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(57) ABSTRACT

This disclosure describes, among other embodiments, sys-
tems and related methods for selecting electrode combina-
tions to be used during nerve pacing procedures. A first set
of electrode combinations of a nerve pacing system, such as
a phrenic nerve pacing system for diaphragm activation,
may be mapped (or tested) to determine the location of the
electrode combinations relative to a target nerve. Once the
general location of the target nerve is known, a more
localized second set of electrode combinations may be tested
to determine the most suitable electrode combinations for
nerve stimulation. At various stages of the mapping process,
electrode combinations that are non-optimal may be dis-
carded as candidates for use in a nerve pacing procedure.
The systems and methods described herein may allow for
the selection of electrode combinations that are most suit-
able for stimulation of the left and right phrenic nerves
during diaphragm pacing.
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SYSTEMS AND RELATED METHODS FOR
OPTIMIZATION OF MULTI-ELECTRODE
NERVE PACING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 15/095,773, filed Apr. 11, 2016, which is a
continuation of U.S. application Ser. No. 14/600,763, filed
Jan. 20, 2015 (now U.S. Pat. No. 9,333,363, issued on May
10, 2016), which claims priority under 35 U.S.C. § 119(e) to
U.S. Provisional Application No. 61/929,901, filed Jan. 21,
2014. Each of the above-referenced applications is hereby
incorporated by reference herein in its entirety.

TECHNICAL FIELD

[0002] This disclosure relates to restoration, enhancement,
and/or modulation of diminished neurophysiological func-
tions using electrical stimulation. Some embodiments pro-
vide methods for mapping and selecting the optimal elec-
trodes that are in close anatomical proximity to a target
nerve. Non-limiting embodiments include nerve stimulation
apparatus, electrode structures, electrodes, sensors, and
related methods.

BACKGROUND

[0003] Electrical stimulation of nerves is widely applied in
the treatment of a range of conditions and may be applied to
control muscle activity or to generate sensations. Nerves
may be stimulated by surgically implanting electrodes in,
around or near the nerves and activating the electrodes by
means of an implanted or external source of electricity.
[0004] The phrenic nerves normally transmit signals from
the brain that cause the contractions of the diaphragm
necessary for breathing. However, various conditions can
prevent appropriate signals from being delivered to the
phrenic nerves. These include:

[0005] permanent or temporary injury or disease affect-
ing the spinal cord or brain stem;

[0006] Amyotrophic Lateral Sclerosis (ALS);

[0007] decreased day or night ventilatory drive (e.g.
central sleep apnea, Ondine’s curse); and

[0008] decreased ventilatory drive while under the
influence of anesthetic agents and/or mechanical ven-
tilation.

These conditions affect a significant number of people.
[0009] Intubation and positive pressure mechanical venti-
lation (MV) may be used for periods of several hours or
several days, sometimes weeks, to help critically ill patients
breathe while in intensive care units (ICU). Some patients
may be unable to regain voluntary breathing and thus require
prolonged or permanent mechanical ventilation. Although
mechanical ventilation can be initially lifesaving, it has a
range of significant problems and/or side effects. Mechani-
cal ventilation:

[0010] often causes ventilator-induced lung injury
(VILD) and alveolar damage which can lead to accu-
mulation of fluid in the lungs and increased suscepti-
bility to infection (ventilator-associated pneumonia;
VAP);

[0011] commonly requires sedation to reduce discom-
fort and anxiety in acutely intubated patients;
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[0012] causes rapid atrophy of the disused diaphragm
muscle (ventilator-induced diaphragm dysfunction,
VIDD);

[0013] can adversely affect venous return because the
lungs are pressurized and the diaphragm is inactive;

[0014] interferes with eating and speaking;

[0015] requires apparatus that is not readily portable;
and

[0016] increases the risk of dying in a hospital if the

patient fails to regain normal breathing and becomes

ventilator-dependent.
[0017] A patient who is sedated and connected to a
mechanical ventilator cannot breathe normally because the
central neural drive to the diaphragm and accessory respi-
ratory muscles is suppressed. Inactivity leads to muscle
disuse atrophy and an overall decline in well-being. Dia-
phragm muscle atrophy occurs rapidly and can be a serious
problem to the patient. According to a published study of
organ donor patients (Levine et al., New England Journal of
Medicine, 358: 1327-1335, 2008), after only 18 to 69 hours
of mechanical ventilation, all diaphragm muscle fibers had
shrunk on average by 52-57%. Muscle fiber atrophy results
in muscle weakness and increased fatigability. Therefore,
ventilator-induced diaphragm atrophy could cause a patient
to become ventilator-dependent. It has been reported that
over 840,000 ICU patients in the United States, Europe and
Canada become ventilator dependent every year.
[0018] Itis well known that for certain patients who have
permanent respiratory insufficiency due to absent or reduced
central drive descending from the brain stem, it is feasible
and advantageous to rhythmically activate the diaphragm
muscle by electrically stimulating (“pacing”) the phrenic
nerves using implanted electrodes. Several methods have
been disclosed.
[0019] Method 1 uses cuff-like electrodes surgically
implanted in the neck or upper chest to directly stimulate the
phrenic nerves, such as the Mark IV Breathing Pacemaker
System available from Avery Biomedical Devices, Inc. of
Commack, N.Y., USA. The electrodes are connected to
surgically implanted receivers and mated to external trans-
mitters by antennas worn over the implanted receivers.
Implanting electrodes for phrenic nerve pacing requires
significant surgery that can be risky and complicated by the
fact that phrenic nerves are thin (approximately 2 mm in
diameter), delicate, and located amidst major blood vessels
deep in the chest. This type of surgery involves significant
cost and is typically only indicated for certain patients who
would otherwise depend on mechanical ventilation for the
rest of their lives.
[0020] Method 2 uses implanted intramuscular electrodes
to pace the diaphragm, such as the NeuRx Diaphragm
Pacing System® marketed by Synapse Biomedical Inc. of
Oberlin, Ohio. Surgical anesthesia and laparoscopic surgery
are required to map the motor points in the diaphragm
muscle and suture several electrodes near the motor points.
This type of surgery also involves significant time and cost
and is currently only indicated for spinal cord injury (SCT)
or amyotrophic lateral sclerosis (ALS) patients, who would
otherwise depend on mechanical ventilation for the rest of
their lives.
[0021] In some patients who were paced with either
Method 1 or Method 2, it was found that the rhythmic
negative-pressure breathing action provided by phrenic
nerve pacing contributed to reducing the rate and extent of
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lung injury and infections, compared to mechanically ven-
tilated patients. Phrenic pacing was also shown by Ayas et al.
(1999; “Prevention of human diaphragm atrophy with short
periods of electrical stimulation”) to be an effective method
for preserving or increasing the strength and the endurance
of the diaphragm muscle paralyzed by a SCI. This type of
evidence relates to a well-known fundamental physiological
effect of electrical activation of muscle nerves, upon which
the current disclosure is, in part, based on.

[0022] Method 3 relates to a system and method using
intravascularly implanted electrodes to stimulate a nerve,
developed by Joaquin Andres Hoffer and described in U.S.
Pat. No. 8,571,662 entitled “Transvascular Nerve Stimula-
tion Apparatus and Methods,” which is hereby incorporated
by reference in its entirety. Critically ill ICU patients are not
typically eligible for Methods 1 and 2. For short-term use in
ICU patients, Method 3 has unique advantages due to the
fact that it does not require invasive surgerv that would
typically be performed under full anaesthesia. Method 3
rhythmically activates the diaphragm through a temporary,
removable, multi-lumen, multi-electrode catheter that is
percutaneously inserted into central veins (e.g., left subcla-
vian vein, superior vena cava) of a patient. In critically ill
patients who would typically fail to wean and become
ventilator-dependent, the pacing therapy described in U.S.
Pat. No. 8,571,662 is expected to prevent, mitigate, or
reverse diaphragm muscle-disuse atrophy and maintain dia-
phragmatic endurance, thus facilitating successful weaning
of patients from mechanical ventilation.

SUMMARY

[0023] Short-term pacing of the diaphragm muscle in ICU
patients who are temporarily dependent on mechanical ven-
tilation can be reasonably expected to prevent, slow down,
or reverse the rapid progression of the typical MV-induced
diaphragm muscle disuse atrophy. When the catheter is
suitably placed inside the central veins as described above in
connection with Method 3, it is important to select the
optimum bipolar electrode combinations, which may be
pairs of bipolar electrodes, for nerve stimulation. One factor
for determining whether an electrode combination is opti-
mum may be proximity to the target nerve. In selecting the
optimum electrode combination, lower and safer electrical
charge and currents can be used to activate the phrenic
nerves, thus preventing overstimulation or unwanted acti-
vation of nearby structures such as other nerves, muscles, or
the heart.

[0024] One embodiment of the present disclosure provides
an automated algorithm and method to map and select
optimum electrode pairs depending on pacing parameters,
sensing parameters, and/or a multitude of other parameters.
The algorithm and the method to map and select the opti-
mum electrodes described in this disclosure may be useful
for trans-vascular phrenic nerve pacing therapy. In addition,
the paced diaphragm may restore negative pressure venti-
lation, thereby providing a more physiological respiratory
pattern and reducing the levels of positive pressure ventila-
tion and its harmful effects on the lungs.

[0025] Other embodiments of the disclosure include: an
algorithm to generate a map of pacing parameters, sensing
parameters and/or a multitude of other parameters for indi-
vidual electrodes on a multi-electrode catheter, an algorithm
for mapping the target nerve relative to the location of an
electrode structure within a blood vessel, an algorithm for
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the automatic selection of optimum electrodes, and an
algorithm to monitor the efficacy of the stimulation during
delivery of therapy via the selected electrodes. Such algo-
rithms may be applied in methods or embodied in apparatus.
While these and other embodiments may be applied
together, individual embodiments may be applied in other
combinations and contexts. For example, algorithms
described herein may be applied in combination with vari-
ous neurovascular pacing or sensing systems known in the
art for various diagnostic and/or therapeutic applications.
[0026] Embodiments of the disclosure may be applied for
restoring breathing, treating conditions such as disuse
muscle atrophy and chronic pain, and other uses involving
nerve stimulation. Embodiments of the disclosure may be
applied in the treatment of acute or chronic conditions.
Embodiments of the disclosure also may be applied to
evaluate the need to reposition or remove and replace
electrode structures in a patient.

[0027] One embodiment of the disclosure relates to trans-
vascular stimulation of nerves. In transvascular stimulation,
suitable arrangements of one or more electrodes are posi-
tioned in a blood vessel that is anatomically close to a nerve
to be stimulated. Electrical currents pass from the electrodes
through a wall of the blood vessel to stimulate the target
nerve.

[0028] Another embodiment of the disclosure relates to
transvascular stimulation of nerves in the neck and chest of
a human or other mammal (e.g., a pig, a chimpanzee). FIGS.
1 and 15 illustrate the anatomy of selected nerves and blood
vessels in the neck and chest of a human and, in particular,
the relative locations of the left and right phrenic nerves
(PhN), vagus nerves (VN), internal jugular veins (UV),
brachiocephalic veins (BCV), superior vena cava (SVC) and
subclavian veins (ScV).

[0029] In one exemplary embodiment, a method of elec-
trical stimulation may include: delivering a series of first
electrical stimulations to a nerve via each of a first plurality
of electrode combinations one at a time; monitoring a first
patient response to each of the first electrical stimulations of
the nerve; selecting a first subset of the first plurality of
electrode combinations based on the first patient responses
indicating that the first subset is in proximity to the nerve;
based on electrodes within the first subset of the first
electrode combinations, determining a second plurality of
electrode combinations; delivering a series of second elec-
trical stimulations to the nerve via each of the second
plurality of electrode combinations one at a time; monitoring
a second patient response to each of the second electrical
stimulations of the nerve; and based on the second patient
responses, selecting a second subset of the second plurality
of electrode combinations, wherein the second subset
includes electrode combinations having greater second
patient responses than other of the second plurality of
electrode combinations.

[0030] The method of electrical stimulation may addition-
ally or alternatively include one or more of the following
steps or features: the first electrical stimulations may include
a plurality of electrical pulses delivered during end-expira-
tion phases of one or more patient breaths; each of the
plurality of electrical pulses may have a different charge than
other of the plurality of electrical pulses; each of the
plurality of electrical pulses may have the same charge as
other of the plurality of electrical pulses; the second elec-
trical stimulations may be delivered after the first electrical
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stimulations; each of the steps of monitoring a first patient
response and monitoring a second patient response may
include obtaining information from a sensor indicative of at
least one of air flow, volume, or pressure; at least one of the
steps of monitoring a first patient response and monitoring
a second patient response may include obtaining information
from a sensor indicative of at least one of electromyographic
activity, central venous pressure, heart rate, chest wall
acceleration, blood oxygen saturation, carbon dioxide con-
centration, catheter location, mechanical movement, or
resistance; the first subset of the first plurality of electrode
combinations may be located along a portion of a catheter;
the electrode combinations of the first and second plurality
of electrode combinations may include bipolar electrode
pairs; selecting the first subset of the first plurality of
electrode combinations may include ranking the electrode
combinations of the first plurality of electrode combinations
with respect to the first patient responses, and selecting the
second subset of the second plurality of electrode combina-
tions may include ranking the electrode combinations of the
second plurality of electrode combinations with respect to
the second patient responses, and the first and second patient
responses may be indicative of diaphragm responses to the
respective first and second electrical stimulations; at least
one of the steps of selecting the first subset of the first
plurality of electrode combinations or selecting the second
subset of the second plurality of electrode combinations may
include ranking electrode combinations with respect to
activation threshold and discarding electrode combinations
having activation thresholds higher than activation thresh-
olds of other electrode combinations; at least one of the first
or second patient responses may include an undesirable
effect on a physiological feature other than the diaphragm,
and selection of the respective first or second subset of the
first or second plurality of electrode combinations does not
include an electrode combination causing the undesirable
effect; the method may further comprise determining a
recruitment curve corresponding to at least one electrode
combination of the second subset of the second plurality of
electrode combinations; the method may further comprise
adjusting a pulse width and an amplitude of the current to
one of the electrode combinations of the first or second
plurality of electrode combinations, such that the first or
second electrical stimulations cause graded nerve recruit-
ment within a preset pulse width range; the electrodes within
the first plurality of electrode combinations may be located
on an elongated body; the electrodes within the first plurality
of electrode combinations may be proximal electrodes
located on a proximal portion of the elongated body, the
nerve may be a left phrenic nerve, and the elongated body
may further include distal electrodes located on a distal
portion of the elongated body, and the method may further
include: delivering a series of third electrical stimulations to
a right phrenic nerve via each of a third plurality of electrode
combinations one at a time, wherein the third plurality of
electrode combinations includes the distal electrodes; moni-
toring a third patient response to each of the third electrical
stimulations of the nerve; selecting a third subset of the third
plurality of electrode combinations based on the third patient
responses indicating that the third subset is in proximity to
the right phrenic nerve; based on electrodes within the third
subset of the third electrode combinations, determining a
fourth plurality of electrode combinations; delivering a
series of fourth electrical stimulations to the right phrenic
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nerve via each of the fourth plurality of electrode combina-
tions one at a time; monitoring a fourth patient response to
each of the fourth electrical stimulations of the nerve; and
based on the fourth patient responses, selecting a fourth
subset of the fourth plurality of electrode combinations,
wherein the fourth subset includes electrode combinations
having greater fourth patient responses than other of the
fourth plurality of electrode combinations; the method may
further include positioning the proximal portion of the
elongated body in a first blood vessel proximate a left
phrenic nerve and positioning the distal portion of the
elongated body in a second blood vessel proximate a right
phrenic nerve; and a rate of the first electrical stimulations
and a rate of the second electrical stimulations may be based
at least in part on: a) a duration of a corresponding end-
expiratory phase, and b) a duration of the corresponding first
and second patient responses.

[0031] In another exemplary embodiment, a method of
electrical stimulation may include: delivering a first electri-
cal stimulation to a nerve using a first electrode combination,
wherein the first electrical stimulation includes a first plu-
rality of electrical pulses delivered during an end-expiration
phase of each of one or more first patient breaths; delivering
a second electrical stimulation to the nerve using a second
electrode combination, wherein the second electrical stimu-
lation includes a second plurality of electrical pulses deliv-
ered during an end-expiration phase of each of one or more
second patient breaths different than the first patient breaths;
monitoring a response of a diaphragm to each of the first and
second electrical stimulations; and based on the diaphragm
responses, determining a nerve activation threshold corre-
sponding to each of the first and second electrode combi-
nations.

[0032] The method of electrical stimulation may addition-
ally or alternatively include one or more of the following
steps or features: the first and second electrode combinations
may be located in a blood vessel of a patient receiving
breathing assistance from a ventilator; the nerve may be a
phrenic nerve; the first and second electrode combinations
may include bipolar electrode pairs; monitoring the response
of the diaphragm may include sensing with a sensor at least
one of flow, volume, or pressure; the nerve activation
threshold may be a threshold charge value between a first
charge value that will not cause nerve recruitment and a
second charge value that will always cause nerve recruit-
ment; approximately half of a plurality of electrical pulses,
each delivering a nominal threshold charge value, may cause
nerve recruitment.

[0033] In one embodiment, a diaphragm pacing system
may include: an electrode assembly including a plurality of
electrodes; at least one sensor configured to monitor a
patient response to electrical stimulation; and a stimulation
control unit configured to: deliver a series of first electrical
stimulations to a nerve via each of a first plurality of
electrode combinations one at a time; receive input from the
at least one sensor indicative of first patient responses to the
series of first electrical stimulations; select a first subset of
the first plurality of electrode combinations based on the first
patient responses indicating that the first subset is in prox-
imity to the nerve; based on electrodes within the first subset
of the first electrode combinations, determine a second
plurality of electrode combinations; deliver a series of
second electrical stimulations to the nerve via each of the
second plurality of electrode combinations one at a time;
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receive input from the at least one sensor indicative of
second patient responses to the series of second electrical
stimulations; and based on the second patient responses,
select a second subset of the second plurality of electrode
combinations, wherein the second subset includes electrode
combinations having greater second patient responses than
other of the second plurality of electrode combinations.
[0034] The system may additionally or alternatively
include one or more of the following features: the electrode
assembly may be a catheter configured for insertion into a
venous system of a patient; the patient response may be at
least one of air flow, volume, or pressure; the patient
response may be at least one of electromyographic activity,
central venous pressure, heart rate, chest wall acceleration,
blood oxygen saturation, carbon dioxide concentration,
catheter location, mechanical movement, or resistance; each
of the first and second electrical stimulations may include a
plurality of electrical pulses, and the stimulation control unit
may be further configured to deliver the pluralities of
electrical pulses during end-expiratory phases of a patient
receiving breathing assistance from a ventilator; the patient
responses may be indicative of a diaphragm response to
electrical stimulation; the stimulation control unit may be
configured to select the second subset such that the second
subset includes electrode combinations having lower acti-
vation thresholds than other of the second plurality of
electrode combinations; the stimulation control unit may be
configured to halt delivery of electrical stimulations to an
electrode combination of the first or second plurality of
electrode combinations based on a determination that an
activation threshold corresponding to the electrode combi-
nation is higher than an activation threshold corresponding
to another electrode combination of the first or second
plurality of electrode combinations; the stimulation control
unit may configured to adjust a pulse width and an amplitude
of the current of one of the first or second electrical
stimulations; the stimulation control unit may be configured
to adjust an amplitude of the current of one of the first or
second electrical stimulations if the patient response to the
one of the first or second electrical stimulations indicates
supramaximal recruitment of a nerve; and the at least one
sensor may include two or more sensors.

[0035] Further embodiments of the disclosure and features
of example embodiments are illustrated in the appended
drawings and/or described in the text of this specification
and/or described in the accompanying claims. It may be
understood that both the foregoing general description and
the following detailed description are exemplary and
explanatory only and are not restrictive of the invention, as
claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIG. 1 is a schematic diagram showing the loca-
tions of the left and right phrenic nerves in a patient in
relation to the heart and diaphragm of the patient and the
placement of a multi-electrode catheter, according to an
exemplary embodiment.

[0037] FIG. 2 is a block diagram of the components of one
embodiment of a diaphragm pacing system.

[0038] FIG. 3 is one example of multi-electrode catheter
that can be used for trans-vascular phrenic nerve stimulation
to be positioned within the left subclavian vein and superior
vena cava of the patient, according to an exemplary embodi-
ment.
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[0039] FIG. 4A is one example of two pairs of catheter-
mounted phrenic nerve stimulating electrodes positioned
within the left subclavian vein of the patient in close
proximity to the left phrenic nerve, according to an exem-
plary embodiment.

[0040] FIG. 4B is one example of two pairs of catheter-
mounted phrenic nerve stimulating electrodes positioned
within the superior vena cava of the patient in close prox-
imity to the right phrenic nerve, according to an exemplary
embodiment.

[0041] FIG. 5 shows a theoretical electrical recruitment
curve for a target nerve, according to an exemplary embodi-
ment.

[0042] FIG. 6 shows airway pressure and airway flow
curves and illustrates the inspiration, expiration, and end-
expiration phases during mechanical ventilation, according
to an exemplary embodiment.

[0043] FIG. 7 shows different stimulation modes that can
be used for stimulating phrenic nerves, according to an
exemplary embodiment.

[0044] FIG. 8 shows different stimulation modes that can
be used in synchrony with mechanical ventilation, with
stimulation delivered during the end-expiration phases.
[0045] FIG. 9A illustrates characteristics of diaphragm
pacing in synchrony with mechanical ventilation, according
to an exemplary embodiment. The plot shows flow signals,
stimulation charge, diaphragm response, pulse width modu-
lation, and current. It also shows an exemplary preconfig-
ured Pulse Width Zone indicating the range of pulse width
values within which threshold activation is desired.

[0046] FIG. 9B illustrates diaphragm pacing in synchrony
with mechanical ventilation and shows flow, pressure, EMG,
and acceleration measurements corresponding to electrical
stimulation of a phrenic nerve, according to an exemplary
embodiment.

[0047] FIG. 10A is an example of recruitment curve
acquired by best-fitting of a set of individual data points,
according to an exemplary embodiment.

[0048] FIG. 10B is an example of recruitment curve
acquired by averaging multiple data points obtained using
each pulse width value, according to an exemplary embodi-
ment.

[0049] FIG. 11 is an example of preconfigured electrode
pairs used in a first stage of an algorithm to identify a
localized area of the catheter that is likely located anatomi-
cally closest to a target nerve, according to an exemplary
embodiment.

[0050] FIG. 12 is an example of a second stage of the
algorithm during which all the electrodes within the identi-
fied catheter zone in stage one are evaluated, according to an
exemplary embodiment. One goal may be to identify the
optimal electrode combinations.

[0051] FIG. 13 shows a flowchart of a mapping algorithm,
according to an exemplary embodiment.

[0052] FIG. 14A shows a flowchart of a first stage of the
mapping algorithm of FIG. 13, according to an exemplary
embodiment.

[0053] FIG. 14B shows a flowchart of a second stage of
the mapping algorithm of FIG. 13, according to an exem-
plary embodiment.

[0054] FIG. 14C shows a flowchart of a third stage of the
mapping algorithm of FIG. 13, according to an exemplary
embodiment.
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[0055] FIG. 15 shows a flowchart of a supervisory algo-
rithm, according to an exemplary embodiment.

DETAILED DESCRIPTION

General Overview

[0056] This disclosure describes, among other embodi-
ments, systems and related methods for selecting electrode
combinations to be used during nerve pacing procedures.
Multiple electrode combinations of an electrode assembly of
a nerve pacing system, such as a diaphragm pacing system,
may be mapped (or tested) to determine each combination’s
relative efficacy when electrically stimulating a target nerve.
Stimulation efficacy in this context may refer to, for
example, the ability to consistently stimulate a nerve with
lowest possible charge per stimulation pulse. Typically, the
charge required to elicit stimulation depends on the elec-
trode location relative to a target nerve—the shorter the
distance between the electrode combination and target, the
lower the required charge per pulse. At various stages of the
mapping process, electrode combinations that require higher
charges to stimulate a nerve, that do not maximally stimulate
the nerve fast enough when modulating charge, that maxi-
mally stimulate the nerve too soon when modulating charge,
that do not stimulate the nerve in a stable and predictable
mannet, that cause undesired stimulation of other nerves or
anatomy, or that otherwise are non-optimal may be dis-
carded as candidates for use in a nerve pacing procedure. In
one embodiment, the mapping process may be carried out
prior to diaphragm pacing via electrical stimulation of the
phrenic nerves, and the selected electrode combination or
combinations may be used to stimulate the phrenic nerves
during subsequent diaphragm pacing. In some embodi-
ments, the mapping process may be carried out after the start
of diaphragm pacing to ensure that the optimal electrode
combinations are being used to stimulate the phrenic nerves.
In other embodiments, the mapping process may be carried
out both prior to diaphragm pacing and at one or more times
during pacing to ensure that the optimal electrodes are used
during the entire stimulation period.

[0057] The components of an example diaphragm pacing
system will now be described in detail. As shown in FIG. 1,
the system may include a multi-electrode assembly 2. The
assembly 2 may include an elongated body 4, in this
example a catheter, where electrodes 6 are placed longitu-
dinally along the length of the elongated body 4. The
catheter may be percutaneously inserted rapidly using the
Seldinger technique with assistance from ultrasound imag-
ing or any other suitable insertion method. A guide wire may
be first inserted through a hypodermic needle into the vein,
and the distal tip of the catheter may then be passed over the
guide wire and advanced into the vein. The shape and
mechanical properties of the catheter may be designed to
urge the catheter to gently hug the vein wall in regions
adjacent to the right and left phrenic nerves.

[0058] FIG. 3 illustrates one embodiment of a multi-
electrode assembly 2. FIG. 3 shows two views of assembly
2 rotated 90 degrees relative to each other about the axis of
elongated body 4. The elongated body 4 may be a catheter
having a plurality of distal electrodes 6a-6f'and a plurality of
proximal electrodes 6g-6r Although six distal electrodes
and twelve proximal electrodes are shown, the elongated
body 4 may include any number of electrodes. The elec-
trodes may be held on a plurality of electrode assemblies
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within the catheter. In one embodiment, the electrodes may
be exposed to the exterior of the elongated body 4 through
apertures. The apertures may confine electrical fields created
by electrode combinations to specific desired areas. The
elongated body 4 may be configured such that the left
electrode array (electrodes 6g-67) is configured to stimulate
a patient’s left phrenic nerve and the right electrode array
(6a-6/) is configured to stimulate a patient’s right phrenic
nerve.

[0059] While two electrodes may be used for bipolar
stimulation of each of the left and right phrenic nerves, it
will be appreciated that other numbers of electrodes may be
practiced with embodiments of the present disclosure and
may form an electrode combination. For example, four
electrodes can be used for stimulating each phrenic nerve, as
shown in FIGS. 4A and 4B. In some embodiments, a single
electrode may be used for so-called monopolar stimulation
of nerves, in which case the stimulation circuit is completed
by using a reference electrode placed at another location in
or on the body. An electrode combination may be any set of
one or more electrodes configured to electrically stimulate a
nerve. Charge-balanced biphasic stimulation pulses may
minimize tissue damage and electrode corrosion.

[0060] FIGS. 4A and FIG. 4B illustrate one embodiment
of an elongated body 4, which may be a catheter or other
structure to support electrodes, showing two channels of
transvascular stimulation delivered to the left phrenic nerve
PhN (Left) by endovascular electrodes placed in the left
subclavian vein and two channels of transvascular stimula-
tion delivered to the right phrenic nerve PhN (Right) by
endovascular electrodes placed along the lateral wall of the
superior vena cava SVC. Each phrenic nerve can be partially
or fully recruited from more than one endovascular electrode
combination.

[0061] Partial nerve recruitment from more than one elec-
trode combination may be useful to reduce muscle fatigue
over time. The diaphragm pacing system may alternate back
and forth between electrode combinations (e.g., between the
left pair and the right pair in FIG. 4A; or between the left pair
and the right pair in FIG. 4B) used for nerve stimulation
based on a certain time interval or a certain number of
breaths. In another embodiment that may reduce muscle
fatigue, a nerve may be recruited using two electrode
combinations that are stimulated out of phase, thus allowing
stimulation of each channel at a lower rate without causing
increased ripple in the resulting muscle force. Use of mul-
tiple electrode combinations may also allow for consistent
recruitment of a nerve if the elongated body 4 moves within
the patient.

[0062] For more information regarding the endovascular
placement of a plurality of electrodes as well as the con-
figuration of electrode structures that can be practiced with
embodiments of the present disclosure, see U.S. application
Ser. No. 12/524,571, filed Jul. 25, 2009, now U.S. Pat. No.
8,571,662, U.S. Provisional Application No. 61/907,993,
filed Nov. 22, 2013, titled “Apparatus for Assisted Breathing
by Transvascular Nerve Stimulation and Related Methods,”
and U.S. application Ser. No. 14/550,485, filed Nov. 21,
2014, titled “Apparatus and Methods for Assisted Breathing
by Transvascular Nerve Stimulation,” the disclosures of
each of which are hereby expressly incorporated by refer-
ence herein for all purposes in their entirety. Additionally,
while electrodes receiving charge-balanced biphasic stimu-
lus pulses may be utilized to emit the stimulation pulses into
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the phrenic nerves, other configurations are possible. For
example, several cathodal electrode contacts may be used in
conjunction with a single anodal electrode contact, or vice
versa.

[0063] Referring to FIG. 2, a diaphragm pacing system
may include electrodes 6 in electrical communication with a
stimulation control unit 8. Each electrode may be electri-
cally connected to the stimulation control unit 8 via lead(s).
The system may further include one or more sensors 12
configured to monitor the response to stimulation and/or
other physiological characteristics of the patient. One or
more sensors 12 can be part of a feedback control scheme for
regulating the stimulation administered to the patient.
[0064] The one or more sensors 12 can transmit data to the
stimulation control unit 8 indicative of one or more of the
following: electromyographic activity (intramuscular, sur-
face, and/or intraesophageally monitored), central venous
pressure (any specific component of this signal), heart rate,
chest wall acceleration, blood oxygen saturation, carbon
dioxide concentration, catheter position/depth within vein,
mechanical movement (e.g., from accelerometers, length
gauges, and/or strain gauges) resistance (e.g., from imped-
ance pneumographs, and/or piezoresistive sensors) and/or
other physiological or mechanical parameters. It will be
appreciated that the information can be appropriately pro-
cessed (e.g., filtered, conditioned, amplified, etc.) prior to
use by the stimulation control unit 8.

[0065] The term “volume” as used herein includes, but is
not limited to, Inspired Tidal Volume, Expired Tidal Volume,
or Minute Volume. The term “pressure” as used herein
includes, but is not limited to, Airway Pressure, Alveolar
Pressure, Ventilator Pressure, Esophageal Pressure, Gastric
Pressure, Transdiaphragmatic Pressure, Intra-Thoracic Pres-
sure, Positive End-Expiratory Pressure, or Pleural Pressure.
Any pressure may be expressed via its Peak Pressure, Mean
Pressure, Baseline Pressure, or Pressure-Time Product asso-
ciated with a phase of a ventilator breath. The term “flow”
as used herein includes, but is not limited to, Inspiratory Air
Flow or Expiratory Air Flow.

[0066] The multi-electrode assembly 2 can also optionally
monitor physiological variables of the subject by virtue of its
placement in the central veins. Such monitored physiologi-
cal variables can include, but are not limited to: central
venous pressure, electrocardiogram, and mixed venous oxy-
gen saturation.

[0067] The diaphragm pacing system can additionally or
alternatively include a breath sensor 14 (FIG. 2) for sensing
parameters of the ventilator. In that regard, the breath sensor
14 can be configured to interface with any standard breath-
ing circuit used in critical care ventilators and therefore the
pacing system may be independent of the brand and model
of ventilator used. The breath sensor 14, by virtue of its
location in series with the breathing circuit, may monitor
and/or measure several ventilation parameters and commu-
nicate such parameters to the stimulation control unit 8. The
breath sensor 14 can be part of a feedback control scheme
for regulating the stimulation administered to the patient.
The sensed, calculated or derived ventilation parameters
may include, but are not limited to, airflow (inspired and/or
expired), volume, and pressure (airway, esophageal, gastric,
and/or some combination/derivative of the former). In some
embodiments, other sensors may aid in the procurement of
one or more ventilation parameters. In one embodiment, the
breath sensor 14 may monitor flow, volume, or pressure
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from the breathing circuit between a patient and a ventilator.
In another embodiment, the breath sensor 14 may commu-
nicate directly with the ventilator to determine flow, volume,
Or pressure.

[0068] The example parameters may be measured both to
and from the ventilator. The breath sensor 14 may be
external to the ventilator so that the system is independent of
ventilator model. However, the diaphragm pacing system
could also be integrated to use a ventilator’s internal sensors
or the signals externally supplied by the ventilator for proper
operation so that an additional external breath sensor can be
omitted.

[0069] The stimulation control unit 8 may function, in
part, as a signal generator for providing therapy to the
diaphragm in response to information received from the one
or more of the sensors 12, 14 and/or information pro-
grammed into the system by the clinician. The clinician or
other user may input information into the stimulation control
unit 8 using one or more input devices 15. Input device 15
may include a keyboard to manually enter information or
may include a ventilator or other device in communication
with the stimulation control unit 8. Input information,
received from a user or another device, may include any
information used during or otherwise relevant to the map-
ping process or diaphragm pacing. The stimulation control
unit 8 may be configured to deliver fully programmable
stimulation.

[0070] As shown in FIG. 2, the stimulation control unit 8
of the diaphragm pacing system may further include a power
source, a pulse generation circuit, a timer, a signal process-
ing section, and a controller, each configured to execute, via
hardware, software, or any other necessary components, the
various functions and processes described herein. Each of
the diaphragm pacing system components shown in FIG. 2
may be electrically coupled or otherwise in communication
with the various other components. In one embodiment, the
controller may be a distributed control system.

[0071] Once the catheter is fully inserted in the desired
blood vessel(s) (FIG. 1), the process of mapping the elec-
trodes can be initialized. Referring to FIG. 3, selective
stimulation of the distal set of electrodes may be used to
locate the right phrenic nerve, and selective stimulation of
the proximal set of electrodes may be used to locate the left
phrenic nerve.

Electrode Configuration/Orientation Relative to Nerve

[0072] In addition to proximity of electrodes to a nerve,
electrode configuration relative to a nerve is a factor that
may reduce the amount of electrical current required to
stimulate nerve axons. In theory and in practice, nerve axons
require lower activation currents when the electrodes and the
direction of current flow are parallel to the nerve (such as
shown in FIGS. 4A and 4B), thus producing a longitudinal
transmembrane depolarization of sufficient magnitude to
initiate action potentials. Since the direction a nerve courses
may not be exactly known and can vary from one individual
to another, various electrode combinations can be tested to
ensure that the optimal electrodes are selected during nerve
stimulation. The embodiment of FIG. 3 may include two
parallel rows of electrodes, from among which pairs can be
selected having various orientations relative to the catheter
and the nerve.
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[0073] Stimulation Patterns and Recruitment Curve
Development During Mapping

[0074] Referring to FIG. 5, recruitment curves or sigmoi-
dals may be used to characterize the response of the dia-
phragm to nerve stimulation. A recruitment curve may be
developed by stimulating a nerve with a specific electrode
combination multiple times (e.g., delivering multiple elec-
trical pulses 76, such as those shown in FIGS. 7-9), mea-
suring the diaphragm’s response, and preparing a line of best
fit to develop a model of the diaphragm’s response. Thus,
recruitment curves may be unique to each stimulation site
and electrode combination.

[0075] FIG. 5 depicts an example of a recruitment curve
16 that may include five elements or portions. The first
element of the curve is termed Zero Recruitment, and may
correspond to stimulation eliciting no response from the
muscle (e.g., the diaphragm). In one embodiment of the Zero
Recruitment portion, two or three electrical pulses 76 (see
FIG. 7) may be delivered to the nerve, which may minimize
the time required and the stimulation delivered during this
phase. The Zero Recruitment portion may help a user
identify the Activation Threshold, which is when the muscle
begins to respond to nerve stimulation. This second portion,
the Activation Threshold, may represent a charge level that
has a certain chance (e.g., 50%) of causing a threshold
activation or contraction of the muscle. The Activation
Threshold may be defined at any percentage and can be
lower or higher than 50%. The third portion, Proportional
Recruitment, is a part of the recruitment curve 16 that
describes the relationship between charge level and recruit-
ment between the Activation Threshold and the Maximal
Recruitment level. The Proportional Recruitment section of
the recruitment curve may be used to generate stimulation
parameters for use during therapy. The fourth portion, Maxi-
mal Recruitment, is the charge level at which the highest
possible muscle response is generated. The Maximal
Recruitment point demarks the end of the Proportional
Recruitment section of the recruitment curve. The last
portion, termed as Supramaximal Recruitment, is any
recruitment at charges larger than the Maximal Recruitment
charge. The slope of this region may be less than the
Proportional Recruitment region.

[0076] One aspect of this disclosure involves the auto-
mated, feedback-controlled, generation of a recruitment
curve as depicted in FIG. 5, FIG. 10A, and FIG. 10B. As will
be described in greater detail below, the stimulation control
unit 8 may deliver a ramp of stimulation pulses of increasing
intensity while monitoring the response of the body, which
may reduce the time required and stimulation delivered
during the recruitment curve generation process. The ramp
of stimulation and quantification of stimulation pulses can
be achieved with a single data point per charge delivered
(FIG. 10A), or multiple data points per charge delivered
(FIG. 10B).

[0077] The automated generation of a recruitment curve
may entail the stimulation control unit 8 delivering a ramp
of stimulation (a plurality of electrical pulses 76) based on
the physiological response elicited by prior pulses within the
ramp of stimulation. In the event that stimulation and
response parameters are not within a configurable range or
threshold, the control system may halt stimulation and adjust
stimulation parameters appropriately. A new ramp of stimu-
lation may then be delivered for sigmoidal acquisition at the
reconfigured charge. A complete recruitment curve may then
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be generated, without delivering unnecessary stimulation
that would not contribute towards the generation of a
satisfactory recruitment curve, as defined by the configu-
rable thresholds. One embodiment may feature a threshold
defining the appropriate pulse width range for the activation
threshold; if activation is not detected within the configured
pulse width zone the system may halt stimulation and
increase or decrease the pulse current before commencing
stimulation (see FIGS. 9 and 14C). Other embodiments may
feature a threshold defining the appropriate current range for
the activation threshold while keeping pulse width constant;
if activation is not detected within the configured current
zone, the system may halt stimulation and increase or
decrease the pulse width before commencing stimulation.
Other embodiments can use a combination of parameters to
reconfigure charge delivered and may feature configurable
zones for parameters including, but not limited to: zero
recruitment, proportional recruitment, and supramaximal
recruitment, as depicted in FIG. 5.

[0078] One aspect of the disclosure provides a method for
mapping the best electrodes for recruiting the phrenic nerves
for diaphragm pacing in synchrony with Mechanical Venti-
lation, without having to discontinue Mechanical Ventilation
during the mapping process. The method may use a multi-
electrode catheter and an automated feedback-control algo-
rithm that intelligently selects a subsection of electrodes and
may minimize the time required and stimulation delivered as
part of the mapping process. As described further in con-
nection with FIG. 13, electrode combinations may be
selected for evaluation based on the physiological response
(e.g., the diaphragm response) to prior stimulation. The
physiological response to stimulation may be quantified by
monitoring the resultant change in the airway pressure,
airway flow, Flectromyography, chest wall acceleration, or
any other signal resulting from or correlated with contrac-
tion of the diaphragm. In the embodiment of FIG. 8, for
example, stimulation may be delivered during the end-
expiration (quiet) phase (see F1G. 6) of the patient’s breath-
ing cycle, and as such does not interrupt regular Mechanical
Ventilation.

[0079] FIG. 6 illustrates exemplary airway pressure and
airway flow curves during inspiration and expiration phases
of a breath. A patient may exhibit such pressure and flow
curves while intubated and being assisted by a ventilator.
Electrical pulses 76 shown in FIGS. 7-9 may be delivered to
a patient by a diaphragm pacing system, for example, during
end-expiration phases 72 of one or more breaths, during
which background flow and pressure values remain rela-
tively constant.

[0080] FIGS. 7-9 illustrate exemplary nerve stimulation
patterns that may be used to test electrode combinations,
which may include development of all or a portion of a
recruitment curve for each electrode combination. Electrode
combinations may be tested to locate optimal electrodes for
the desired result, such as phrenic nerve stimulation to pace
the diaphragm. The nerve stimulation patterns illustrated in
FIGS. 79 may be implemented during any of the various
stages of the algorithms described herein, such as during the
testing of electrode combinations described in connection
with FIGS. 13-14C. For some electrode combinations, the
stimulation patterns may be implemented to develop full
recruitment curves, such as those shown in FIGS. 5, 10A,
and 10B.
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[0081] FIGS. 7-9 are generalized to show electrical pulses
76 delivered over a period of time (x-axis) and each having
a certain stimulation charge (y-axis). However, the stimu-
lation charge of each pulse 76 may be varied as a function
of current amplitude, pulse width (the length of time current
is applied), voltage, or a combination of these parameters.
For example, referring back to FIG. 5, to achieve the
increase in charge shown along the x-axis, successive elec-
trical pulses 76 may be applied for different amounts of time
while the current amplitude may be held constant. The pulse
widths of individual pulses may therefore increase along the
x-axis of FIG. 5. Alternatively, to achieve the increase in
charge shown along the x-axis, different current amplitudes
may be applied during successive pulses 76 while the pulse
width may be held constant. Similarly, voltage may be
increased or decreased to increase or decrease charge.
Accordingly, the diaphragm pacing systems and methods
described herein may vary pulse width, current amplitude, or
voltage, or a combination, to achieve varying charge levels.

[0082] As shown in FIG. 7, electrical pulses 76 may be
delivered in a variety of patterns. In one embodiment, the
diaphragm pacing system may include at least three stimu-
lation modes: Stim. Mode 1, Stim. Mode 2, and Stim. Mode
3. In a first pattern, referred to as Stim. Mode 1, successive
pulses 76 may be delivered during a single end-expiration
phase 72. In one embodiment, each pulse 76 of Stim. Mode
1 may increase in charge relative to the previous pulse 76.
As described above, the increase in charge may be due to a
larger pulse width, larger current, larger voltage, or a com-
bination of changes among these parameters. Six electrical
pulses may be delivered during each end-expiration phase
72. However, in other embodiments, less than or more than
six electrical pulses may be delivered during an end-expi-
ration phase 72, and in one embodiment, three electrical
pulses may be delivered during an end-expiration phase 72.
The diaphragm response to the pulses 76 of Stim. Mode 1
may allow for development of a recruitment curve for the
specific electrode combination. For example, the pulses 76
of Stim. Mode 1 may allow the system to determine the
activation threshold and the maximal recruitment level of a
nerve when stimulated with the tested electrode combina-
tion.

[0083] FIG. 7 further illustrates a second stimulation pat-
tern, referred to as Stim. Mode 2. In Stim. Mode 2, similar
to Stim. Mode 1, electrical pulses 76 may be delivered
during end-expiration phases 72. However, in Stim. Mode 2,
successive electrical pulses 76 may have charge values that
are closer together than the charge values of successive
pulses of Stim. Mode 1. Having successive pulses 76 with
more closely spaced charge values may allow for a more
accurate determination of the recruitment curve correspond-
ing to the tested electrode combination. For example, rela-
tive to the pulses shown in Stim. Mode 1 of FIG. 7, the
pulses shown in Stim. Mode 2 of FIG. 7 may allow more
accurate determinations of the activation threshold and the
maximal recruitment level.

[0084] A third stimulation pattern is shown as Stim. Mode
3 of FIG. 7. In this example, the pulses 76 in a single
end-expiration phase 72 may each have the same charge
value, although the charge value of pulses 76 in different
end-expiration phases 72 may be different. For example, the
charge value of pulses 76 in a later end-expiration phase may
be greater than the charge value of pulses 76 in an earlier end
expiration phase. Applying multiple pulses 76 having the
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same charge during a single end-expiration phase 72 may
allow the diaphragm response to that electrode combination
and charge to be measured multiple times. The system may
take an average or use algorithms to eliminate abnormal
responses, allowing for a more accurate determination of the
diaphragm response to the specific electrode combination
and charge.

[0085] The number of pulses delivered during an end-
expiratory phase 72, in any Stim. Mode, may be based at
least in part on one or more of the following factors: a) the
duration of the end-expiratory phase, b) the maximum rate
at which the diaphragm pacing system can stimulate, and c)
the duration of the diaphragm response (e.g., the change in
pressure, air flow, volume, chest acceleration, etc., caused by
each pulse 76). The optimal number of pulses 76 delivered
during an end-expiratory phase (the optimal rate of stimu-
lation), may be determined by considering one or more of
these factors. As just one illustrative example, stimulation
pulses 76 may be delivered at a rate of 4 Hz to allow 250 ms
between pulses 76, which may be slightly longer than the
time it takes for the pressure and air flow waves caused by
the pulse 76 and its resulting diaphragm response to peak
and fade away, without overlapping with the next diaphragm
response. However, the frequency of pulse delivery can be
higher or lower than 4 Hz and may be varied in accordance
with numerous considerations and testing conditions. Opti-
mizing the rate of stimulation during mapping may mini-
mize the overall time required to select the optimal elec-
trodes for nerve stimulation by using the highest possible
frequency that will still allow for accurate diaphragm
response measurements.

[0086] FIG. 8 illustrates the exemplary stimulation pat-
terns of FIG. 7 with a graph depicting flow during inspira-
tion and expiration phases. In one embodiment, the flow
shown in FIG. 8 is of a patient receiving breathing assistance
from a ventilator. As can be seen in FIG. 8, the pulses 76 of
the various stimulation modes may be delivered during
end-expiration phases 72, when background flow is rela-
tively constant (and close to zero).

[0087] FIG. 9A illustrates exemplary flow, stimulation
charge, diaphragm response, pulse width, and current level
during four breaths of a patient. During these four breaths,
the patient may be receiving breathing assistance from a
ventilator, and testing of electrode combinations may occur
during the end-expiration phases 72 (individually, 72a, 726,
72¢, and 72d) of the ventilator-assisted breaths. Flow is
illustrated at the top of FIG. 9A. The stimulation charge of
electrical pulses 76 is illustrated just below the flow signal.
The electrical pulses 76 of the diaphragm pacing system
may affect flow during the end-expiration phases. The
diaphragm response to the electrical pulses 76 is shown
below the stimulation charge portion of FIG. 9A. The
diaphragm response may be measured as a change in flow,
pressure, or other parameter in response to the electrical
pulses 76. The pulse width of each electrical pulse 76, which
is the length of time each pulse 76 is applied, is also shown
in FIG. 9A. Finally, at the bottom of FIG. 9A, the current
level of each pulse width is illustrated. As can be seen by
comparing the stimulation charge, pulse width, and current
level graphs of this example, the stimulation charge may be
varied during a single end-expiration phase by modifying
the pulse width, while current during the same end-expira-
tion phase may remain constant.
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[0088] The diaphragm response may aid the pacing system
in modifying the electrical pulses 76 to extract more accu-
rate information about the activation threshold and maximal
recruitment level of the nerve when stimulated with the
tested electrode combination. For example, referring to
end-expiration phase 72a in FIG. 9A, the diaphragm
response is low and relatively steady in response to the first
four pulses 76 and then increases in response to the fifth
pulse 76. Accordingly, the activation threshold of the nerve
may be somewhere between the charge levels of the fourth
and fifth pulses 76 of phase 72a.

[0089] To determine a more narrow range for the activa-
tion threshold, the pulses 76 delivered during the second
end-expiration phase 726 may all fall within a more narrow
range than the range encompassing the charges of phase 72a.
Similarly, the pulses 76 delivered during the third end-
expiration phase 72¢ may all fall within a more narrow range
of charges. For example, each pulse 76 delivered during
phase 726 may have a charge between the charges of the
third and fifth pulses delivered during phase 72a. Each pulse
76 delivered during phase 72¢ may have a charge higher
than the charge of the fifth pulse of phase 72a, with the
charge difference between consecutive pulses 76 being simi-
lar to the charge difference between consecutive pulses 76 of
phase 72b. In this manner, the system may determine a more
accurate estimate of the activation threshold AT, which may
be, for example, the stimulation charge of the third pulse of
phase 726 (corresponding to an increase in the diaphragm
response during phase 725).

[0090] During phase 72¢, the diaphragm response in this
example increases proportionally in response to increases in
stimulation charge. Accordingly, these charges may fall
within the proportional recruitment section of a recruitment
curve similar to that of FIG. 5. Finally, the electrical pulses
76 delivered during the fourth end-expiration phase 724 may
be used to determine the maximal recruitment level and
supramaximal recruitment portion of the recruitment curve.
As can be seen in the diaphragm response portion corre-
sponding to phase 724, the diaphragm response saturates
and remains steady and high during phase 72d, even though
the stimulation charge of each pulse 76 is increasing,
[0091] FIG. 9B illustrates exemplary flow, pressure,
EMG, and acceleration measurements, as determined by one
or more sensors 12, 14, in response to electrical pulses 76.
Flow, pressure, EMG activity, and acceleration (e.g., of the
chest wall) may be indicative of the diaphragm’s response to
electrical pulses 76. As can be seen in FIG. 9B, pressure may
drop in response to stimulation charges above the activation
threshold because the diaphragm responds by contracting,
which results in expansion of the lungs. EMG activity may
increase because the diaphragm muscle has been electrically
stimulated. Acceleration of the chest wall or other portion of
the patient may increase when pulses 76 are above the
activation threshold and the diaphragm is stimulated,
expanding the lungs and the chest.

[0092] In one embodiment, the diaphragm pacing system
is a constant-current system that may deliver pulses 76
having pulse widths within a defined range. In one example,
the defined range for pulse widths is 10-300 ps. In various
embodiments, the current may be between 0.1 mA and 10
mA, 0.25 mA and 5 mA, or 0.5 mA and 2 mA, and in one
example is 1 mA. It may therefore be useful if the pulse
width of a pulse 76 at or near the activation threshold
PW(AT) is within a specific range R, such as the range R
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shown in hatching in FIG. 9A. Range R may be a portion,
such as the first 20%, of the full pulse width range. In one
embodiment, range R is 10-68 ps. The diaphragm pacing
system may therefore modify the current level of pulses 76,
as shown between end-expiration phases 72a and 724, to
achieve an activation threshold pulse width PW(AT) within
range R.

[0093] FIGS. 10A and 10B illustrate exemplary recruit-
ment curves that may be developed based on the electrode
combination testing of FIG. 9A. Referring to FIG. 10A, at
shorter pulse widths (e.g., the first two pulses delivered
during end-expiration phase 726 of FIG. 9A), the diaphragm
response may be zero or close to zero. This portion corre-
sponds to the zero recruitment portion of the recruitment
curve. As pulse width increases (e.g., all pulses delivered
during end-expiration phase 72¢ of FIG. 9A), the diaphragm
response may increase generally proportionally. This section
of the curve corresponds to the proportional recruitment
section of the curve. Finally, when pulse width is above a
certain level (e.g., all pulses delivered during end-expiration
phase 72d of FIG. 9A), the diaphragm response may saturate
at its maximum capacity and no longer increase, correspond-
ing to the supramaximal recruitment portion of the recruit-
ment curve. A line of best fit may be calculated using the
data points corresponding to the pulse width of pulses 76
(x-axis) and their resulting diaphragm responses (y-axis).
[0094] To develop the recruitment curve of FIG. 10B,
testing of a particular electrode combination may be carried
out multiple times and the data points corresponding to
tested pulse widths and their elicited diaphragm responses
may be averaged. For example, the process of FIG. 9A,
which takes place during four breaths, may be repeated one
or more times during other sets of breaths. The data points
may then be averaged, and a line of best fit may be
calculated using the averages.

Mapping Process Exemplary Embodiment

[0095] FIGS. 11-14C will be referenced to describe an
exemplary embodiment of a process of testing multiple
electrode combinations to determine the optimal electrode
combinations for nerve stimulation. For each tested elec-
trode combination, electrical pulses 76 may be delivered to
a nerve as described above, and the diaphragm pacing
system may be capable of developing a recruitment curve
that corresponds to that specific electrode combination and
its effect on the target nerve.

[0096] Embodiments of the present disclosure provide
systems capable of rapidly and automatically optimizing the
delivery of stimulation via any multi-electrode pacing cath-
eter such as, for example, the catheter described in U.S.
Provisional Application No. 61/907,993 filed Nov. 22, 2013,
titled “Apparatus for Assisted Breathing by Transvascular
Nerve Stimulation and Related Methods,” and U.S. appli-
cation Ser. No. 14/550,485, filed Nov. 21, 2014, titled
“Apparatus and Methods for Assisted Breathing by Trans-
vascular Nerve Stimulation,” the disclosures of which are
incorporated herein. One embodiment provides a method for
iteratively evaluating and selecting a subsection of suitable
stimulation electrodes in an automated fashion. Stimulation
delivery may be optimized by the selection of an appropriate
subsection of electrodes suitable for nerve stimulation with-
out requiring the movement of a satisfactorily-inserted cath-
eter. A catheter may be satisfactorily inserted if some, or all,
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of its electrodes are able to produce charge fields that
intersect a portion of at least one target nerve.

[0097] The iterative evaluation of electrode combinations
described in connection with FIGS. 11-14C may save time
during electrode selection by quickly focusing on electrode
combinations most likely to provide a satisfactory dia-
phragm response. First, a subset of electrode combinations
along the length of an elongated body 4, referred to as
primary combinations (see FIG. 11), may be tested to
determine the general location of a nerve relative to the
elongated body 4. It may not be necessary to test all possible
electrode combinations to determine the general location of
the nerve. Then, based on the localized subset of primary
electrode combinations in proximity to the nerve, additional
combinations of electrodes, referred to as secondary elec-
trode combinations, may be tested (see FIG. 12). Localizing
a specific area of the elongated body 4 and then determining
additional electrode combinations may prevent having to
test numerous permutations of electrode combinations along
the entire length of the elongated body 4.

[0098] The system may rapidly converge upon a suitable
electrode combination, and its corresponding stimulation
parameters, by analyzing and comparing the diaphragm’s
response to stimulation delivered across a range of electrode
combinations. The system may also take into consideration
physiological parameters such as Heart Rate, ECG, central
venous pressure, etc. and discard electrode combinations or
stimulation configurations that manifest undesirable effects
of stimulation, including, but not limited to the stimulation
of vagus nerve(s), which may be anatomically located close
to the targeted zones (FIG. 1), the Sinoatrial node, etc. A
variety of stimulation patterns can be used for the purpose of
comparing responses, such as the patterns described above
in connection with FIGS. 7-9. A multitude of sensors and
signal artifacts can be used to quantify the physiological
response to a stimulation including, but not limited to:
electromyography, accelerometers placed in/on body, cen-
tral venous pressure, blood oxygen saturation, carbon diox-
ide concentration, catheter position/depth within vein,
mechanical movement, airway flow, and airway pressure.
[0099] In one embodiment, stimulation control unit 8 may
perform an iterative process of testing and ranking of
electrode combinations to converge onto a suitable electrode
combination. By delivering ramps of stimulation to increas-
ingly smaller sets of electrode combinations, the best elec-
trode combination may be identified while reducing the
overall time required and charge delivered to the body
during the mapping process.

[0100] In a first stage, the algorithm may identically
stimulate a series of configurable electrode combinations
that are expected to be suitably oriented in relation to the
phrenic nerve. FIG. 11 provides an example of preconfig-
ured electrode combinations. The physiological response
can be described as the summed-total perturbations in any
signal artifact caused by the entire train of stimulation.
Based on the comparative desirable and undesirable physi-
ological response elicited, the algorithm may identify a
location on the inserted catheter that is likely located close
to the nerve. Electrode combinations within this identified
catheter area, such as those shown in FIG. 12, are likely to
be optimal for stimulation delivery.

[0101] In a second stage, the electrodes within this iden-
tified area may be stimulated with a ramp of stimulation and
comparatively evaluated based on the elicited physiological
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response. The physiological response to stimulation delivery
can be quantified by a multitude of signals including, but not
limited to, electromyography, accelerometers placed in/on
body, central venous pressure, blood oxygen saturation,
carbon dioxide concentration, catheter position/depth within
vein, mechanical movement, airway flow, and airway pres-
sure. In one embodiment, the airway pressure may be used
to quantify the response of the diaphragm to a round of
end-expiration stimulation (e.g., as shown in FIG. 8). A
comparison of the responses elicited by the electrode com-
binations during this stage yields a potential multitude of
optimal electrode combinations for stimulation. This multi-
tude of optimal combinations can subsequently be config-
ured such that they all, or a subsection, of them are used for
stimulation delivery during pacing.

[0102] FIG. 13 illustrates a general overview of a process
for determining optimal electrode combinations for nerve
stimulation. In step 1310, a first plurality of electrode
combinations along the length of an elongated body 4, such
as a catheter, may be tested for their ability to stimulate a
target nerve. As noted above, this process may aid in
locating the section of the catheter that is closest to the target
nerve. FIG. 11 corresponds to step 1310, and the arrows in
FIG. 11 indicate exemplary primary electrode combinations
(shown as pairs) that may be tested to determine which
portion of the catheter is closest to the target nerve or nerves.
In one embodiment, six proximal electrode combinations
may be tested during step 1310 to determine their effect on
a left phrenic nerve (e.g., 6g/6%, 6i/6, 6k/6l, 6m!6n, 60/6p,
and 6¢/67). Similarly, six distal electrode combinations may
be tested during step 1310 to determine their effect on a right
phrenic nerve (e.g., 6a/6b, 6b/6c, 6¢/6d, 6d/6e, and 6e/6f).
However, different proximal or distal primary electrode
combinations may additionally or alternatively be tested,
and less than six or more than six combinations may be
tested during step 1310. After various electrode combina-
tions have been tested, the stimulation control unit 8§ may
determine, based on the diaphragm response to stimulation
from the tested combinations, which section or sections of
the catheter are located closest to the target nerve or nerves.

[0103] In step 1320, a second plurality of electrode com-
binations identified in step 1310 may be further tested and
ranked to determine their suitability for nerve stimulation.
The second plurality of electrode combinations may include
a subset of the electrode combinations, within a localized
area, as well as additional secondary electrode combina-
tions. FIG. 12 corresponds to step 1320 and illustrates
various electrode combinations (shown as pairs) that may be
further tested. In one example, the testing of step 1320
results in identification of one or more proximal electrode
combinations as most suitable for stimulation of the left
phrenic nerve and identification of one or more distal
electrode combinations as most suitable for stimulation of
the right phrenic nerve.

[0104] In step 1330, the suitable electrode combinations
identified in step 1320 may be tested further, and a recruit-
ment curve, such as the recruitment curves shown in FIGS.
5, 10, and 11, may be developed for each of the combina-
tions.

[0105] FIGS. 14A-14C illustrate in greater detail the steps
of FIG. 13. FIG. 14A corresponds to step 1310, FIG. 14B
corresponds to step 1320, and FIG. 14C corresponds to step
1330.
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[0106] In the first stage of the mapping process as shown
in FIGS. 14A and 11, the stimulation may be delivered to
preconfigured electrode combinations distributed on the
elongated body 4. In this stage, one goal may be to identify
a localized area of the catheter that is likely located ana-
tomically closer to the target nerve. In one embodiment, the
initial set of preconfigured electrode combinations does not
include all possible electrode combinations along the length
of the catheter. Electrode combinations likely to be close to
the target nerve may be identified by comparing their
summed-total response to the entire ramp of stimulation
without necessarily considering the activation threshold or
recruitment curve involved. Electrode combinations that
result in the manifestation of undesirable physiological
effects may be eliminated during this stage.

[0107] FIG. 14A illustrates in detail an algorithm for
identifying the subsection of an elongated body 4 located in
close proximity to the target nerve. In general, in steps
1410-1440, electrical pulses 76 may be delivered to elec-
trode combinations, and the diaphragm response to each of
the combinations may be processed. In step 1410, the system
may select an electrode combination out of a first plurality
of electrode combinations (also referred to herein as primary
combinations). The first plurality of electrode combinations
may be a preconfigured list programmed into the stimulation
control unit 8. In one embodiment, the first plurality of
electrode combinations may be the electrode pairs shown in
FIG. 11. In steps 1410-1440, each of the electrode combi-
nations may be stimulated one at a time.

[0108] Instep 1420, a nerve may be electrically stimulated
by delivering current to a first electrode combination of the
first plurality of combinations. The current may be delivered
as an electrical stimulation that includes one or more pulses
76, such as those shown in FIGS. 7-9, each having a pulse
width and a current amplitude. Also in step 1420, the
algorithm may monitor a patient’s response to the electrical
stimulation of the nerve. In one embodiment, one or more
sensors 12 and/or one or more breath sensors 14 may be used
to monitor the patient’s response to stimulation. The sensors
12, 14 may provide information on, for example, the dia-
phragm response of the patient (e.g., by sensing flow,
pressure, volume, mechanical movement, or any other
parameters indicative of the diaphragm response), whether
the electrical stimulation is causing undesired effects on
other anatomical features (e.g., by sensing electromyo-
graphic activity or heart rate), or any other patient responses
disclosed herein as measurable by sensors 12, 14.

[0109] Instep 1430, the algorithm may determine whether
all electrode combinations in the first plurality of electrode
combinations have been stimulated. If all electrode combi-
nations have not been stimulated, the algorithm may move
to the next electrode combination in the first plurality of
electrode combinations (step 1440) and proceed to stimulate
and process the patient response to the next electrode
combination (step 1420). In one embodiment, to save time,
step 1420 may be halted for a specific electrode combination
if the system has already found an electrode combination
with a lower activation threshold.

[0110] When all of the electrode combinations of the first
plurality of electrodes have been tested, the system may
determine whether two or more of the first plurality of
electrode combinations show threshold activation (step
1450). A combination may show threshold activation if the
delivered electrical stimulation (e.g., a set of three electrical
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pulses 76) encompasses a range between a charge in which
the diaphragm does not respond and a charge in which the
diaphragm does respond. The response (or lack thereof) of
the diaphragm may be measured, as described above, by one
or more sensors 12, 14.

[0111] If two or more of the combinations do not show
threshold activation, the system may determine whether any
electrode combination shows supramaximal recruitment
(step 1460). An electrode combination may show supra-
maximal recruitment if delivered electrical pulses of increas-
ing charge do not cause an increase in diaphragm response.
If an electrode combination shows supramaximal recruit-
ment, the system may reduce the current amplitude by one
unit (step 1470). If two or more of the combinations do not
show threshold activation (step 1450), and none of the
combinations cause supramaximal recruitment (step 1460),
the current may be increased by one unit (step 1480). If two
or more combinations show threshold activation (step 1450),
the diaphragm responses for each electrode combination
may be added, and the combinations may be ranked in
accordance with their corresponding diaphragm responses
(step 1490), as determined by one or more sensors 12, 14.

[0112] In step 1500, the system determines whether two
superior primary electrode combinations emerge. An elec-
trode combination may be superior relative to another elec-
trode combination if its total elicited diaphragm response is
greater than the total elicited diaphragm response of the
other electrode combination. Thus, in step 1500, the system
may determine whether two electrode combinations elicit a
greater diaphragm response than the other electrode combi-
nations. As noted elsewhere, the diaphragm response may be
measured by or derived from information from one or more
sensors 12, 14. In one embodiment, characteristics of the
diaphragm response, such as response duration, response
relaxation time, and response half decay time (e.g., of
changes in flow, pressure, EMG signals, or other indicators
of diaphragm response), may be used to rank electrode
combinations and determine which combinations elicit
greater diaphragm responses. If two superior combinations
do not emerge, combinations may be removed if they are not
eligible to be superior combinations (step 1510). Two supe-
rior combinations may not emerge if, for example, less than
two combinations show activation threshold, or several
combinations elicit diaphragm responses that are very close
to each other. Electrode combinations may not be eligible,
for example, if they cause stimulation of the vagus nerves or
the Sinoatrial node, or cause any other undesirable effects as
determined, for example, by one or more sensors 12, 14. The
remaining combinations then may be ranked with respect to
their corresponding activation thresholds (step 1510). In one
embodiment, electrode combinations having lower activa-
tion thresholds are ranked more highly than electrode com-
binations having higher activation thresholds. A lower acti-
vation threshold may allow minimization of the charge
delivered to the body during diaphragm pacing. After
removal of unsuitable electrode combinations, the system
may determine whether two superior combinations have
emerged (step 1520). If two superior combinations do not
emerge, the user may be notified (step 1530) for possible
repositioning of the elongated body 4.

[0113] Alternatively, if two superior combinations do
emerge, the current amplitude may be adjusted such that the
approximate activation threshold may be achieved by a
pulse 76 having a pulse width within the lowest 20% of the
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pulse width range. In other embodiments, the pulse 76 may
have a pulse width within another segment of the pulse
width range. This adjustment may allow systems with con-
straints on pulse width to implement testing and develop-
ment of the full recruitment curve for the particular electrode
combination and nerve.

[0114] Finally, the algorithm of FIG. 14A may result in
determination of a list of: a) superior primary electrode
combinations, and b) corresponding secondary combina-
tions (step 1550). The primary electrode combinations may
be a subset of the first plurality of electrode combinations
that were found, through the algorithm of 14A, to elicit a
suitable diaphragm response and to be eligible to be a
superior combination. A suitable diaphragm response, which
may be higher than the diaphragm response of other elec-
trode combinations, may be an indicator of proximity to the
nerve. The corresponding secondary combinations may be
determined by the system based on the electrodes within the
superior primary electrode combination subset.

[0115] For example, referring to FIG. 12, electrode pairs
6k/6/ and 6m/6n are exemplary superior primary electrode
combinations, and the remaining pairs, indicated by arrows,
are the corresponding secondary combinations formed based
on the superior primary combinations. Other primary elec-
trode pairs that are not superior primary combinations, such
as 6i/6j, may be included in the set of secondary combina-
tions because of their proximity to the superior primary
combinations. For example, if superior primary combination
64/6/ 1s ranked the highest, adjacent electrodes 6i/6j may be
included in the set of secondary combinations for further
testing, even though 6i/6f was tested previously as a primary
combination. When tested again, different stimulation
parameters may be used based on the diaphragm responses
obtained during testing of the primary combinations. The
superior primary and corresponding secondary combina-
tions (step 1550) may together be referred to as a second
plurality of electrode combinations. Developing the second
plurality of electrode combinations from the localized subset
of the first plurality of electrode combinations may prevent
having to test a greater variety of combinations, such as
those shown in FIG. 12, along the length of the catheter.

[0116] Accordingly, in one embodiment, the output of step
1550 (FIG. 14A) and step 1310 (FIG. 13) may be a second
plurality of electrode combinations. The second plurality of
electrode combinations may include two primary electrode
combinations (e.g., two combinations that were tested dur-
ing the algorithm of FIG. 14A) and their corresponding
secondary combinations (e.g., various other electrode com-
binations that may be formed based on the electrodes of the
primary combinations). In other embodiments, the output of
step 1550 and 1310 is less than or more than two superior
primary electrode combinations, such as one, three, five, or
more primary electrode combinations, and any number of
corresponding secondary combinations.

[0117] The algorithm described in connection with FIGS.
14A-14C may be carried out by a diaphragm pacing system
to select electrodes for stimulating a single nerve. In one
embodiment, the process may be repeated to select optimal
electrodes for stimulating a second nerve. For example, if
the diaphragm pacing system includes an electrode assembly
2 as described in connection with FIGS. 1 and 3, the process
of FIGS. 14A-14C may be implemented a first time to
determine optimal proximal electrodes for stimulation of a
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left phrenic nerve and a second time to determine optimal
distal electrodes for stimulation of a right phrenic nerve.

[0118] In one embodiment, however, if the mapping pro-
cess is carried out to select the optimal electrodes for
stimulating the left phrenic nerve and the right phrenic
nerve, testing of proximal and distal electrodes may be done
in parallel. In this embodiment, the process of FIGS. 14A-
14C is carried out on both the proximal and distal sets of
electrodes, but electrical stimulation may be delivered to
both left and right phrenic nerves during the same end-
expiratory phase or phases. Stimulation pulses 76 may
alternate between an electrode combination for stimulating
the left phrenic nerve and an electrode combination for
stimulating the right phrenic nerve, allowing testing and
accurate monitoring of both combinations during a single
breath or breaths. In yet another embodiment, the left and
right phrenic nerves may be tested simultaneously, with the
process of FIGS. 14A-14C carried out on both the proximal
and distal sets of electrodes. Unilaterally placed sensors 12,
14, such as accelerometers, may be used to separately
monitor the individual hemi-diaphragm responses to simul-
taneous pulses 76 stimulating each nerve, and in some
embodiments, determine the separate contributions of the
left and right phrenic nerve stimulations.

[0119] Referring to FIG. 14B, which illustrates step 1320
of FIG. 13, the second plurality of electrode combinations
determined in step 1550 of FIG. 14A may be further tested
and ranked. The intermediate steps of FIG. 14B are similar
to those of FIG. 14A and therefore are not repeated here.
However, the output of the algorithm of FIG. 14B (step
1560) may be a subset of the second plurality of electrode
combinations. In one embodiment, the output of FIG. 14B
may be two electrode combinations for stimulation of a
nerve, although the output may be a single electrode com-
bination or more than two electrode combinations. If the
output is two electrode combinations, both combinations
may be used to stimulate the same nerve, as shown in FIGS.
4A and 4B.

[0120] Referring to FIG. 14C, which illustrates step 1330
of FIG. 13, the combinations identified in step 1560 of FIG.
14B may be further tested. In step 1570, electrical pulses 76
(stimulation) may be delivered having pulse widths within
the first 20% of the full pulse width range (the 20% portion
may be the range R shown in FIG. 9A), and the diaphragm
response may be determined by one or more sensors 12, 14.
In one embodiment, the diaphragm pacing system may be in
Stim. Mode 2 during step 1570, although other modes and
stimulation patterns may be used during this step. If the
threshold activation is not achieved within the target pulse
width range R (step 1580), the current may be reduced or
increased depending on whether any zero recruitment is
observed (steps 1590, 1600, and 1610). If threshold activa-
tion within the target pulse width range R is achieved (step
1580), stimulation may be continued for the full pulse width
range (step 1620). The system may determine whether all
combinations have been tested (step 1630) and iterate until
each combination has been tested (step 1640). Finally, the
system may extract the line of best fit for the data points
corresponding to one or more of the tested electrode com-
binations and identify the slope and activation threshold for
the tested combinations (step 1630). The line of best fit may
be a recruitment curve, such as those shown in FIGS. 5, 10A,
and 10B, corresponding to the tested electrode combination
and nerve.
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[0121] In one embodiment, electrode combinations with
recruitment curves having a greater slope along the propot-
tional recruitment section are selected for nerve stimulation
over electrode combinations with recruitment curves having
a smaller slope along the proportional recruitment section. A
greater slope along the proportional recruitment section may
allow testing for maximal recruitment to be completed more
quickly. In addition, electrode combinations having a more
constant slope along the proportional recruitment section
may be selected for nerve stimulation over combinations
having a more variable slope because a straight proportional
recruitment section may simplify the control of nerve stimu-
lation.

[0122] In one embodiment, the electrode combinations
tested in steps 1310 and 1320 of FIG. 13 (also see FIGS. 14A
and 14B) are stimulated with electrical pulses 76 having a
consistent ramp of stimulation. Rankings may be in accor-
dance with the summed-total response to the consistent ramp
of stimulation. Accordingly, Stim. Mode 1, as shown in FIG.
8, may be used in these first two stages of mapping. In Stim.
Mode 1, each train of stimulation may be constrained to a
single end-expiration phase. Once the best electrode com-
binations have been determined, the system may stimulate
nerves using those electrode combinations, analyze the
diaphragm response to each combination, and extract a
recruitment curve corresponding to each combination.

[0123] Referring to FIG. 15, another embodiment pro-
vides a method for monitoring the performance of pacing
delivered using the diaphragm pacing system. Testing during
the mapping processes described above (to select the opti-
mal electrode combinations) may be carried out at a lower
frequency than the frequency used for later diaphragm
pacing with those selected electrode combinations. The
diaphragm pacing system therefore has information,
obtained during the mapping process, that can be used to
predict the body’s response to the actual diaphragm pacing.
The method of FIG. 15 may autonomously rectify a degra-
dation of performance via the use of the mapping and
recruitment curve generation methods described herein. The
method may include the constant quantification of the
response of the body to a round of stimulation delivered
(steps 1700, 1710, and 1720). If the response evoked is not
that which is expected for a stimulation pulse configured
based on a previously acquired recruitment curve (step
1730), the system may automatically halt stimulation and
reexecute the mapping process of FIG. 13 (step 1740). In
one embodiment, muscle fatigue, muscle strengthening, or
catheter movement may cause the response of the diaphragm
during pacing to be inconsistent with the expected response.
One embodiment may include a stimulation control unit 8
that triggers the mapping and recruitment curve generation
process at configurable intervals (e.g., at preset time inter-
vals), or if it detects any anomalies in the physiological
response relative to the expected physiological response.

[0124] 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.
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1.-30. (canceled)

31. A method for determining a recruitment relationship,
the method comprising:

inserting a plurality of electrodes into a patient, wherein
the plurality of electrodes include an electrode combi-
nation;

using the electrode combination, delivering a plurality of
stimulation pulses intended to activate at least one
respiratory muscle, wherein each stimulation pulse
includes a corresponding charge, and the corresponding
charges differ among the plurality of stimulation
pulses;

determining a recruitment relationship relating the corre-
sponding charges to respiratory muscle responses
resulting from the corresponding charges, wherein the
recruitment relationship also relates undelivered
charges to respiratory muscle responses expected from
the undelivered charges; and

after determining the recruitment relationship:

a) stimulating the at least one respiratory muscle with the
electrode combination,

b) using the recruitment relationship, determining an
expected respiratory muscle response to the stimula-
tion, and

¢) comparing an actual respiratory muscle response to the
expected respiratory muscle response.

32. The method of claim 31, wherein respiratory muscle
response includes at least one of a change in: airway
pressure, airway flow, electromyography, chest wall move-
ment, central venous pressure, blood oxygen saturation,
carbon dioxide concentration, or chest wall acceleration.

33. The method of claim 31, wherein determining the
recruitment relationship includes determining an activation
threshold, and the activation threshold is a charge level that
has a predefined chance of causing a contraction of the at
least one respiratory muscle.

34. The method of claim 31, wherein determining the
recruitment relationship includes determining a range of
charges that result in respiratory muscle responses that
increase proportionally.

35. The method of claim 31, wherein determining the
recruitment relationship includes determining a charge caus-
ing zero recruitment of a respiratory nerve that activates the
at least one respiratory muscle.

36. The method of claim 35, wherein the respiratory nerve
is a phrenic nerve.

37. The method of claim 31, wherein the at least one
respiratory muscle includes a diaphragm.

38. The method of claim 31, wherein the patient is
receiving breathing assistance from a ventilator.

39. The method of claim 31, wherein the method further
comprises positioning a first portion of the plurality of
electrodes proximate a left phrenic nerve and positioning a
second portion of the plurality of electrodes proximate a
right phrenic nerve.

40. The method of claim 31, wherein determining a
recruitment relationship includes calculating a line of best fit
for a set of data points, where each data point of the set of
data points represents a respiratory muscle response to a
corresponding charge.

41. The method of claim 40, wherein each data point of
the set of data points represents an average of multiple
respiratory muscle response to a corresponding charge.
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42. The method of claim 31, further comprising, if the
actual respiratory muscle response differs from the expected
respiratory muscle response, halting stimulation of the at
least one respiratory muscle with the electrode combination
and re-executing the steps of:

(1) delivering a plurality stimulation pulses intended to
activate the at least one respiratory muscle, wherein
each stimulation pulse includes a corresponding
charge, and the corresponding charges differ among the
plurality of stimulation pulses; and

(2) determining a recruitment relationship relating the
corresponding charges to respiratory muscle response
resulting from the corresponding charges, and also
relating undelivered charges to respiratory muscle
response expected from the undelivered charges.

43. The method of claim 31, further comprising, at preset
time intervals, halting stimulation of the at least one respi-
ratory muscle with the electrode combination and re-execut-
ing the steps of:

(1) delivering a plurality of stimulation pulses intended to
activate the at least one respiratory muscle, wherein
each stimulation pulse includes a corresponding
charge, and the corresponding charges differ among the
plurality of stimulation pulses; and

(2) determining a recruitment relationship relating the
corresponding charges to respiratory muscle response
resulting from the corresponding charges, and also
relating undelivered charges to respiratory muscle
response expected from the undelivered charges.

44. The method of claim 31, wherein inserting a plurality
of electrodes into a patient includes inserting a plurality of
electrodes into a blood vessel.

45. A method for determining a recruitment relationship,
the method comprising:

assisting a plurality of breaths of a patient with a venti-
lator;

inserting a plurality of electrodes into a patient, wherein
the plurality of electrodes include an electrode combi-
nation;

emitting a plurality of stimulation pulses from the elec-
trode combination;

measuring responses of at least one respiratory muscle to
the plurality of stimulation pulses;

based on the measured respiratory muscle responses,
determining a first range of charges that includes a
nerve activation threshold and a second range of
charges within a proportional recruitment section;

developing the recruitment relationship based on at least
the first and second ranges of charges, wherein the
recruitment relationship defines a relationship between

a charge of a stimulation pulse and a respiratory muscle

response; and

after developing the recruitment relationship:

a) stimulating the at least one respiratory muscle with
the electrode combination,

b) using the recruitment relationship, determining an
expected respiratory muscle response to the stimu-
lation, and

¢) comparing an actual respiratory muscle response to
the expected respiratory muscle response.
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46. The method of claim 45, further including, based on
the measured respiratory muscle responses, determining a
third range of charges that includes a maximal recruitment
level of the recruitment relationship;

wherein the recruitment relationship is based on at least

the first, second, and third ranges of charges.

47. The method of claim 45, wherein the at least one
respiratory muscle includes a diaphragm.

48. The method of claim 45, wherein the recruitment
relationship applies to charges that were emitted and charges
that were not emitted.

49. The method of claim 45, wherein each pulse of a
portion of the plurality of stimulation pulses increases in
charge relative to a previous pulse.

50. The method of claim 45, wherein a first portion of the
plurality of stimulation pulses includes pulses having a first
same charge, a second portion of the plurality of stimulation
pulses includes pulses having a second same charge, the
second same charge being higher than the first same charge,
and a third portion of the plurality of stimulation pulses
includes pulses having a third same charge, the third same
charge being higher than the second same charge.

51. The method of claim 45, wherein the electrode com-
bination is a first electrode combination, and the plurality of
breaths is a first plurality of breaths, and the method further
includes repeating the emitting step, the measuring step, and
the determining step with a second electrode combination of
the plurality of electrodes during a second plurality of
breaths.

52. The method of claim 45, wherein at least one pulse of
the plurality of stimulation pulses does not cause a respira-
tory muscle response.

53. The method of claim 45, wherein the expected respi-
ratory muscle response is no response.

54. The method of claim 45, further comprising, if the
actual respiratory muscle response differs from the expected
respiratory muscle response, halting stimulation of the at
least one respiratory muscle with the electrode combination
and re-executing the steps of emitting a plurality of stimu-
lation pulses, measuring respiratory muscle responses, deter-
mining the first range and the second range, and developing
the recruitment relationship.

55. The method of claim 45, further comprising, at preset
time intervals, halting stimulation of the at least one respi-
ratory muscle with the electrode combination and re-execut-
ing the steps of emitting a plurality of stimulation pulses,
measuring respiratory muscle responses, determining the
first range and the second range, and developing the recruit-
ment relationship.

56. The method of claim 45, wherein respiratory muscle
response includes at least one of a change in: airway
pressure, airway flow, electromyography, chest wall move-
ment, central venous pressure, blood oxygen saturation,
carbon dioxide concentration, or chest wall acceleration.

57. The method of claim 45, wherein inserting a plurality
of electrodes into a patient includes inserting a plurality of
electrodes into a blood vessel.
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