esophageal electrodes and transdermal elec-
trodes. The electrodes of the stimulator may be used to
stimulate one or more respiratory muscles at time. For
example, a first set may be used to stimulate a first respi-
ratory muscle, and a second set may be used to stimulate a
second respiratory muscle. In other examples, both sets of
electrodes may be used to stimulate the same respiratory
muscle. The first and second respiratory muscles may be the
diaphragm, the intercostal muscles, or any other muscle that
affects breathing. Steps 4010 and 4020 can be done in any
order.

[0106] Steps 4030-4070 illustrate a mapping (e.g., elec-
trode identification) process that may be used to select one
or more electrodes for delivering therapy to one or more
respiratory muscles. The mapping process may be carried
out by an operator, who may select various electrodes or
electrode combinations for testing, or automatically by a
pre-programmed controller. Furthermore, either an operator
or an automated system may determine stimulation thresh-
olds, select electrodes for stimulation therapy, and/or deter-
mine the ideal stimulation levels for therapy.

[0107] In step 4030, a first electrode or electrode combi-
nation (e.g., an electrode pair) may be selected for testing to
determine whether the selected electrode/electrodes are suit-
able for therapy. Referring to step 4040, the electrode or
combination of electrodes may be activated/stimulated to
emit an electrical signal. The electrical signal may stimulate
a nerve or muscle, which may cause a contraction of a
respiratory muscle. In the example of FIG. 4, in step 4050
a determination is made about whether a diaphragm muscle
response is observed. If so, the identified electrode or
electrodes can be used to deliver therapy to the respiratory
muscle (eg., the diaphragm) under consideration (step
4070). If no diaphragm response is observed, the next
electrode or electrode combination may be selected (step
4060) and tested as previously described in connection with
steps 4040 and 4050.

[0108] The contraction of the respiratory muscle can be
detected visually or via tactile feedback by an operator.
Sensors such as a breath sensor, airflow sensor, motion
sensor, EMG detector, etc. also or alternatively may be used
to confirm that the stimulator is effectively activating the
targeted respiratory muscle at the desired level. Data from a
patient monitor, such as the pressure waveform on a
mechanical ventilator, can be used to assess the level of
muscle stimulation/contraction. Upon sensing the contrac-
tion of the respiratory muscle, the selection of the electrodes
and/or the stimulation levels can be adjusted, by an operator
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or automatically by controller 64, to the desired level to
provide the appropriate therapy. In one example, at least one
stimulation parameter is adjusted to achieve a desired con-
traction of the respiratory muscle. Steps 4040-4070 can be
repeated for each of multiple electrode sets to identify
electrodes for delivering therapy to each respiratory muscle
under consideration (e.g., left hemi-diaphragm, right hemi-
diaphragm, and/or intercostal muscles).
[0109] In step 4080, the threshold for each selected elec-
trode or electrode combination is identified. The threshold
may be the level of one or more parameters (e.g., charge,
amplitude, frequency, or pulse width) of stimulation neces-
sary to elicit a muscle response. The stimulation threshold
may be determined by palpating the respiratory muscle of
the patient, as shown by the illustration of a hand in FIG. 1.
In other examples, the stimulation threshold may be deter-
mined by observing at least one of a pressure or a volume
data from an external respiratory support system. In certain
examples, the stimulation threshold may be determined by
central venous pressure. In some examples, the stimulation
threshold may be measured using a device, such as, for
example, accelerometers or impedance sensors. In step
4090, the stimulation parameters for each selected electrode
or electrode combination may be determined. Stimulation
parameters may include amplitude, frequency, stimulation
rate, stimulation hold, or any other parameters mentioned in
this disclosure.
[0110] In step 4100, therapy may be delivered to
strengthen one or more respiratory muscles. Stimulations of
the nerves/muscles may be initiated by an operator, auto-
matically by a controller, or by the patient. For example, the
patient may initiate the therapy session or may initiate one
or more breaths (e.g., respiratory muscle contractions) of the
therapy session. In one example, the therapy may include
four therapy sets, each including 10 stimulations, with a rest
period between each therapy set. Other specific therapies are
described in more detail below and may be delivered in step
4100. In step 4110, the patient may rest prior to the next
therapy session. In other words, electrical stimulation may
be discontinued for a period of time until the next therapy
session. In some examples, the rest period may be 1-3 hours.
In other examples, the rest period may be 24-48 hours. In
still other examples, the rest period may be 3-5 hours, 5-7
hours, 8-24 hours, or greater than 48 hours.
[0111] In step 4120, a determination may be made about
whether more strength training is required or desired for the
respiratory muscle. In some examples, additional therapy
sessions may be performed until external respiratory support
can be removed from the patient. If additional therapy is
required, the process may begin again at step 4030, and
electrodes may be selected and then used to deliver therapy
to one or more respiratory muscles. If no additional therapy
is required, the electrodes may be removed from the patient
(step 4130). In step 4140, the method in which therapy was
provided may be ended.
[0112] Referring back to steps 4090 and 4100, either
before or during a therapy session, an operator or an
automated controller can select and adjust one or more of the
below inputs. In some cases, one or more parameters may be
adjusted between consecutive stimulations of a therapy
session.

[0113] Stimulation Amplitude: the amount of energy

being delivered to the nerve as characterized by the
amplitude of current or voltage on the electrode(s).
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[0114] Stimulation Pulse Width or Stimulation Pulse
length: the time over which an electrical stimulation
pulse is delivered generally ranging from 10 micro
seconds to 1200 micro seconds, or between 100 and
300 micro seconds.

[0115] Stimulation Rate: the rate at which the stimula-
tion trains (series of stimulation pulses) are delivered.
In some examples, the stimulation rate may be adjusted
during stimulation therapy. In one example, a first time
period between a first pair of consecutive stimulations
is different than a second time period between a second
pair of consecutive stimulations.

[0116] Stimulation Frequency: the frequency of deliv-
ering stimulation pulses in a stimulation train. In vari-
ous examples, the stimulation frequency range is
between 1 Hz to 50 Hz, between 10 Hz and 40 Hz, or
between 11 Hz and 25 Hz.

[0117] Stimulation Hold: the period of time that a
muscle or muscle fibers are held in the contracted state
by extending the length/duration of the stimulation
pulse train in order to further exercise the targeted
muscle.

[0118] Stimulation to Stimulation Rest: the rest period
time between consecutive stimulated diaphragm con-
tractions in either a therapy set or therapy session, in
one example ranging from 0.5 seconds to 120 seconds.
The stimulation to stimulation rest may range from 0.5
to 4 seconds, in the event that stimulation is provided
with each patient breath for a period of time. Or as an
alternative example, the stimulation to stimulation rest
period can be up to 30 seconds or longer when allowing
the patient’s muscle to rest or allowing the patient to
receive external respiratory support between each
stimulation, or stimulated breath.

[0119] Therapy Session: In one example, a therapy
session may include a number of stimulated diaphragm
contractions that are provided to a patient in a relatively
short period of time (e.g. approximately 1 hour or less).

[0120] Stimulations per Therapy Session: The number
of stimulation pulse trains, resulting in distinct muscle
contractions, typically ranging from 1 to 150, or more
specifically from 10 to 50, during a therapy session.

[0121] Stimulation Sets: In some cases a therapy ses-
sion may be divided into therapy sets. For example, if
40 breaths are to be stimulated in one therapy session,
those 40 breaths could be stimulated in four therapy
sets of 10 breaths with a brief period (e.g., 30 seconds
to 5 minutes) of rest (e.g., Set to Set Rest) between sets.

[0122] Stimulations per Set: The number of stimula-
tions delivered in a set; may range from 5 to 100, or
more specifically from 5 to 20 stimulations per set.

[0123] Session to Session Rest period: time between
therapy sessions, may be 1 hour or longer, 2 hours or
more, or 3 hours or more. In the example where one
session is provided each day, the rest period may be
approximately 24 hours. If therapy sessions are skipped
for medical/other reasons or, for example, over the
weekend, the Session to Session Rest period may be
two to three days.

[0124] Therapy sessions per day: the number of therapy
sessions per day may be between 1 and 3 sessions, with
each session including between 10 and 150 stimula-
tions. For relatively short therapy sessions, such as for
those lasting approximately 5 minutes or less, it may be
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desirable in some circumstances for certain patients to
receive 1 or 2 therapy sessions each hour for several
hours per day. In some situations, therapy sessions may
be limited to daytime hours to allow patients an oppor-
tunity to recover overnight.

[0125] Degree of external respiratory support: the
operator can determine the level and type of external
respiratory support that will be provided during various
portions of a therapy session. The degree of external
respiratory support may depend on the condition of the
patient, his/her ability to independently move enough
air to provide adequate gas exchange, the amount of
respiratory support provided by the stimulation, and the
level of consciousness of the patient.

[0126] Weekly frequency: In some examples, the
patient may receive stimulation therapy 4 to 7 days per
week until they are no longer dependent on external
respiratory support.

[0127] In one embodiment, an operator may engage the
system through an operator interface and select a desired
number of stimulation pulse trains (stimulations) to deliver
to the target nerve or muscle either for a therapy set or for
a therapy session, typically ranging from 1 to 150 stimula-
tions. Alternatively, the number of stimulations can be
greater if desired. The operator can select the duration of
each stimulation and the time between the deliveries of each
stimulation, the stimulation period. In one example, the
pulse width for each pulse in the stimulations may be
between 50 and 300 micro seconds, but could alternatively
be outside this range. The stimulation to stimulation rest
period, the time between consecutive stimulations in a set or
therapy session, may be between 0.5 and 60 seconds. In
some examples, the operator can also select the amplitude
and profile of the stimulation pulses including various ramp
shapes and other characteristics. Profiles may vary depend-
ing on the way in which the stimulation energy is being
delivered to the nerve, the location from the array to the
nerve, the type of muscle being stimulated, and the level of
stimulation desired for each patient at that phase of their
therapy.

[0128] In one exemplary therapy session, catheter 12 may
be positioned in the vasculature to extend adjacent or across
the left and right phrenic nerves 26, 28. Appropriate distal
and proximal electrode pairs may be selected to cause a
therapeutic contraction of the respiratory muscle, in this case
both the left and right hem i-diaphragm muscles. The
operator may set the stimulation pulse train length at 1.2
seconds and pulse amplitude which is 100% of the threshold
value and the initial pulse width which is 100% of the
threshold value. The pulse width can be modulated between
stimulation pulses in the stimulation pulse train. In some
cases, the pulse amplitude can be modulated between stimu-
lation pulses in the stimulation pulse train. Using the remote
hand held controller 20, the operator may provide a therapy
set of 10 stimulation pulse trains. In some examples, each of
the stimulation pulse trains may be timed to coincide with a
breath delivered by a mechanical ventilator or the patient’s
spontaneous breath.

[0129] In some embodiments, the therapy system can
communicate directly with a mechanical ventilator, or other
external respiratory support system (e.g., external respira-
tory support 88), to coordinate the therapy delivery with the
support provided by the external device. As previously
described, sensors detecting activity from diaphragm
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muscles, nerves (e.g. phrenic nerves, vagus nerves, etc.) or
other patient monitors or respiratory support devices can be
used to trigger stimulation and/or breath delivery from a
mechanical ventilator. Also, as a non-limiting example, the
systems described herein may be operably connected (e.g,,
hardwired, wireless, etc.) to receive a signal from the
mechanical ventilator indicating the initiation of a breath to
the patient, and the systems can synchronize the delivery of
the stimulation pulse train to coordinate with a desired phase
of the breath. In another example, an operator may set the
stimulation parameters and ask the patient to activate their
breathing muscles. The operator may then coordinate the
trigger of electrical stimulation with the patient efforts to
provide maximum exercise of the muscles. In another
example, external respiratory support 88 can be reduced or
even eliminated during a portion of or all of the delivery of
a stimulation set or stimulation session.

[0130] In the example in which 10 stimulations pulse
trains are provided, they can be timed to 10 sequential
breaths, or the operator may skip one or more breaths to
allow the patient to rest periodically between stimulations.
After the 10 stimulation pulse trains are delivered, the
patient may be allowed to rest for a period of time, for
example 30 seconds to 5 minutes. After a suitable rest, the
operator can initiate a second set, for example 10 breaths,
again followed by a resting period. The operator can deliver
several sets, in this example 4 sets, that each include 10
stimulations. Each stimulation may cause a muscle contrac-
tion, for a total of 40 muscle contractions over a 1 to
15-minute period. Of course, the desired number of stimu-
lations for a session could be delivered in a single set, if
desired. The patient may then be permitted to rest for 1 or
more hours, and in some cases at least 3 hours, and poten-
tially as long as 24 or 48 hours before beginning another
therapy session. In some instances, two to three, or more,
therapy sessions are delivered each day. Regardless, the
number of stimulations provided to the respiratory muscles
may be a small fraction of the breaths required by the patient
each day. In the previously-described example of 40 stimu-
lations/day, the number of stimulations delivered is approxi-
mately less than 0.2% of the breaths taken by or delivered
to the patient per day.

[0131] In one example, the stimulation parameters may be
kept the same from one stimulation that causes muscle
contraction to the next stimulation, from one therapy set to
the next therapy set, from one session to the next session, or
from one day to the next day. In other examples, one of the
parameters, such as the stimulation amplitude, the stimula-
tion frequency, the stimulation hold time, or the resistance of
the breathing circuit, may be increased or decreased between
two stimulations that cause muscle contractions, between
two sets, between two sessions, or between two days. The
factors to consider while changing parameters may be
patient tolerance, unintended stimulation of other structures,
fatigue, or a desire for increased strength.

[0132] The flowchart of FIG. 5 describes a therapy
method, according to another exemplary embodiment, to
increase the endurance of the respiratory muscles. Steps
5000-5080 are analogous to steps 4000-4080 of FIG. 4 and
therefore are not described again here. Referring to steps
S090 and S100, two or three sessions of therapy may be
delivered in a day. The therapy may be repeated every day.
Alternatively, there may be a break between two therapy
days of 1 to 3 days or more days.



US 2019/0175908 A1l
14

[0133] Referring to step S090, the first session of the day
may include a first set, in which 10 to 60 high amplitude
stimulation trains (e.g., stimulation with pulses in a train that
have charges from 150% to 300% of a threshold value or
frequencies from 20 Hz to 40 Hz) that contract the muscles
are delivered at a low stimulation rate (e.g., 2 to 15 stimu-
lations per minute) for 1 to 5 minutes, or for 1 to 3 minutes,
followed by a short rest period of 60 seconds to 3 minutes.
A second set of the first session may include low amplitude
stimulation (e.g., stimulation with pulses in a train that have
charges close to a threshold value or frequencies from 8 Hz
to 15 Hz) at a high stimulation rate (e.g., between 10-40
stimulations per minute) for 5 to 10 minutes. The second
session of the day may be exactly the same as the first
session, or some of the stimulation parameters can be
adjusted. Referring to step S100, the third session may
include delivering medium-high amplitude stimulations
(e.g., stimulation with pulses in a train that have charges
from 100% to 150% of a threshold value or frequencies from
15 Hz to 20 Hz) at a low stimulation rate (e.g., 2 to 12
stimulations per minute) for 5 to 10 minutes. The patient
may be permitted to rest for 1 or more hours, in some cases
at least 3 hours, and potentially as long as 24 to 48 hours
between two therapy sessions. Steps 5120-5140 are analo-
gous to steps 4120-4140 of FIG. 4 and therefore are not
described again here.

[0134] FIG. 6. illustrates clinical data related to the
improvement in maximum inspiratory pressure (MIP) of two
patients over a period of time. Each of the two patients
initially received stimulation therapy having the same stimu-
lation parameters, which are shown in the “Exemplary
Parameter Value” column of the below chart. Patient 1
received therapy sessions for most days during a 3-week
period and the absolute MIP level increased approximately
12 em H,O every 7 days, or 1.7 cm H,O per day. Patient 2
received therapy over 6 days, during which the patient’s
absolute MIP increased from 10 cm H,O to 24 cm H,0, a
rate of increase of 2.33 ecm H,O per day, after which the
therapy was discontinued and the MIP stayed essentially
constant between 23 and 32 cm H,0, showing little or slow
improvement over the following two weeks while the patient
continued to receive external respiratory support. Patient 1
was able to breathe independent of external respiratory
support once achieving an MIP value of approximately 40
cm H,0.

[0135] Referring back to step 4090 or to any other therapy
session described herein, exemplary parameters for therapy
sessions may fall within certain ranges. In the chart below,
the first column titled “therapy parameter” lists various
characteristics of a therapy session. The second column
titled “exemplary parameter value” includes an exemplary
number or time period corresponding to the listed therapy
parameters. The remaining two columns list exemplary low
and high ends of a range for the listed therapy parameters.
In one example, a therapy session may include settings
corresponding to the “exemplary parameter value” column.
However, in other examples, a therapy session may include
settings for each therapy parameter between the ranges
described by the low and high end columns. In yet other
examples, a therapy session may have parameters that
mostly fall within the ranges listed in the below chart, but
certain parameters may fall outside of the listed ranges.
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Exemplary Exemplary
Exemplary ~ Low-End of  High End of

Parameter Parameter Parameter
Therapy Parameter Value Range Range
Stimulations/Set 10 5 100
Stimulations/Therapy 40 5 150
Session
Sets/Session 4 1 10
Therapy Sessions/Day 3 1 48
Stim to Stim Rest 1 sec 0.5 sec 120 sec
Set to Set Rest 30 sec-5 min 15 sec 30 min
Session to Session Rest 3 hrs 1 hr 24 hrs
% of breaths stimulated 0.14% 0.10% 20.00%

[0136] In another example of a therapy session, up to 100
stimulations may be delivered during a first set of a therapy
session to enable the respiratory muscle to contract up to 100
times. The stimulation may be paused for at least 30
seconds, and in some cases one or more minutes, after which
a second set of up to 100 stimulations may be delivered.
Then the stimulation may be paused for a session to session
rest period of 1 or more hours until a second therapy session
is delivered. In the next session, the stimulator may be
activated again to cause the respiratory muscle to contract up
to 100 times. The activations and ceasing of activations for
any therapy described herein may be repeated one or more
times.

[0137] Furthermore, any stimulation therapy or combina-
tions of external respiration support and stimulation therapy
may be repeated for a set number of hours or days, such as
for 24 hours or for 48 hours.

[0138] In any example described herein, the stimulator
may include multiple sets of electrodes. A first set of
electrodes may be used to deliver therapy to a first nerve or
directly to a respiratory muscle, and a second set of elec-
trodes may be used to deliver the same therapy (e.g., the
same stimulation patterns) to either the same or different
nerve to activate the same or different muscle, or directly to
a different muscle.

[0139] 1In another example of a therapy session, stimula-
tion signals may be delivered over a total period of time of
approximately 2 hours or less, during one or more therapy
sessions during that total of 2 hours or less, during a 24-hour
period. In another example, stimulation signals may be
delivered over a total period of time of 5 hours or less during
a 24-hour period.

[0140] In other examples of therapy sessions, stimulation
signals may be delivered to contract one or more respiratory
muscles for no more than: 20% of the breaths taken by or
delivered to the patient in a 24-hour period; 10% of the
breaths taken by or delivered to the patient in a 24-hour
period; 2% of the breaths taken by or delivered to the patient
in a 24-hour period; or 0.2% of the breaths taken by or
delivered to the patient in a 24-hour period.

[0141] In another example, a brief stimulation therapy
session lasting approximately 3 to 10 minutes may be
delivered 12 to 24 times over a 24-hour period; 6 to 12 times
over a 24 hour period; or once in a 24 hour period.

[0142] In another example, therapy sessions may be
administered until the patient no longer requires external
respiratory support; or up to 48 hours after the time at which
the patient no longer requires, or is no longer receiving,
external respiratory support.
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[0143] Various examples of the subject disclosure may be
implemented soon after the patient begins using external
respiratory support (e.g., mechanical ventilation) to help
reduce the loss of strength and or endurance of a respiratory
muscle. Various examples of this disclosure can be used to
help reduce the level of injury to a patient’s lungs, heart,
brain and/or other organs of the body.

[0144] The systems described herein can be programmed
to vary the profile of the stimulation pulse trains from time
to time. For example, every tenth stimulation pulse train can
be programmed to be longer than the others to produce a
deeper or longer breath (e.g., sigh breath). In this case the
duration of the stimulation pulse train between two adjacent
pulse trains will vary.

[0145] In some examples, therapy may be continued and
steps related to activating the stimulator and ceasing acti-
vation of the stimulator may be repeated until MIP reaches
a pre-determined value.

[0146] Furthermore, steps of any therapy treatment
described herein may be carried out with respect to more
than one nerve and more than one respiratory muscle.
Stimulations of multiple nerves (and one or more respiratory
muscles) may be synchronized so that the patient’s muscle
or muscles are stimulated at the same time. To achieve this
synchronization, two or more combinations of selected
electrodes may be activated at the same time during a
therapy session. For example, if the first set of electrodes
emits electrical signals up to 100 times, the second set of
electrodes may emit electrical up to 100 times, with each
emission of the second set corresponding to an emission of
the first set of electrodes. In one example, the first and
second sets of electrodes may be used to stimulate the left
and right phrenic nerves to cause synchronized contractions
of the left and right hem i-diaphragm. In another example,
the first set may be used to stimulate the diaphragm, and the
second set may be used to stimulate the intercostal muscles.
Both stimulations may occur at the same time in the patient
breath cycle. In yet another example, the patient’s nerves/
muscles may be stimulated during an inspiratory period of
the patient’s ventilator or other external respiratory support.
[0147] While most examples described herein consider
that a therapy session will be delivered by a health care
professional, other approaches of therapy delivery may be
utilized that also deliver infrequent respiratory muscle
stimulation to build strength. As a non-limiting example, a
closed-loop automated example of the system of this dis-
closure can be designed to deliver a stimulation to a respi-
ratory muscle at a specific duty cycle such as 1 stimulation
for every X breaths, where X could range from 10 to 1000
when building strength for a respiratory muscle. This
approach may provide for periodic muscle stimulation with
a predetermined number of resting breaths in between. X
may be as small as 2 and as large as 10,000 in various
examples. When using the systems and methods described
herein to prevent respiratory muscle atrophy as well as lung
and brain injury, the stimulations can be provided more
frequently, potentially as often as every breath.

[0148] Various electrodes may be used to stimulate nerves
and/or muscles as described in this disclosure. As examples,
the stimulators described herein may include one or more of:
nerve stimulation electrodes, endotracheal electrodes,
endoesophageal electrodes, intravascular electrodes, trans-
cutaneous electrodes, intracutaneous electrodes, electro-
magnetic beam electrodes, balloon-type electrodes, basket-
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type electrodes, umbrella-type electrodes, tape-type
electrodes, suction-type electrodes, screw-type electrodes,
barb-type electrodes, bipolar electrodes, monopolar elec-
trodes, metal electrodes, wire electrodes, patch electrodes,
cuff electrodes, clip electrodes, needle electrodes, or probe
electrodes. Furthermore, the stimulation energy may be
delivered by an energy form that includes at least one of
mechanical, electrical, ultrasonic, photonic, or electromag-
netic energy.

[0149] While principles of the present disclosure are
described herein with reference to illustrative embodiments
for particular applications, it should be understood that the
disclosure is not limited thereto. Those having ordinary skill
in the art and access to the teachings provided herein will
recognize additional modifications, applications, embodi-
ments, and substitution of equivalents all fall within the
scope of the embodiments described herein. Accordingly,
the invention is not to be considered as limited by the
foregoing description.

We claim:

1. A method for stimulating a respiratory muscle of a
patient, comprising:

a. positioning a stimulator adjacent a nerve capable of

activating the respiratory muscle;

b. activating the stimulator to cause the respiratory muscle

to contract only 100 times or less;

c. ceasing the activation of the stimulator for one or more

hours; and

d. repeating steps (b) and (c) at least once.

2. The method of claim 1, further comprising selecting a
pre-determined value of a maximum inspiratory pressure of
the patient, and repeating steps (b) and (c) until the maxi-
mum inspiratory pressure of the patient increases to the
pre-determined value.

3. The method of claim 2, wherein the pre-determined
value is at least 30 cm H,O.

4. The methed of claim 1, wherein the nerve is a first
nerve, and the respiratory muscle is a first respiratory
muscle, and the method further includes carrying out steps
(a) through (d) relative to a second nerve and a second
respiratory muscle.

5. The method of claim 1, wherein the stimulator includes
one or more of transvascular electrodes, transdermal elec-
trodes, subcutaneous electrodes, or electrodes configured to
be positioned in contact with the nerve.

6. The method of claim 1, further comprising determining
a stimulation threshold, wherein the step of determining
includes palpating the respiratory muscle.

7. The method of claim 1, further comprising determining
a stimulation threshold, wherein the step of determining
includes observing at least one of a pressure data or a
volume data from an external respiratory support system.

8. The method of claim 1, wherein the patient initiates at
least one respiratory muscle contraction of step (b).

9. The method of claim 1, further comprising using a
mechanical ventilator to provide respiratory support to the
patient during at least a portion of step (b).

10. A method for stimulating a respiratory muscle of a
patient, comprising:

a. positioning a stimulator adjacent a nerve capable of

activating the respiratory muscle;

b. first activating the stimulator to cause the respiratory

muscle to contract only 100 times or less;
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c. ceasing the first activation of the stimulator for at least
30 seconds;

d. after step (c), second activating the stimulator to cause
the respiratory muscle to contract only 100 times or
less;

e. ceasing the second activation of the stimulator for one
or more hours; and

f. repeating steps (b) through (e) at least once.

11. The method of claim 10, wherein the nerve is at least
one of a phrenic nerve or a vagus nerve.

12. The method of claim 10, wherein the nerve is a first
nerve, the respiratory muscle is a first respiratory muscle,
and the stimulator includes a first set of electrodes posi-
tioned adjacent the first nerve and a second set of electrodes
positioned adjacent a second nerve capable of activating
either the first respiratory muscle or a second respiratory
muscle, and the method further comprises:

g. first activating the second set of electrodes to cause the
first or second respiratory muscle to contract only 100
times or less;

h. ceasing the first activation of the second set of elec-
trodes for at least 30 seconds;

1. after step (h), second activating the second set of
electrodes to cause the first or second respiratory
muscle to contract only 100 times or less;

J. ceasing the second activation of the second set of
electrodes for one or more hours; and

k. repeating steps (g)-(j) at least once.

13. The method of claim 12, wherein steps (b) and (g)
occur at a same time.

14. The method of claim 10, further comprising;

sensing a contraction of the respiratory muscle; and

adjusting at least one stimulation parameter to achieve a
desired contraction of the respiratory muscle.

15. The method of claim 14, wherein the steps of sensing

and adjusting are carried out automatically by a controller.

16. The method of claim 15, wherein the controller is
implanted in the patient.

17. The method of claim 10, wherein step (b) includes 100
or less stimulations corresponding to the 100 or less con-
tractions of the respiratory muscle, and step (b) includes
adjusting at least one stimulation parameter between a first
stimulation of the 100 or less stimulations and a second
stimulation of the 100 or less stimulations.

18. A method for stimulating a respiratory muscle of a
patient, comprising:

a. positioning a stimulator adjacent a nerve capable of

activating a respiratory muscle; and

b. activating the stimulator to cause the respiratory muscle
to contract for no more than 20% of the breaths taken
by, or delivered to, the patient in a 24-hour period.

19. The method of claim 18, wherein step (b) includes
activating the stimulator to cause the respiratory muscle to
contract for no more than 10% of the breaths taken by, or
delivered to, the patient in the 24-hour period.

20. The method of claim 18, further comprising;

providing external respiratory support for at least 60% of
the patient’s breaths in the 24-hour period; and

subsequent to step (b), at least one of reducing a pressure
provided by the external respiratory support or reduc-
ing a percentage of breaths assisted by the external
respiratory support.
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21. The method of claim 20, wherein the external respi-
ratory support includes at least one of mechanical ventila-
tion, BiPAP, CPAP, or nasal cannula oxygenation.

22. The method of claim 18, wherein the stimulator
includes a plurality of electrodes, and the method further
comprises using a controller to automatically select an
electrode combination from the plurality of electrodes for
stimulating the nerve and causing the respiratory muscle to
contract.

23. The method of claim 18, further comprising using a
sensor to measure a physiological parameter of the patient,
wherein the physiological parameter includes at least one of
a breath rate, a heart rate, an ECG, a temperature, a motion,
a blood oxygen level, a blood CO, level, or an air flow.

24. A method for stimulating a respiratory muscle of a
patient, comprising:

a. positioning a stimulator adjacent a nerve capable of

activating the respiratory muscle;

b. providing external respiratory support to the patient;

c. providing extracorporeal membrane oxygenation to the

patient to at least one of remove CO, or add oxygen to
the patient’s blood; and

d. activating the stimulator to cause the respiratory muscle

to contract for no more than five cumulative hours in a
24-hour period.

25. The method of claim 24, at least some stimulations
during the activation of the stimulator in step (d) occur
during inspiration periods of the external respiratory support
provided in step (b).

26. The method of claim 24, wherein a first time period
between a first pair of consecutive stimulations during the
activation of the stimulator in step (d) is different than a
second time period between a second pair of consecutive
stimulations during the activation of the stimulator in step
().

27. The method of claim 24, further comprising delivering
at least one drug to the patient prior to step (d).

28. The method of claim 24, wherein a plurality of
electrodes of the stimulator are positioned within the patient
through a percutaneous incision.

29. The method of claim 24, wherein a plurality of
electrodes of the stimulator are positioned external to the
patient.

30. The method of claim 24, further comprising using a
sensor to detect an inflammatory agent.

31. A method for stimulating a respiratory muscle of a
patient, comprising:

a. positioning a stimulator adjacent a nerve capable of

activating the respiratory muscle;

b. providing external respiratory support for at least 90%

of the patient’s breaths in a 24-hour period,

c. activating the stimulator to cause the respiratory muscle

to contract for no more than five cumulative hours in a
24-hour period,

d. repeating steps (b) and (c) for 48 hours; and

e. removing the external respiratory support from the

patient.

32. The method of claim 31, further comprising repeating
step (c) for at least one day after removing the external
respiratory support from the patient.

33. A method for stimulating a respiratory muscle of a
patient, comprising:

a. positioning a stimulator adjacent a nerve capable of

activating the respiratory muscle; and
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b. activating the stimulator to cause the respiratory muscle
to contract while the patient is breathing for a cumu-
lative duration of 2 hours or less per day.

34. A system for stimulating a respiratory muscle of a

patient, comprising:

a stimulator for positioning adjacent a nerve capable of
activating the respiratory muscle;

a signal generator for providing stimulation energy to the
stimulator;

a sensor for detecting a response of the respiratory muscle
to the stimulation energy; and

a controller programmed to:

1. cause the signal generator to provide stimulation
energy to the stimulator to cause only 100 or less
contractions of the respiratory muscle; and

ii. cause the signal generator to provide a period of one
hour or more after causing the 100 or less contrac-
tions.

35. The system of claim 34, wherein the stimulator
includes one or more of: nerve stimulation electrodes, endo-
tracheal electrodes, endoesophageal electrodes, intravascu-
lar electrodes, transcutaneous electrodes, intracutaneous
electrodes, electromagnetic beam electrodes, balloon-type
electrodes, basket-type electrodes, umbrella-type electrodes,
tape-type electrodes, suction-type electrodes, screw-type
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electrodes, barb-type electrodes, bipolar electrodes,
monopolar electrodes, metal electrodes, wire electrodes,
patch electrodes, cuff electrodes, clip electrodes, needle
electrodes, or probe electrodes.

36. The system of claim 34, further comprising a switch
communicably coupled to the controller, wherein the switch
includes one of a hand switch, a foot switch, a touch screen,
a voice-activated switch, or a remote switch.

37. The system of claim 34, wherein the stimulation
energy is delivered by an energy form that includes at least
one of mechanical, electrical, ultrasonic, photonic, or elec-
tromagnetic energy.

38. A method for stimulating a respiratory muscle of a
patient, comprising:

a. positioning a stimulator adjacent a nerve or muscle

capable of activating a respiratory muscle;

b. providing external respiratory support for at least 90%

of a patient’s breaths in a 24-hour period,;

c. activating the stimulator to cause the respiratory muscle

to contract;

d. varying at least one of a stimulation intensity or a

stimulation rate; and

e. removing the external respiratory support from the

patient.
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