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TRANSVASCULAR DIAPHRAGM PACING SYSTEMS AND METHODS OF

USE

CROSS-REFERENCE TO RELATED APPLICATION

This applicant claims the benefit of US Provisional Application No.

61/662,579, filed June 21, 2012, the disclosure of which is expressly incorporated by

reference herein.

BACKGROUND

Patients in hospital Intensive Care Units (ICU) may experience impairment in

their ability to breathe volitionally due to their underlying disease condition and

require positive pressure mechanical ventilation (PPMV) to provide ventilatory

assistance. PPMV is routinely used in combination with sedation in the ICU to

provide artificial ventilation for these critically ill individuals. Additionally, many

patients undergoing surgery under general anesthesia, for example in hospital

Operating Rooms (OR), or procedures under anesthesia or sedation, for example in

hospital Emergency Rooms (ER), commonly require PPMV for ventilatory assistance

while anesthetized or sedated.

Although mechanical ventilation is a life-sustaining modality, when combined

with sedation or anesthesia it interferes with active contraction of the diaphragm.

Prolonged totally controlled mechanical ventilation can result in the complete absence

of neural activation and mechanical activity of the diaphragm and has been shown to

induce muscle atrophy, proteolysis, and reactive oxygen species liberation, leading to

rapid loses in diaphragmatic function, a syndrome known as Ventilator-Induced

Diaphragmatic Dysfunction (VIDD).

The onset of diaphragm disuse atrophy is rapid, leading to slower patient

recovery, which often results in ventilator dependence and translates into higher

incidence of ventilator-acquired pneumonia and nosocomial infections, longer stays in

the ICU, and escalating hospitalization costs.

In addition to ICU patients, mechanical ventilation is the primary modality of

ventilatory assistance for individuals with disease conditions that adversely affect

neurological function, such as Spinal Cord Injury (SCI). These individuals may

experience impairment in their ability to breathe volitionally due to partial or



complete loss of control of the diaphragm, and are prone to lifelong dependence on a

mechanical ventilator.

Several viable alternatives to PPMV for assisting breathing are currently

available, and have been indicated for use in patients requiring long-term ventilatory

assistance such as Spinal Cord Injury (SCI) patients or patients with Congenital

Central Hypoventilation Syndrome (CCHS). They include phrenic nerve stimulation

and diaphragmatic pacing. These methods use electrical stimulation to induce

contraction of the diaphragm using an electrode and an external pacing control box or

an implanted pacemaker device.

The two phrenic nerves, which control activation of the diaphragm, run

through the thorax, along the left and right sides of the heart, and then to the

diaphragm. Phrenic nerve stimulation is performed by electrically stimulating the

phrenic nerve to control the patient's diaphragm, which may induce a respiratory

cycle. Conventional techniques include surgically implanting a nerve cuff around the

phrenic nerve (at the neck or chest level), and then delivering an electrical stimulus

from an externally located controller through the cuff to the phrenic nerve. This

procedure is quite invasive, requiring incisions when deploying the nerve cuffs, and

quite expensive, so it is only selectively used in patients with a life-long requirement

for assisted ventilation. In addition, the direct placement of the nerve cuffs around the

phrenic nerves may damage the phrenic nerves. These phrenic nerve stimulation

systems have not heretofore been prescribed for temporary use in critically ill ICU

patients.

Other phrenic nerve stimulation techniques are known, such as that described

in US Patent No. 8,195,297. However, the system disclosed in the '297 Patent does to

allow for rapid, short term use in an ICU environment for the management of ICU

patients particularly in the first few days after start of PPMV.

Another method for electrically stimulating the diaphragm is known as

diaphragmatic pacing. Conventionally, diaphragmatic pacing is performed by

laparoscopically implanting four electrodes directly on the diaphragm (two on each

side), with electrical leads connected to a controller residing external to the body.

Conventional diaphragmatic pacing procedures are also quite time consuming and

relatively invasive, requiring incisions during implantation, presenting risk during the



implantation procedure and risk of chronic infection at the lead entrance sites to the

body. Accordingly, these diaphragmatic pacing systems have not heretofore been

prescribed for temporary use in critically ill ICU patients.

One such diaphragmatic pacing system is described in US Patent No.

7,962,215. In addition to being surgically demanding, the diaphragmatic pacing

system of the '215 Patent is employed to administer therapy to convert Type Ila (fast-

type) muscle fibers to Type 1 (slow-type) muscle fibers in patients who have been

ventilated for prolonged periods, whose muscle fibers have all atrophied and

converted to Fast-type (VIDD). The therapy described in the '215 Patent, however,

will not be desirable in the treatment of critical care patients that still have both Type

Ila (fast-type) muscle fibers and Type I (slow-type) and will need to have both types

to successfully wean off of PPMV.

Accordingly, there exists a need for minimally invasive diaphragm pacing

systems and methods for rapid, short term use, as appropriate in the ICU environment,

for the management of ICU patients particularly in the first few days or weeks after

start of PPMV.

SUMMARY

Examples of systems and methods disclosed herein address this need and

others by providing a minimally invasive nerve stimulation system that paces the

phrenic nerves transvascularly via disposable endovascular electrodes that can be

percutaneously placed under local anesthesia. As will be described in the Detailed

Description, such pacing systems and methods can be employed to provide short

periods of electrical stimulation for preventing diaphragm disuse atrophy in patients at

risk of becoming ventilator-dependent and/or to rehabilitate diaphragm disuse atrophy

in ventilator-dependent patients.

The system is designed to work either in conjunction with a mechanical

ventilator, causing diaphragmatic contractions in synchrony with each ventilator

administered breath, intermittently synchronized to some ventilator breaths, or as a

stand-alone system. In some embodiments, the systems and methods may be

employed just minutes or hours after first intubation of the subject. Such diaphragm

pacing therapy is expected to prevent, reduce or reverse diaphragm disuse atrophy

that typically occurs in patients who are on PPMV or are expected to require PPMV



and sedation for prolonged periods and by extension, the adverse effects associated

with PPMV will be avoided or reduced. As a result, patients may be successfully

weaned from PPMV earlier than currently known methods, providing drastic health

benefits to patients not to mention substantial reductions in total in-patient costs.

In accordance with one aspect of the present disclosure, a method is provided

for administering a treatment plan designed for preventing or reversing diaphragm

disuse atrophy in a patient receiving respiratory assistance from a ventilator. The

ventilator is employed to provide a breath cycle to the patient, the patient having a

prescribed assist level. The method comprises monitoring the breath cycle of the

ventilator, administering a pre-programmed stimulation signal to the patient to recruit

the phrenic nerve of the patient, and regulating the diaphragm output of the patient for

each breath cycle. In some embodiments, the stimulation signal is administered via

one or more endovascular electrodes.

In accordance with a first embodiment, the administration of the stimulation

signal can occur within a time period, such as 1 hour, 3 hours, 6 hours, 12 hours, 1

day, 3 days, and 1 week, of the patient's first reception of respiratory assistance from

the ventilator.

In accordance with a second embodiment, the method also includes obtaining

data indicative of at least one of: one or more ventilator breath parameters; one or

more pacing parameters; and a prescribed assist level for the patient.

In accordance with a third embodiment, the one or more ventilator breath

parameters includes timing data indicative of the duration of a ventilated breath.

In accordance with a fourth embodiment, the method also includes

maintaining synchrony between the delivery of the stimulation signal and the

ventilator breath cycle.

In accordance with a fifth embodiment, maintaining synchrony includes

determining the current breath cycle via data from one or more sensors, and

comparing the current breath cycle with the timing data from at least one previous

breath cycle.

In accordance with a sixth embodiment, recruitment of the diaphragm

provides at least a portion of the prescribed assist level.



In accordance with a seventh embodiment, the method further comprises

determining a diaphragm contribution level attributable to the administration of the

stimulation signal, wherein the prescribed assist level is the sum of the diaphragm

contribution level and a ventilator contribution level.

In accordance with an eight embodiment, the simulation signal includes

stimulation signal characteristics that cause the stimulation signal, when delivered to

the patient, to satisfy the diaphragm contribution level.

In accordance with a ninth embodiment, the diaphragm contribution level is

measured in tidal volume or pressure, individually, in combination, and including

components thereof.

In accordance with a tenth embodiment, the prescribed diaphragm contribution

level is dependent on the condition of the patient and the contractile capacity and/or

functional status of the diaphragm.

In accordance with a eleventh embodiment, determining the contractile

capacity includes measuring strength and endurance from the response of the

diaphragm to test stimulation patterns.

In accordance with a twelfth embodiment, the condition of the patient and

contractile capacity of the diaphragm and/or functional status of the phrenic nerves

are assessed prior to the administration of the treatment plan and/or during

administration of the treatment plan.

In accordance with a thirteenth embodiment, determining the strength and

endurance of the patient's diaphragm includes measuring maximum diaphragm output

and fatigue characteristics of the diaphragm.

In accordance with a fourteenth embodiment, monitoring the breath cycle

includes sensing breath cycle data via a breath sensor discrete from and interfaced

with a breathing circuit of the ventilator and the patient airway, and determining the

inspiration phase and the expiration phase of the breath cycle and the duration of each

phase from the sensed breath cycle data.

In accordance with a fifteenth embodiment, monitoring the breath cycle

further includes determining at least one of the amplitude and rate of change of

ventilator output signals for each breath.



In accordance with a sixteenth embodiment, administering a stimulation signal

includes generating a stimulation signal in accordance with one or more pacing

parameters; and delivering the stimulation signal in relation to a ventilator breath

cycle.

In accordance with a seventeenth embodiment, regulating the diaphragm

output of the patient for each breath cycle, such as a paced breath cycle, includes

monitoring the diaphragm output in response to the last administered stimulation

signal; and comparing the diaphragm output of the last administered stimulation

signal to a preset target range. Alternatively, the method can skip pacing for one

breath cycle (MV-Only), but stimulate the at the next breath cycle (i.e., mechanical

ventilation and diaphragm pacing. The method can then compare both of these values

and regulate the next paced breath.

In accordance with an eighteenth embodiment, monitoring the diaphragm

output in response to the last administered stimulation signal includes sensing

diaphragm output data via one or more sensors, wherein the diaphragm output data is

indicative of one or more of: air flow, tidal volume, pressure, and/or parameters

derived from combinations of flow, tidal volume and/or pressure; and processing the

sensed diaphragm data to determine the diaphragm output.

In accordance with a nineteenth embodiment, regulating the diaphragm output

of the patient for each breath cycle further includes modifying the stimulation signal

to be administered with the next ventilator breath if the diaphragm output of the last

administered stimulation signal is outside of the preselected target range.

In accordance with a twentieth embodiment, the preselected target range

includes a diaphragm contribution level.

In accordance with a twenty-first embodiment, the method further comprises

determining a cause if the diaphragm output of the last administered stimulation

signal is outside of the preselected target range.

In accordance with a twenty-second embodiment, if the cause is due to a

variation in the respiratory mechanics of the patient, then the condition of the patient's

diaphragm and respiratory system during administration of the treatment plan is

assessed.



n accordance with a twenty-third embodiment, the method further comprises

reprogramming the stimulation signal based on the condition of the assessed

diaphragm.

In accordance with a twenty-fourth embodiment, assessing the diaphragm

includes monitoring data indicative of flow and pressure of the ventilator breath cycle

to determine timing of the end expiration delay; progressively stimulating the

diaphragm with stimulating signals based on the monitored data of the ventilator

breath cycle; and determining one or more functional characteristics of the diaphragm

and respiratory system, wherein the one or more functional characteristics includes

one or more of Maximum Static Inspiratory Pressure, Inspiratory Capacity, Work of

Breathing, Pressure-Time Product, Pressure-Time Index, Electromyogram (EMG),

Maximum Relaxation Rate, and Expiration Time Constant.

In accordance with a twenty-fifth embodiment, the diaphragm stimulation is

targeted to take place during each ventilator breath in order to reduce positive

pressure and reduce the risk of Ventilator Induced Lung Injury (VILI).

In accordance with a twenty-sixth embodiment, monitoring the breath cycle of

the ventilator includes sensing signals indicative of ventilator inspiration and

expiration; and calculating one or more of: inspiration phase; expiration phase;

inspiration pause; expiration pause.

In accordance with a twenty-seventh embodiment, administering the

stimulation signal includes delivery of the stimulation signal contemporaneously with

inspiration phase.

In accordance with anther aspect of the present disclosure, a transvascular

diaphragm pacing system is provided for preventing or reversing diaphragm disuse

atrophy in a patient receiving respiratory assistance from a ventilator. The system

comprises at least one endovascular electrode configured to transmit a stimulation

signal delivered thereto. The stimulation signal in some embodiments is configured

to recruit a phrenic nerve of the patient, the stimulation signal in some embodiments

have one or more stimulation parameters. The system also includes one or more

sensors configured to sense breath cycle signals from an associated ventilator and

diaphragm response from recruitment of the phrenic nerve, and a pulse generator

coupled in electrical communication with the at least one endovascular electrode, and



at least one input device configured to input data indicative of one or more aspects of

a therapy plan. The system further includes a controller coupled in electrical

communication with the one or more sensors, the at least one input device, and the

pulse generator. The controller is some embodiments is programmed to: receive input

data indicative of one or more aspects of the therapy plan, wherein the input data

includes sensed signals indicative of ventilator operation and one or more pacing

parameters; monitor the breath cycle signals and determine the inspiration phase and

expiration phase of the breath cycle; generate the stimulation signal according to the

one or more pacing parameters and delivering the generated stimulation signal to the

at least one transvascular electrode at a preselected time of the ventilator breath cycle;

and regulate the diaphragm output of the patient for each breath cycle.

In accordance with a twenty-eighth embodiment, the controller is further

programmed to regulate the diaphragm output of the patient to satisfy a prescribed

assist level of the patient.

In accordance with a twenty-ninth embodiment, the controller is further

programmed to maintain synchrony of the delivery of the stimulation signal with the

ventilator breath cycle.

In accordance with a thirtieth embodiment, the controller is further

programmed to: monitor the diaphragm output in response to the last administered

stimulation signal; and compare the diaphragm output of the last administered

stimulation signal to a preselected target range.

In accordance with a thirty-first embodiment, the controller is programmed to

monitor the diaphragm output by sensing diaphragm output data via one of said one or

more sensors and processing the sensed diaphragm data to determine the diaphragm

output, wherein the diaphragm output includes flow, tidal volume and/or pressure

and/or parameters derived from combinations of flow, tidal volume and/or pressure.

In accordance with a thirty-second embodiment, the controller is further

programmed to modify the stimulation signal to be administered with the next

ventilator breath if the diaphragm output of the last administered stimulation signal is

outside a preselected range. Alternatively, the signal could be modified and

administered at the next breath with programmed pacing (i.e., a combined breath) as

some ventilator breaths may be skipped between stimulations.



In accordance with a thirty-third embodiment, the controller is further

programmed to determine a cause if the diaphragm output of the last administered

stimulation signal is outside of the preselected target range.

In accordance with a thirty-fourth embodiment, if the controller determines

that the cause is due to a variation in the respiratory mechanics of the patient, then the

controller is further programmed to assess the condition of the patient's diaphragm

and respiratory system during administration of the treatment plan.

In accordance with a thirty-fifth embodiment, the controller is further

programmed to reprogram the stimulation signal based on the condition of the

assessed diaphragm.

In accordance with a thirty sixth embodiment, the controller is further

programmed to assess the diaphragm by monitoring data indicative of flow and

pressure of the ventilator breath cycle to determine timing of the end expiration delay,

progressively stimulating the diaphragm with stimulating signals based on the

monitored data of the ventilator breath cycle, and determining one or more functional

characteristics of the diaphragm and respiratory system. In some embodiments, the

one or more functional characteristics includes one or more of Maximum Static

Inspiratory Pressure, Inspiratory Capacity, Work of Breathing, Pressure-Time

Product, Pressure-Time Index, EMG, Maximum Relaxation Rate, and Expiration

Time Constant.

In accordance with a thirty-seventh embodiment, the controller is further

programmed to determine the readiness to wean from the ventilator based on the

assessment of the diaphragm.

In accordance with a thirty-eighth embodiment, the stimulation signal includes

a doublet or triplet pulse at the beginning of the stimulation train or in the middle of

the simulation train.

In accordance with another aspect of the present disclosure, a method is

provided for preventing respiratory disuse atrophy in a patient who is attached to a

mechanical ventilator and receiving artificial breath cycle respiratory assistance and

sedation. The method comprises placing a first electrode in the patient's vasculature

in proximity to the left phrenic nerve, placing at second electrode in the patient's

vasculature in proximity to the right phrenic nerve, and within hours of attaching the



patient to the ventilator, delivering a pre-programmed stimulation signal to the first

and second electrodes in order to stimulate the diaphragm in synchrony with the

ventilator breath cycle.

In accordance with a thirty-ninth embodiment, within hours includes one of

the following: within twelve hours; within six hours, within five hours; within four

hours, within three hours; and within one hour.

In accordance with a yet another aspect of the present disclosure, a method is

provided for administering a treatment plan for preventing or speeding up reversal of

diaphragm disuse atrophy in a patient receiving respiratory assistance from a

ventilator. The ventilator provides a breath cycle to the patient and the patient has a

prescribed assist level. The method comprises storing a measurement value indicative

of a preselected range of diaphragm output, wherein the diaphragm output is at least a

portion of the prescribed assist level, monitoring the breath cycle of the ventilator,

administering a stimulation signal to the patient in synchrony with the breath cycle of

the ventilator to recruit the diaphragm of the patient, the recruitment of the diaphragm

causing a level of diaphragm output, and regulating the diaphragm output of the

patient attributable to phrenic recruitment for each stimulated breath cycle in order to

fall within the preselected range of diaphragm output.

In accordance with a fortieth embodiment, regulating the diaphragm output of

the patient for each breath cycle includes monitoring the diaphragm output in

response to the last administered stimulation signal, and comparing the diaphragm

output of the last administered stimulation signal to the preselected range of diagram

output.

In accordance with a forty-first embodiment, monitoring the diaphragm output

in response to the last administered stimulation signal includes sensing diaphragm

output data via one or more sensors, and processing the sensed diaphragm output data

to determine the diaphragm output. In some embodiments, the diaphragm output

includes one or more of: air flow, tidal volume, pressure, and/or parameters derived

from combinations of flow, tidal volume and/or pressure.

In accordance with a forty-second embodiment, regulating the diaphragm

output of the patient for each breath cycle further includes comparing the determined

diaphragm output to the preselected range of diagram output, and modifying the



stimulation signal to be administered with the next ventilator breath if the diaphragm

output from the last administered stimulation signal fell outside of the preselected

range of diagram output.

In accordance with a forty-third embodiment, modifying the stimulation signal

includes increasing the intensity of the stimulation signal.

In accordance with a forty-fourth embodiment, increasing the intensity

includes one or more of: increasing the frequency of stimulation signal pulses;

increasing the amplitude of stimulation signal pulses; and/or increasing the duration

of stimulation signal pulses.

In accordance with a forty-fifth embodiment, diaphragm output includes tidal

volume, pressure, or combinations thereof.

In accordance with a still another aspect of the present disclosure, a method is

provided for preventing diaphragm disuse atrophy in a critically ill patient. The

method comprises attaching a patient to a ventilator, monitoring the breath cycle of

the ventilator; administering, within one of twelve hours or six hours of attaching the

patient to the ventilator, a pre-programmed stimulation signal to the patient to recruit

the diaphragm of the patient for outputting a level of diaphragm output, and regulating

the level of diaphragm output of the patient for each breath cycle based on the

administration of the stimulation signal to match or exceed a preselected threshold.

In accordance with yet still another aspect of the present disclosure, a method

is provided for constructing a therapy plan for a patient. The therapy plan attempts to

prevent disuse atrophy or rehabilitate the patient's diaphragm. The method comprises

assessing the diaphragm for maximum diaphragm output and fatigue characteristics,

and determining one or more stimulation signals that cause diaphragm output to be a

preselected percentage of the maximum diaphragm output.

In accordance with a forty-sixth embodiment, the method further comprises

creating a stimulation administration plan including a series of discrete stimulation

signals, wherein the series of stimulation signals can vary by rate, duration, pulse

width, frequency, and amplitude.

In accordance with still yet another aspect of the present disclosure, a method

is provided for assessing a diaphragm. The method comprises monitoring data

indicative of flow and pressure of a ventilator breath cycle, stimulating the diaphragm



with stimulating signals based on the monitored data of the ventilator breath cycle,

and determining one or more functional characteristics of the diaphragm from the

response generated from the stimulation of the diaphragm with the stimulation

signals. In some embodiments, the one or more functional characteristics including

one or more of Maximum Static Inspiratory Pressure, Inspiratory Capacity, Work of

Breathing, Pressure-Time Product, Pressure-Time Index, EMG, Maximum Relaxation

Rate, and Expiration Time Constant.

In accordance with still another aspect of the present disclosure, a

transvascular diaphragm pacing system is provided for constructing a therapy plan for

a patient. The therapy plan in some embodiments prevents diaphragm disuse atrophy

or rehabilitates the patient's diaphragm. The system includes at least one

endovascular electrode configured to transmit a stimulation signal delivered thereto.

The stimulation signal in some embodiments is configured to recruit a phrenic nerve

of the patient and the stimulation signal has one or more stimulation parameters. The

system also includes one or more sensors configured to sense breath cycle signals

from an associated ventilator and diaphragm response from recruitment of the phrenic

nerve, a pulse generator coupled in electrical communication with the at least one

endovascular electrode, and at least one input device configured to input data

indicative of one or more aspects of a therapy plan. The system further includes a

controller coupled in electrical communication with the one or more sensors, the at

least one input device, and the pulse generator. The controller is some embodiments

is programmed to assess the diaphragm for maximum diaphragm output and fatigue

characteristics, and determine one or more stimulation signals that cause diaphragm

output to be a preselected percentage of the maximum diaphragm output.

In accordance with yet still another embodiment, a transvascular diaphragm

pacing system is provided for assessing a diaphragm. The system includes at least

one endovascular electrode configured to transmit a stimulation signal delivered

thereto. The stimulation signal in some embodiments is configured to recruit a phrenic

nerve of the patient and the stimulation signal has one or more stimulation parameters.

The system also includes one or more sensors configured to sense breath cycle signals

from the ventilator and the diaphragm response from recruitment of the phrenic nerve,

a pulse generator coupled in electrical communication with the at least one



endovascular electrode, and at least one input device configured to input data

indicative of one or more aspects of a therapy plan. The system further includes a

controller coupled in electrical communication with the one or more sensors, the at

least one input device, and the pulse generator. The controller is some embodiments

is programmed to: monitor data indicative of flow and pressure of a ventilator breath

cycle; stimulate the diaphragm with stimulating signals based on the monitored data

of the ventilator breath cycle; and determine one or more functional characteristics of

the diapliragm from the response generated from the stimulation of the diaphragm

with the stimulation signals. In some embodiments, the one or more functional

characteristics include one or more of Maximum Static Inspiratory Pressure,

Inspiratory Capacity, Work of Breathing, Pressure-Time Product, Pressure-Time

Index, EMG, Maximum Relaxation Rate, and Expiration Time Constant.

This summary is provided to introduce a selection of concepts in a simplified

form that are further described below in the Detailed Description. This summary is

not intended to identify key features of the claimed subject matter, nor is it intended to

be used as an aid in determining the scope of the claimed subject matter.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advantages of the claimed

subject matter will become more readily appreciated as the same become better

understood by reference to the following detailed description, when taken in

conjunction with the accompanying drawings, wherein:

FIGURE 1 is a schematic diagram of one example of a transvascular

diaphragm pacing system formed in accordance with aspects of the present disclosure;

FIGURE 2 is a schematic diagram of the location of the left and right phrenic

nerves in a patient in relation to the heart and diapliragm of the patient;

FIGURE 3A is one example of one pair of catheter-mounted phrenic nerve

stimulating electrodes positioned within the left subclavian vein of the patient;

FIGURE 3B is one example of one pair of catheter-mounted phrenic nerve

stimulating electrodes positioned within the superior vena cava of the patient;

FIGURE 4 is a block diagram of the components of one embodiment of the

system of FIGURE 1;



FIGURE 5 illustrates the shift in force generated when stimulating with a train

that begins with a doublet/triplet;

FIGURE 6 illustrates one example of the programmable parameters of each

stimulation pulse as well as the ratiometric relationship between the charge injection

pulse and charge balance pulse when exemplifying net-charge;

FIGURE 7 illustrates one example of three stimulation trains, in each of which

the pulse width and frequency are modulated to increase from the start to end of the

stimulation train to cause graded contraction of the diaphragm;

FIGURE 8 illustrates one example of three stimulation trains, in each of which

the pulse width and frequency are modulated to first increase and then decrease from

the start to end of the stimulation train to cause graded contraction of the diaphragm;

FIGURE 9 illustrates examples of representative ramp envelopes where the

ramp slopes represent the modulations in pulse width and/or pulse frequency within a

train;

FIGURE 10 illustrates examples of representative pulse width ramp envelopes

and stimulus frequency envelopes, which can be combined together to form a single

pacing ramp;

FIGURE 11 illustrates examples of timing for the start time and end time of

stimulation trains generated and delivered to the phrenic nerves, relative to a

ventilator breath;

FIGURE 12 illustrates other examples of timing for the stimulation trains

generated and delivered to the phrenic nerves;

FIGURE 13 illustrates yet other examples of timing as well as amplitude

modulations for the stimulation trains generated and delivered to the phrenic nerves;

FIGURE 14 illustrates one example of a process configured to carry out one or

more functions of the system 20, including but not limited to the Ventilator Initiated

Pacing Mode;

FIGURE 15 illustrates one feedback scheme that may be practiced by the

process of FIGURE 14 and the system of FIGURE 1;

FIGURE 16 illustrates one example of a change in respiratory mechanics

during pacing in synchrony with a volume controlled mechanical ventilator;



FIGURE 17A-B illustrate examples of maintaining the diaphragm output at a

prescribed level despite a time dependent fatiguing and drop-out of stimulated Type

lib fibers;

FIGURE 17C illustrates a process for using doublets to enhance force in

fatiguing muscle;

FIGURE 18 illustrates one example of progressive recruitment of nerve axons

across the cross-section of the phrenic nerve and their associated motor units by

increasing the pacing intensity;

FIGURE 19 is a graphical representation for scaling the contribution of the

system of FIGURE 1 to prescribed assist level and determining one or more initial

pacing parameters using, for example, a binary algorithm;

FIGURE 20A is a schematic representation of one example of scaling the

contribution of the system of FIGURE 1 to diaphragm response;

FIGURE 20B is a schematic representation of another example of scaling the

contribution of the system of FIGURE 1 to diaphragm response;

FIGURE 2 1 is a graphical representation of one example of calculating the

Work of Breathing (WOB), the calculation in turn used to regulate diaphragm

contribution;

FIGURE 22 is one example of a routine for assessing the diaphragm without

disconnecting the patient from the ventilator;

FIGURE 23 and 24 illustrate examples of the timing of administered stimulus

in relation to the phases of the breath cycle;

FIGURE 25 is a graphical representation of airway pressure data obtained

from a volume controlled ventilator with and without stimulation;

FIGURE 26 is a graphical representation of one example of calculating the

Pressure-Time Product, the calculation in turn used to regulate diaphragm

contribution.

FIGURE 27 is one example of an assessment routine carried out by the system

of FIGURE 1;

FIGURE 28 is a graphical representation of end expiratory pauses, sometimes

referred to as quiet periods;



FIGURE 29 is one example of a routine for determining the duration of the

end-expiratory pause;

FIGURE 30 is a schematic diagram showing one example of a Pacer-Initiated

Ventilation Mode that can be carried out by one or more embodiments of the system

shown in FIGURE 1;

FIGURE 3 1 illustrates the relationship between the pacing system and the

ventilator in Pacer-Initiated Ventilation Mode;

FIGURE 32 is a schematic diagram showing one example of a pacing system

operating in an Autonomous Mode; and

FIGURE 33A-C graphically represent the benefits of examples of the system

of FIGURE 1 in preventing diaphragm disuse atrophy or rehabilitating the diaphragm

for successful weaning from respiratory assistance.

DETAILED DESCRIPTION

The detailed description set forth below in connection with the appended

drawings where like numerals reference like elements is intended as a description of

various embodiments of the disclosed subject matter and is not intended to represent

the only embodiments. Each embodiment described in this disclosure is provided

merely as an example or illustration and should not be construed as preferred or

advantageous over other embodiments. The illustrative examples provided herein are

not intended to be exhaustive or to limit the claimed subject matter to the precise

forms disclosed.

The following discussion provides examples of transvascular diaphragm

pacing systems (TDPS) and methods for providing respiratory therapy to a patient.

Some examples of the TDPS provide rapid insertion and deployment of endovascular

pacing electrodes in critically ill patients who require intubation and invasive PPMV

in order to support the physiological requirements of the human ventilatory system.

Examples described herein make best use of the contractile properties of the

diaphragm muscle and prevent muscle disuse and muscle atrophy. This can be carried

out by engaging the phrenic nerves using patterned functional electrical stimulation

applied to endovascular electrodes that are temporarily and reversibly inserted in

central veins of the patient, such as the left subclavian vein and the superior vena

cava. In some examples, the TDPS is designed to seamlessly interface with any



commercially available positive-pressure ventilatory assistance/support equipment

such as is commonly in use in hospital intensive care units (ICU) for treating critically

ill patients with breathing insufficiencies, pain, trauma, sepsis or neurological diseases

or deficits.

Rapid insertion and deployment of the disclosed systems can be effected via

employment of minimally invasive central line catheter-based electrodes, such as

those described in US Application No. 12/524,571, filed July 25, 2009, which can be

quickly installed in the patient under local anesthesia and rapidly activated, such that a

pacing therapy can be initiated within one or a few hours of admission/intubation. If

indicated by the patient clinical status, pacing via electrical stimulation can proceed in

synchrony with ventilator breaths provided by virtually any brand or model of

commercially available positive-pressure ventilator operating in typical modes such as

Control Mode, Support Mode or Assist Mode. Once therapy is complete, the pacing

catheter electrodes can be easily removed. In some embodiments, system pacing

follows the operation of a ventilator while in other embodiments, the ventilator

initiates and/or assists a breath cycle based on physiological responses generated by

the pacing system.

Rapid deployment, i.e., within a few hours of admission/intubation, is

advantageous in preventing the ill effects of muscle disuse atrophy, which are known

to occur very quickly in ventilated and sedated patients, and to maintain diaphragm

muscle strength and endurance during the critical period when a patient is unable to

breathe independently. FIGURE 33A-C illustrate examples of employing the

TDPS to prevent diaphragm disuse atrophy or rehabilitate the diaphragm for

successful weaning from respiratory assistance. As a result, early and successful

weaning from the ventilator can be realized. Another advantage stemming from the

rapid deployment capability of the systems described herein and a rapid initiation of a

diaphragm pacing therapy is that this intervention will help prevent/reduce the

deleterious effects of high positive airway/lung pressures (such as Ventilator Induced

Lung Injury, VILI) that are commonly encountered in patients subjected to

mechanical ventilation and contribute to failure to wean and protracted dependence on

ventilation in many cases. Patients who remain on mechanical ventilation have high

risk of ventilator-associated pneumonia (VAP) and of contracting nosocomial



(hospital-borne) infections. It is therefore important to ensure that a patient on

mechanical ventilation is liberated (weaned) from ventilation as soon as medically

possible. Examples of the pacing systems and methods described herein address this

need and others.

As will be described in more detail below, the systems of the present

disclosure are designed to stimulate the right phrenic nerve (to recruit the right hemi-

diaphragm), the left phrenic nerve (to recruit the left hemi-diaphragm), or both

phrenic nerves in order to recruit the entire diaphragm muscle. Furthermore, each

phrenic nerve may be recruited using a single channel of stimulation or two or more

channels of stimulation per nerve. An example showing one embodiment employing

two channels of stimulation per phrenic nerve is shown in FIGURE 3 . In some

examples that employ two channels of stimulation per nerve, the stimulation pulses

can be delivered 180 degrees out of phase.

In the following description, numerous specific details are set forth in order to

provide a thorough understanding of one or more embodiments of the present

disclosure. It will be apparent to one skilled in the art, however, that many

embodiments of the present disclosure may be practiced without some or all of the

specific details. In some instances, well-known process steps have not been described

in detail in order not to unnecessarily obscure various aspects of the present

disclosure. Further, it will be appreciated that embodiments of the present disclosure

may employ any combination of features described herein.

Turning now to FIGURE 1, one example is shown of a transvascular

diaphragm pacing system, generally designated 20, formed in accordance with aspects

of the present disclosure. As best shown in FIGURES 1 and 4, the system 20 includes

a stimulator 24 coupled in electrical communication (e.g., wired or wireless) with one

or more transvascular electrodes 28 suitable for placement in-vivo near the left and/or

right phrenic nerves. In use, the stimulator 24 is configured to transmit a stimulatory

signal in the form of stimulation pulses to one or more of the electrodes 28. The

electrodes 28, in turn, emit the stimulatory signal in the vicinity of a left and/or right

phrenic nerve. Stimulation of the left and/or right phrenic nerve, in turn, aims to

cause recruitment of the subject's diaphragm.



As will be described in more detail below, the parameters (amplitude,

duration, frequency, etc.) of stimulation pulses affect the amount of diaphragm

recruitment, and the resulting output (such as tidal volume, pressure) therefrom. In

that regard, and as will be described in more detail below, sensors 48 configured to

sense various physiological parameters of the patient, some indicating diaphragm

output, can provide feedback to the stimulator 24 for regulation of the administered

therapy.

As described herein, the system 20 can be the sole respiratory aid for the

patient. In other embodiments, the system 20 operates in conjunction with a positive

pressure mechanical ventilator 32 ("ventilator 32") in order to satisfy the respiratory

needs of the patient. In some embodiments, signals sensed from a breath sensor 50

that monitors the breath cycle of the ventilator 32 can be employed to synchronize the

delivery of the stimulation signals with the ventilator breath cycle.

The respiratory needs of the patient are sometimes referred to as the patient's

prescribed assist level. The prescribed assist level is generally quantified as the

amount of tidal volume or pressure (or a combination of the two) provided to the

patient during one breath cycle that satisfies the minimum physiological functions of

the patient. Generally, the prescribed assist level in terms of tidal volume is

approximately 7-10 mL per Kg of patient weight. In some embodiments, the

prescribed assist level is satisfied solely via artificial means (e.g., via system 20, via

ventilator 32, or a combination of the two). This may occur in patients that are

heavily sedated and/or unconscious. In other embodiments, the prescribed assist level

may include some patient initiated respiratory effort.

As will be described below, in some embodiments, the clinician, as part of a

therapy plan, can program the system 20 in order to satisfy the prescribed assist level

(i.e., in tidal volume, pressure, or both) via recruitment of the diaphragm. In other

embodiments, the clinician can program the system 20 to contribute only a percentage

of the prescribed assist level (in volume, pressure, or both), referred to herein as the

diaphragm contribution or diaphragm contribution level, via electrical recruitment of

the phrenic nerve or nerves. The percentage can vary, and is patient-dependent based

on a variety of factors, such as the condition of the patient, the ailment afflicting the

patient, time elapsed preceding any stimulation therapy, etc. In this embodiment, the



remaining percentage of the prescribed assist level can then be satisfied by the

ventilator 32, which can be appropriately programmed by the clinician at the onset of

or during administration of the therapy plan.

In some embodiments, as will be described in more detail below, the

system 20 carries out one or more assessments of the patient in order to determine, for

example, the current condition of the patient's diaphragm, the stimulation signal

characteristics that relate to the recruitment of the diaphragm, such as threshold pulse

width, pulse amplitude, pulse frequency, sub-maximal pulse width, and supra¬

maximal pulse width, etc. Threshold Pulse Width refers to a minimum pulse width at

and above which there is a diaphragmatic response. Threshold Frequency refers to a

minimum frequency at and above which partly or completely fused Tetanic

contractions are produced, so as to generate useful diaphragmatic force and/or work.

Turning now to FIGURE 2, placement of the electrodes 28 will now be

described with reference to a heart H and diaphragm D of a patient P. As shown in

FIGURE 2, the left and right phrenic nerves run along the lateral and medial side of

the heart to a diaphragm D. The left subclavian vein traverses in proximity to the left

phrenic nerve and transmits blood from the upper extremities to the heart H. The

superior vena cava traverses near the right phrenic nerve and carries deoxygenated

blood from the upper half of the body to the heart's right atrium. As known in the art,

when either left or right phrenic nerve receives a high enough electric stimulus as a

voltage (V), current (mA) or charge (nano-coulombs) the phrenic nerve is activated

and causes the diaphragm D to contract.

FIGURE 3 illustrates one embodiment showing two channels of transvascular

stimulation delivered to the left phrenic nerve by endovascular electrodes placed in

the left subclavian vein and two channels of transvascular stimulation delivered to the

right phrenic nerve by endovascular electrodes placed along the lateral wall of the

superior vena cava. Each phrenic nerve can be partially or fully recruited from more

than one endovascular electrode combination. Partial nerve recruitment from more

than one electrode combination is useful to reduce muscle fatigue over time.

Turning now to FIGURE 4, the components of the system will now be

described in detail. As shown in FIGURE 4, the system 20 includes a first

electrode 28A having anodal and cathodal electrode contacts 30A, 32A placed within



the left subclavian vein and positioned in the vicinity of the left phrenic nerve. In the

embodiment shown, a second electrode 8B having anodal and cathodal electrode

contacts 30B, 32B may be also placed within the left subclavian vein and positioned

in the vicinity of the left phrenic nerve.

The system 20 further includes a third electrode 28C having anodal and

cathodal electrode contacts 30C, 32C placed within the superior vena cava and

positioned in the vicinity of the right phrenic nerve. In the embodiment shown, a

fourth electrode 28D having anodal and cathodal electrode contacts 30D, 32D may be

also placed within the superior vena cava and positioned in the vicinity of the right

phrenic nerve.

While two electrodes are shown and described for stimulating 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. For example, four

electrodes can be used for stimulating each phrenic nerve. For more information

regarding the placement of a plurality of electrodes endovascularly as well as the

configuration of one type of electrode structure that can be practiced with

embodiments of the present disclosure, please see U.S. Application No. 12/524,571,

filed July 25, 2009, the disclosure of which is hereby expressly incorporated in its

entirety. Additionally, while electrodes with anodal and cathodal electrode contacts

are utilized to emit the stimulation pulses into the phrenic nerves, other configurations

are possible. For example, several cathodal electrode contacts may be used in

conjunction with a single anodal electrode contact, and vice versa.

Each electrode 28 is connected in electrical communication with the

stimulator 24. In the embodiment shown, each electrode 28 is electrically connected

to the stimulator 24 via lead(s) 40.

The system 20 further includes one or more sensors 48 configured to monitor

the response to phrenic nerve stimulation and/or other physiological characteristics of

the patient. As will be described in more detail below, the one or more sensors 48 can

be part of a feedback control scheme for regulating the stimulation administered to the

patient. The plurality of sensors 48 can transmit data to the stimulator 24 indicative of

one or more of the following: electromyographic activity (intramuscular, surface,

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

(i.e., from accelerometers, length gauges, and/or strain gauges) resistance (.e., from

impedance pneumographs, and/or piezoresistive sensors) and/or other physiological

or mechanical parameters. It will be appreciated that the information can be

appropriately processed (e.g., filtered, conditioned, amplified, etc.) prior to use by the

stimulator 24.

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 Pressure Positive End-Expiratory Pressure or Pleural Pressure. Any pressure

may be Peak Pressure, Mean Pressure or Baseline Pressure. The term "flow" as used

herein includes, but is not limited to, Inspiratory Flow or Expiratory Flow.

In some embodiments, the electrodes 28 can also monitor physiological

variables of the subject by virtue of their placement in the central veins. Such

monitored physiological variables can include, but are not limited to: central venous

pressure, electrocardiogram, and mixed venous oxygen saturation. It will be

appreciated that one or more sensors discrete from the electrodes, such as one or more

of the sensors 48, may be used to monitor such physiological variables.

In some embodiments, the system 20 can additionally or alternatively include

a breath sensor 50 for sensing parameters of the ventilator 32. In that regard, the

breath sensor 50 can be configured to interface with any standard breathing circuit

used in critical care ventilators and therefore the pacing system is independent of the

brand of ventilator used. The breath sensor 50, by virtue of its location in the

breathing circuit, can monitor and/or measure several ventilation parameters and

communicate such parameters to the stimulator 24. As will be described in more

detail below, the breath sensor 50 can be part of or used solely as a feedback control

scheme for regulating the stimulation administered to the patient. The sensed

ventilation parameters may include, but not limited to, airflow (inspired and/or

expired), volume, 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 some embodiments, the example parameters are being measured both to and

from the ventilator 32. In the embodiment shown, the breath sensor 50 is external to

the ventilator 32 so that the system is independent of ventilator model. However, the

system 20 could also be integrated to use a ventilator's internal sensors or signals

externally supplied by the ventilator can provide the information to the system 20 for

proper operation so that an external breath sensor can be omitted.

The stimulator 24 functions, 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 48 and 50 and/or information programmed into the system 20 by the

clinician. In that regard, the stimulator 24 delivers pulses to the endovascular

electrodes 28 in accordance with one or more protocols described herein. As will be

described in more detail below, the pulses in some embodiments are generated by the

stimulator 24 with characteristics that deliver a suitable charge to the phrenic nerves

in order to provide enough diaphragm recruitment to satisfy the selected diaphragm

contribution (e.g., in volume, pressure, both, or derived parameters from volume and

pressure) of the prescribed assist level described above.

Towards that end, the stimulator 24 is configured to deliver fully

programmable stimulation, including, but not limited to, the following: any number of

pulses, any combination of the defined pulses, any order of delivery of the defined

pulses, multiple instances of any defined pulse(s), any frequency of stimulation,

and/or any delay between pulses (interpulse delay). Each pulse can be independently

programmable (e.g., frequency, amplitude, duration, etc.). The stimulation pulse(s)

and/or train(s) may or may not generate a repeatable pattern.

Each pulse includes a charge injection phase and a charge balance phase

(biphasic). In some embodiments, the balance phase duration and amplitude is

programmable as a ratio of the charge phase duration and amplitude so that zero net

charge is maintained, as shown in FIGURE 6. This ratio, denominated as the

Charge:Balance Ratio (C:B Ratio), is applied so that the product of amplitude and

duration (charge) is equal in both the charge phase and the balance phase. In some

embodiments, each pulse is programmable via the following parameters: ratio of



charge phase duration to balance phase duration; pulse width range; stimulation

amplitude (current level); and delay between the charge phase and the balance phase.

Stimulation amplitude may be changed during the same phase (i.e., generate a

gradually decreasing current for the charge pulse width). While zero net change is

preferred, non-netzero charges may be used.

Because the diaphragm is skeletal muscle, pacing may be accomplished by

delivering one or more stimulation signals to produce a mechanically effective

contraction of the diaphragm. In that regard, the stimulation signals may include a

plurality of pulses that are grouped in stimulation trains. As used herein, a stimulation

train is defined as a collection of stimulation pulses. This definition does not imply a

specific composition, order of delivery, and/or shape profile or envelope.

FIGURES 7 and 8 illustrate examples of stimulation trains generated by the

stimulator 24 and delivered to the electrodes 28 for stimulating the phrenic nerves.

The stimulation trains may start with a doublet (pair of pulses) or a triplet, which can

be physiologically relevant; two or three pulses in quick succession at the beginning

of recruitment has been shown to increase the overall force profile by shifting the

baseline up during the initial onset of recruitment, as demonstrated in FIGURE 5.

Similarly, a doublet or triplet delivered part-way through a train can cause a sustained

force increase. The upward shift in early force production infers that fewer

stimulation pulses can be used to generate the same amount of force from the

diaphragm in a comparable period of time. This can be quite beneficial since over-

activating the diaphragm with excessive numbers of stimulation pulses may induce

fatigue, and may also cause conversion of fibers from fast-twitch (powerful, but

fatigued easily) to slow-twitch (fatigue-resistant but unable to produce large amounts

of force).

Stimulation or pulse trains are typically characterized by the rate, the duration,

the pulse width, the frequency, and the amplitude of the signals. The rate of the

stimulation train corresponds to the number of stimulation trains delivered per minute,

which can correlate with the patient's respiratory rate or mechanical ventilator rate.

The duration of the stimulation train refers to the length of time the stimulation train

is delivered. The pulse width indicates the duration of each individual pulse creating

the stimulation train. Similarly, the frequency indicates the number of individual



pulses delivered per second. Finally, the amplitude refers to the voltage of each pulse

delivered. The parameters of amplitude, frequency, and pulse width determine the

strength of the induced diaphragmatic pacing.

In some embodiments, the stimulation trains form ramp trains. For example,

ramp trains can be formed by linearly increasing (or decreasing) either the

instantaneous frequency of consecutive pulses in a train, the durations (pulse widths)

of consecutive pulses in a train, or both. Ramp trains indicate that a change in

injected charge is induced by the programmed stimulation parameters and any applied

modulation.

Variations in pulse width and frequency modulation allow different ramp train

envelopes to be designed. Referring to FIGURE 9, ramp envelopes can be generated

during a single pacing ramp in pulse width alone, frequency alone or both in pulse

width and frequency. Pulse width and stimulus frequency envelopes can be

modulated together or combined, as shown in the examples of FIGURE 10, during

pacing to generate a desired ramp train. For example, combination AF will cause a

graded recruitment of the phrenic motoneurons at a constant frequency (no rate

coding) and Combination BA will gradually recruit and de-recruit the motoneurons,

with a steadily increasing rate coding; although any combination is possible. It will

also be possible to alter the rate of recruitment and de-recruitment (slope) of

motoneurons, independent of the rate coding, by adjusting the relative percentage of

pulse width increase and decrease duration within a single pacing ramp. Further, the

pulse width and frequency modulation can be defined mathematically as piecewise

functions in time, thereby allowing any desired ramp envelope to be generated while

remaining within the scope of the present disclosure.

Although a large set of ramp trains can be generated, there will be some

embodiments where the ramp trains aim to achieve one or more of the following: 1)

mimic physiological contraction of the diaphragm by independently controlling

recruitment and rate coding by means of pulse width and frequency modulation,

respectively; 2) delay the onset of neuromuscular fatigue; 3) maintain the native fiber

composition of the healthy diaphragm; 4) condition the diaphragm towards a specific

fiber type, for e.g. Type I (Slow Twitch, Fatigue Resistant).



With the various programmable stimulation trains or ramp trains, a therapy

plan can be constructed by the clinician with or with the aid of the system 20. The

therapy plan constructed by the clinician is patient dependent in order to achieve

various goals. The therapy plan may include one or more of the following: timing of

delivery of pacing in relation to ventilator breaths (e.g., every breath, every other

breath, every five breaths, etc.); intermittent stimulation segments (e.g., stimulation

delivery for 15 minutes every hour), etc. As an example, in a patient who requires

PP V and sedation, a therapy plan would take into consideration both major

objectives of minimizing VIDD and minimizing risk of V1LI. As another example, in

a therapy plan for a patient who able to remain awake during part of the day and

breathe independently for some hours and will soon be attempting to wean, it may be

desirable to not pace while the patient is breathing spontaneously but, conversely, to

pace at a low assistive level during the night while the patient is again sedated and

placed back on PPMV, in order to reduce the peak pressure required for ventilation

and thus reduce risk of VIL1.

In some embodiments, the therapy plan includes the ability to skip stimulation,

sometimes referred to as skipped breaths, which allows for a ventilator breath to be

delivered without being accompanied by stimulation from the system 20.

Additionally or alternatively, the therapy plan may include sigh breaths. Sigh breaths

are characterized as intermittently programmable breaths that inject more charge than

a normal breath (i.e. a higher magnitude stimulation train). Physiologically, this

results in a more forceful contraction of the diaphragm. Both functions are

programmable independently and can be repeatable. For sigh breaths only, the

percentage increase in amplitude is programmable based on the amplitude of a typical

paced breath. It is possible to implement these features independently or combined.

FIGURE 13A-C illustrate an example of skipped breaths, sigh breaths, and a

combination of skipped breaths and sigh breaths, respectively. FIGURE 13A is an

example of skipped breaths, where the system 20 skips every 3rd breath. This means

that during the skipped breath, the patient receives the ventilatory support entirely

from the ventilator 32. During the skipped breaths, respiratory mechanics such as

tidal volume, compliance of the lungs, resistance to airflow or the recruitment of the

lung regions may vary. FIGURE 13B is an example of sigh breaths generated by the



system 20 while operating in synchrony with the ventilator 32. In this example, a sigh

breath is delivered every 3rd breath. Depending upon whether flow is controlled or

pressure controlled, the sigh breaths can alter the respiratory mechanics. This feature

mimics a feature of spontaneous breathing namely, variable tidal volume.

FIGURE 13C is an example of both skipped and sigh breaths being administered in a

periodic manner by the system 20.

The stimulator 24 in some embodiments is configured to generate constant-

amplitude current pulses with pulse duration in the range from 50-300 microsec,

controllable in increments of 10 microsec. The amplitude and duration of each pulse

in a train can be independently programmed. The amplitude of pulses can be selected

between 0.1 and 10 mA in 0.1 mA increments. The main parameter that determines

whether a stimulus pulse will be sufficient to activate a nerve axon (reach its threshold

to fire an action potential) is the charge delivered by the stimulus, where charge (in

nC) = pulse current amplitude (in mA) x pulse duration (in microsec). In this regard,

the stimulator 24 can produce pulses in the range from 5 nC to 3000 nC and the

charge per pulse can be specified in increments of 1 nC.

FIGURE 4 shows a schematic diagram of one embodiment of the

stimulator 24. As shown in FIGURE 4, the stimulator 24 includes a controller 60,

which receives signals sensed from one or more sensors 48 and/or the breath

sensor 50. The stimulator 24 may also include a timer 64 coupled to controller 60,

and a power source 68. The controller 60 is coupled to a pulse generation circuit 70,

which delivers stimulation signals to one or more of the electrodes 28 via leads 40. In

one embodiment, the components described above are coupled via bus 72. In some

embodiments, the power source 68 of the stimulator 24 includes one or more

batteries. In other embodiments, the power source 68 includes a power regulation

section that receives power from standard "mains," and transforms it into appropriate

power for the circuitry of the stimulator 24.

Those skilled in the art and others will recognize that the controller 60 serves

as the computational center of the stimulator 24 for carrying out logic or by

supporting the execution of routines, instructions, etc., for providing functionality to

the stimulator 24. In that regard, the logic, routines, instructions, etc., described



herein may be implemented in hardware, in software, or a combination of hardware

and software.

In some embodiments, the controller 60 includes one or more processors and

memory. The logic, routines, instructions, etc., may include a set of control

algorithms, including resident program instructions and calibrations stored, for

example, in the memory and executed to provide a desired functionality of the

system 20. The algorithms may be executed during preset loop cycles such that each

algorithm is executed at least once each loop cycle. Algorithms stored in non-volatile

storage medium can be executed by the processor to: 1) monitor inputs from the

sensors 48, 50 and other data transmitting devices or polls such devices for data to be

used therein; 2) cause the pulse generator to generate and transmit one or more pulses

to the electrodes 28; and 3) regulate the diaphragm output of the patient, among other

functions. Loop cycles are executed at regular intervals, for example each 3.125,

6.25, 12.5, 25 and 100 milliseconds during ongoing operation of the system 20.

Alternatively, algorithms may be executed in response to the occurrence of an event.

As used herein, the term processor is not limited to integrated circuits referred

to in the art as a computer, but broadly refers to a microcontroller, a microcomputer, a

microprocessor, a programmable logic controller, an application specific integrated

circuit, other programmable circuits, such as programmable gate arrays, combinations

of the above, among others. In some embodiments, the controller 60 may include

additional components including but not limited to a high speed clock, analog to

digital (A/D) and digital to analog (D/A) circuitry, input/output circuitry and devices

(I/O) and appropriate signal conditioning and buffer circuitry.

It will be appreciated that the signals received from the sensors 48, 50 may be

processed by an optional signal processing section 80 prior to arriving at the

controller 60. For example, the signal processing section 80 may include dedicated

circuits, processors, such as digital signal processors (DSP), etc., for receiving,

processing and filtering electrical signals sensed by the sensors associated with the

subject and/or the ventilator 32. Signal processing section 80 can include amplifiers

and circuits to condition, filter and/or amplify the electrical signals supplied thereto.

In some embodiments, the signal processing section 80 carries out discrete tasks, such

as the determination of one or more physiological states. One physiological state that



can be determined by signal processing section 80 is a patient's minute volume or

ventilation. Minute ventilation is a respiratory related parameter that is a measure of

the volume of air inhaled and exhaled during a particular period of time. The minute

ventilation is the product of respiration rate and tidal volume. Signal processing

section 80 can also be used to receive and process signals representing other

respiratory activity such as intrathoracic pressure, chest wall motion, etc. Of course,

the determination of one or more physiological states, processing of signals,

implementation of logic or processes, etc., can be carried out solely by the controller

60.

Still referring to FIGURE 4, the stimulator 24 includes one or more input

devices 86. The input devices 86 may include switches, knobs, etc., supported by the

housing of the stimulator, and/or computer style devices, such as a keyboard, a

touchpad, etc. The input devices 86 provide for the input of data, such as the pacing

parameters, ventilator parameters, etc., into the stimulator 24. Output devices 92,

such as a monitor, may also be provided.

In accordance with aspects of the present disclosure, one or more

embodiments of the system 20 can be operated in various pacing modes. The pacing

modes may be alternatively employed by a clinician, depending on the clinical status

and needs of each patient and on the operational properties of a ventilator, such as

ventilator 32, which may be available in a particular ICU. The pacing modes can

include but are not limited to Ventilator-Initiated Pacing Mode, Pacer-Initiated

Ventilation Mode, and Autonomous Pacing Mode. Those skilled in the art will

understand that these modes may be engaged in many ways to generate different

combinations of system functionality, but for reasons of brevity all possible

combinations are not listed herein. Each of these modes will now be described in

some detail.

The first mode of the system 20 to be described herein is the Ventilator

Initiated Pacing Mode. As will be described in more detail below, this mode operates

the stimulator 24 in synchrony with the operation of the ventilator 32. This mode can

work with any mechanical ventilator in control mode, whereby the flow or pressure is

controlled by the ventilator and delivered at a pre-determined frequency (breath rate).

Delivery of stimulation ramp trains generated by the stimulator 24, such as any of



those shown in FIGURES 9 and 10, can be synchronized with the ventilator 32 in

several ways, some of which are shown in FIGURES 11 and 12. For example,

stimulation can begin at any time before, during, or after the onset of the inspiratory

phase of the ventilator 32 and/or can end at any time before, during, or after the end of

the inspiratory phase of the ventilator 32.

Turning now to FIGURE 14, there is shown one example of a routine 100

configured to carry out one or more functions of the system 20, including the

Ventilator Initiated Pacing Mode. As will be appreciated by one skilled in the art, the

logic or routines described herein may represent one or more of any number of

processing strategies such as event-driven, interrupt-driven, multi-tasking, multi¬

threading, and the like. As such, various acts or functions illustrated may be

performed in the sequence illustrated, in parallel, or in some cases omitted. Likewise,

the order of processing is not necessarily required to achieve the features and

advantages, but is provided for ease of illustration and description. Although not

explicitly illustrated, one or more of the illustrated acts or functions may be repeatedly

performed depending on the particular strategy being used. Some of the functions

carried out by the routine can be combined or can be further separated into additional

steps or acts.

As shown in FIGURE 15, the routine 100 begins at block 102, where the

system is initialized. Initialization allows a clinician to program the system 20, for

example, by inputting via input devices 86 various system parameters according to a

therapy plan. As was described in some detail above, the therapy plan can include a

level of diaphragm contribution and the prescribed assist level if not already known

by the system 20 or derivable from other data known by system 20. In some

embodiments, the level of diaphragm contribution can be entered as either a

percentage of prescribed assist level or as tidal volume, pressure or both volume and

pressure, or as a parameter derived from volume and pressure.

In some embodiments, the clinician can input the prescribed assist level for the

patient depending upon clinical status. The prescribed assist level in some

embodiments is programmed as tidal volume. Alternatively, it can also be

programmed as: (1) a desired amount of pressure generated by the diaphragm; (2) the

product of pressure and volume, referred to as Work of Breathing (WOB) shown in



FIGURE 21; (3) the integral of pressure with respect to time, referred to as Pressure-

Time Product (PTP); (4) indices derived from the monitored variables, such as

Pressure-Time Index (PTI); or (5) a reduction in the airway pressure attained by

PPMV plus Pacing, when compared to PPMV alone. The prescribed assist level can

be set in terms of one of the parameters mentioned above or as a combination of one

or more of these parameters, while remaining within the scope of the claimed subject

matter.

Along with the diaphragm contribution level, the clinician can program the

system 20 with one or more stimulation parameters, such as amplitude, duration,

frequency, etc., that are capable of recruiting the diaphragm in order to satisfy the

diaphragm contribution level (e.g., in volume or pressure, or both). In other

embodiments, as will be described in detail below, some of the stimulation parameters

which correspond to the diaphragm contribution level, may have been previously

programmed into or obtained by the system 20.

The clinician may also enter the amount of therapy to be provided per 24 hour

period. For example, the clinician may wish to administer therapy for eight (8) hours

out of each 24 hour period. The therapy can be administered consecutively for 8

hours, or can be segmented into time period blocks (e.g., 2 hrs., 1 hr., 30 minutes, 15

minutes, etc.), which can be either constant or variable. If variable, the time period

blocks can form a repeatable pattern, if desired. The therapy may also vary the

diaphragm contribution throughout the period of administered stimulation. In some

embodiments, the clinician can program sigh breaths or skipped breaths, as described

above with reference to FIGURE 13A-C. The clinician can further enter one or more

ventilation parameters, such as ventilator operating mode, breath cycle timing (i.e.,

breaths per minute), etc. It will be appreciated that other data may be entered by the

clinician during the initialization stage for providing functionality to the system 20.

Returning to FIGURE 14, the routine 100 proceeds to block 104, where the

respiratory cycle of the patient and/or the ventilator are monitored. In one

embodiment, the routine 100 carries out a breath detection algorithm, which uses data

from the breath sensor 50 and detects the different phases of ventilator breath or a

spontaneous breath, such as inspiration phase, inspiration pause, expiration phase and

expiration pause. Further, the breath detection algorithm can quantify the different



attributes of a breath such as duration of any of the breath phases mentioned above.

The breath detection algorithm can use any of the monitored signals, such as flow,

volume or pressure to evaluate a series of conditional expressions to identify and/or

calculate the attributes of a breath cycle. The method of identifying and/or calculating

the attributes of a breath cycle may include, but is not limited to, Slope Threshold

Detection, Amplitude Threshold Detection or a combination thereof. Furthermore,

the breath detection algorithm can store and/or process waveform data of the current

breath or any set of previous breaths. The breath detection algorithm may also

facilitate the operation of the system in an event-predictive or in an event-triggered

manner. In case of detection of a spontaneous breath, the system may either stop

ongoing stimulation, continue stimulating so as to add to the spontaneous breath, or

skip the next breath.

Next, at block 106, synchrony between the ventilator 32 and the

administration of pacing therapy is maintained. This ensures that diaphragm pacing

by stimulation signals emitted by the electrodes is synchronized with each breath

administered by the ventilator 32. If an uncoupling is suspected, pacing may be

skipped and resumed as soon as the ventilatory pattern stabilizes again. In other

embodiments, the pacing can continue while synchrony is reestablished. In some

embodiments, synchrony is determined by comparing the attributes of at least one

previous breath cycle (e.g., 12 breaths per minute, etc.) with the attributes of the

current breath cycle of the ventilator 32 as determined via processing of the signals

from the breath sensor 50 and/or one or more of the sensors 48.

From block 106, the routine proceeds to block 108. At block 108, the

diaphragm output (e.g., tidal volume, pressure, or a combination of the two) is

regulated to ensure the programmed prescribed assist level is satisfied. In this regard,

in some embodiments, the system 20 monitors the data from one or more of the

sensors 48 and/or sensor 50 for determining the diaphragm contribution (tidal volume,

pressure, or both) for each ventilator breath. This may be calculated from the

measured output (i.e., the sum of diaphragm contribution and ventilator contribution)

of each ventilator breath or can be calculated directly from the sensor data. If the

diaphragm output (or diaphragm contribution) from the previous administered

stimulation signal is within a preselected range, the programmed stimulation



parameters are maintained, and will be subsequently employed to generate the

stimulation train for therapy administration at the next breath.

If the calculated diaphragm contribution resulting from the last administered

stimulation signal differs from the target diaphragm contribution value by more than a

preselected amount, the stimulation parameters may be modified (e.g., amplitude

and/or duration are increased) so as to maintain the diaphragm output within a desired

range. Such a difference between the calculated diaphragm contribution responsive to

the last administered stimulation signal and the programmed diaphragm contribution

value can be seen as a change in either the pressure (in Volume-Controlled

Modes/Ventilators) or as a change in tidal volume (in Pressure-Controlled

Modes/Ventilators) or as a change in any signal sensed by one or more of the

sensor(s) 48 or sensor 50. The modified stimulation parameters are then stored in

memory. In some embodiments, the system 20 operates in accordance with a "closed-

loop" feedback scheme to regulate the diaphragm output during operation of the

system 20, one example of which is shown in FIGURE 15.

In some embodiments, an evaluation is carried out to determine the reason for

such a drop in tidal volume or pressure. For example, in some embodiments, the

discrepancy in reaching the diaphragm contribution target may be due to a

displacement of a stimulation electrode away from an optimal position. In other

embodiments, the discrepancy or variability in tidal volume or pressure between

breaths can be attributable to either changing respiratory mechanics of the patient or

to time-dependent fatigue of the higher force producing fast-fatigable (Type lib)

fibers.

Changes in respiratory mechanics may include changes in airway resistance

and/or compliance of the lungs/chest wall. For example, in the embodiment shown in

FIGURE 16, the tidal volume is controlled during all breaths, representing a ventilator

operating in a Volume Controlled Mode. If any changes occur to the resistive load or

the compliance load, these will be reflected as changes in the airway pressure

represented in the plot below the tidal volume. In the example of FIGURE 16, the

first two breaths illustrate the baseline level of airway pressure when pacing the

diaphragm in synchrony with the ventilator 32. On the 3rd breath, the system



encounters a change in compliance load, which can be inferred from the increased

peak airway pressure and change in slope of the airway pressure waveform.

In the 4th breath shown in FIGURE 16, the system 20 can validate the

measured drop in compliance and assumes it is due, for example, to a reduction in

force contribution of fast fatigable Type b fibers. By the 5th breath, the system 20

has adjusted its pacing parameters to restore the desired level of diaphragm

contribution (negative pressure) to the overall ventilatory assist system, thereby

returning the airway pressure to the prescribed assist level.

It will be appreciated that similar principles can be applied to a pressure

controlled ventilator, where changes in respiratory mechanics may be indicated by

changes in tidal volume between breaths. The system 20 may be configured to

adaptively modify the pacing parameters to return the tidal volume to the prescribed

assist level.

As described above, the discrepancy or variability in tidal volume or pressure

between breaths can be also attributable to time-dependent fatigue of the higher force

producing fast-fatigable (Type lib) fibers. For example, FIGURE 17A illustrates a

natural progressive decline in the percentage of Type lib Fast Fatigable Motor Units

contributing to force development. Initially, Type lib Motor Units can produce much

larger forces than Type I Motor Units and their larger diameter axons are also easiest

to be recruited by electrical stimulation. Therefore, a low level of intensity of phrenic

nerve stimulation is initially sufficient to produce the diaphragm contribution level, as

illustrated by FIGURE 17B. As shown schematically in FIGURE 18, initially perhaps

only 15% of all motor units in a phrenic nerve need to be recruited by the system 20

to meet the prescribed force/pressure levels of the diaphragm contribution.

As shown in FIGURE 17, Type lib Motor Units tend to fatigue and produce

less force with the passage of time, leading to a decline in the force (Diaphragm

Contribution) below the programmed level of diaphragm contribution. To maintain

the diaphragm contribution, the intensity of stimulation can be progressively

increased so as to recruit additional Type I and Type Ila Motor Units. As a result, the

stimulation spreads across a higher cross-sectional area (e.g. 30%) of the phrenic

nerve to recruit more Type I and Type II Motor Units and the prescribed force is

produced.



The force declines again as the Type lib Motor Units present in the newly

activated cross-section of the phrenic nerves, fatigue in turn. At this point the pacing

intensity is increased again by the pacing control system in order to activate an even

larger cross-sectional area of the phrenic nerve, recruiting more Motor Units to

reestablish the force output. This progressively increasing activation of the phrenic

nerve continues and finally up to 100% of the phrenic nerve motor units may be

recruited. Eventually all the Type lib Motor Units are knocked out by fatigue and

only the Type I and Type lla Motor Units continue to contribute force.

It will be appreciated that the increase in the stimulation may be a simple

linear equation or a complex equation with weights assigned to the proportion of

available fibers and their fatigue resistant properties. The loss of force may be

attributed specifically to the fatigue of the fast fatigable fibers, using parameters such

as Maximum Relaxation Rate and half-relaxation time. The changes in slope of the

first half of the diaphragm relaxation curve indicative of the relative contribution of

Type I and Type II fibers to force development may also be used. Other parameters

specific to fatigue such as Pressure-Time Index, Expiratory Time Constant, EMG

(and any derived parameters thereof such as power spectrum), Ratio between slow

and fast twitch amplitudes, may also be employed to infer the varying conditions and

to determine the modified stimulation parameters.

In another embodiment, the closed-loop control strategy may include using

doublets/triplets in response to contractile slowing accompanying fatigue of the

diaphragm Motor Units. When fatigue is detected by the system 20, the stimulation

pattern is automatically changed to include doublet/triplets and otherwise lower

stimulation frequency, as this form of stimulation is known in the art to optimize force

production in fatiguing/fatigued motor units. Once the fatigued motor units have

recovered their strength, the stimulation pattern can again be changed to moderate

stimulation frequency with or without doublets. This closed-loop scheme allows for

continuous pacing of the diaphragm irrespective of the onset or progression of fatigue,

also reduces the number of stimulation pulses delivered and protects the muscle from

potential injury that could be caused by over-stimulation.

Returning to FIGURE 14, the stimulation therapy is administered at

block 110. Administration of the stimulation therapy includes generation of a



stimulation signal, such as a stimulation or ramp train. Depending on the result of

block 108, the stimulation signal is generated in accordance with either the original

stimulation perimeters or the stimulation parameters as modified in block 108

described above. Delivery timing of the stimulation ramp train is also determined at

block 110. For example, the routine can determine the appropriate timing for phrenic

nerve stimulation in relation to the actual breath cycle of the ventilator 32. Generally

described, the routine controls the timing of stimulation according to pre-defined

rules, based on parameter estimates from the breath detection algorithm, etc. The pre¬

defined rules can include whether stimulation begins at any time before, during, or

after the onset of the inspiratory phase of the ventilator 32, which is shown in

FIGURES 11 and 12, or whether stimulation begins during the expiratory phase, as

shown in FIGURE 24.

For example, depending on the ventilator mode, the system 20 can trigger off

pressure or airflow signals. Once the inspiration/expiration phases have been

determined, such as in block 104, to stimulate during the inspiration phase, the

stimulation train can either be started by triggering off the start of the expiration phase

followed by a delay or the start of the inspiration phase, as shown in FIGURE 23.

Triggering off the start of the expiration phase allows stimulation to be generated

prior to the start of the inspiration phase to maximize diaphragmatic force during the

inspiration phase. In addition, stimulation during the expiration phase can be

achieved by triggering off the start of the expiration phase or the start of the

inspiration phase with a delay, as shown in FIGURE 24. While using the inspiration

or expiration start is preferred, the end of the inspiration/expiration periods could

conceivably be used as well. Furthermore, it is also possible to provide delayed

stimulation such that stimulation would begin in the middle of the inspiration phase

for example.

Once timing is determined, the routine at block 110 delivers the stimulation

pulses to the stimulating electrodes 28 at the appropriate time for transmission

therefrom. The routine returns to block 104 until the time period for therapy has

expired or a clinician halts operation of the system 20.

In some embodiments, the system 20 may assist the clinician in determining

the appropriate level of diaphragm contribution to be input into the system 20. In that



regard, the diaphragm contribution can be dependent on the condition of the patient's

diaphragm. For example, in a patient that has only a maximum diaphragm output of

750 mL and the clinician intends to target an assist level of 500 mL, the clinician may

unknowingly choose a diaphragm contribution level that would require delivery of the

maximum stimulation charge, which will cause premature fatigue, etc. Given this

patient's present diaphragm condition, the clinician may wish to choose a much lower

percentage so that the stimulation charge is in-between the threshold charge and the

supra-maximal charge.

Thus, in some embodiments, in order to appropriately select the diaphragm

contribution level, the condition of the diaphragm and the respiratory system is first

assessed by the system 20. In that regard, the system 20 is configured to run one or

more assessments on the patient's diaphragm and/or respiratory mechanics. The

assessment determines the maximum diaphragm output (in volume, pressure, or both)

and other parameters such as the fatigue characteristics of the diaphragm, the

resistance, compliance and relaxation characteristics of the respiratory system and its

components, etc.. The assessment can be also run in-between or during periods of the

operation of the system 20 in synchrony with the ventilator 32. These tests can either

be run by shortly disconnecting the patient from the ventilator 32 and pacing the

diaphragm in isolation or can be run with the patient connected to the ventilator 32 by

employing a sequence of pauses in the operation of the ventilator 32 during which the

diaphragm is paced in isolation. The sequence of pauses may either be employed

manually by the clinician, or natural pauses that are part of a regular ventilator breath

cycle (such as an End-Inspiratory Pause or an End-Expiratory Pause) may be

automatically identified and used by the system 20.

Generally described, after the flow of gas from the ventilator 32 is

momentarily occluded, the maximal static pressures generated by the diaphragm in

response to supramaximally stimulating the phrenic nerves to elicit twitch, ramp, or

tetanic contractions of the diaphragm are measured as well as the diaphragm

relaxation characteristics during the inspiration and expiration phases. The

assessment can pace the diaphragm in isolation with a preset duty cycle to assess

diaphragm function with regard to its strength and endurance properties. From the

data sensed by one or more sensors 48 and/or the sensor 50, measures and/or indices



can be derived that include, but are not limited to, Maximum Static/Dynamic

Inspiratory Pressures, Inspiratory Capacity, Pressure-Volume loop relationships,

Work of Breathing, Pressure-Time Product, Pressure-Time Index, EMG, Maximum

Relaxation Rate, and Expiration Time Constant. Diaphragm fatigue can be induced

by continuous or intermittent stimulation of the phrenic nerves to assess endurance

limits and to detect the presence of low frequency and/or high frequency fatigue. As

the normal values for most of the calculated or derived parameters have a wide

normal range, serial measurements set apart in time ranging from a few minutes to

days, can be done on a patient by the pacing system to provide a complete picture of

evolving changes in the diaphragm strength and endurance of the patient.

In some embodiments, a knowledge-based algorithm may be used to monitor

instantaneous and/or trend data of the monitored signals. Such instantaneous and/or

trend data may allow the assessment to predict weaning readiness of the patient and/or

a time course for weaning. Such capability can also be extended to make the

diaphragm assessment tests as a standalone screening and/or confirmatory tool by

clinicians in the ICU, as the method of transvascular pacing of the diaphragm enables

the clinician to assess the true status of the diaphragm in the absence of confounding

factors (such as decreased central drive) usually associated with voluntary breathing

maneuvers.

Once the maximum diaphragm output is determined, the diaphragm

contribution level can be chosen with knowledge of the relationship between the

prescribed assist level and the maximum diaphragm output. In order to understand

this relationship, the controller 60 in some embodiments, via one or more subroutines,

can recursively estimate the percentage of maximum diaphragm output required to

generate 100% of the prescribed assist level. Of course, this and other calculations

can be made on a separate computer system and imported or otherwise inputted into

the controller 60 prior to operation of the system 20. One example of this recursive

estimate is shown in FIGURE 19.

In some embodiments, and described generally above, the clinician has the

option to adjust the diaphragm contribution during operation of the system 20 from 0

to 100% of the prescribed assist level, as illustrated by the dial of FIGURE 20,

depending upon the status of the patient and the therapeutic goal.



FIGURE 20A illustrates an example of setting the desired diaphragm

contribution to 75% of the prescribed assist level (i.e., the target diaphragm

contribution level). In this example, the remaining 25% of the ventilatory work is

carried out by the ventilator 32. The clinician can therefore adjust the ventilator

settings to contribute 25% of the ventilatory work, either as tidal volume or as

pressure assist, as illustrated by the bottom plot of FIGURE 20A. FIGURE 20B

illustrates another example of setting the desired diaphragm contribution to only 25%

of the prescribed assist level (i.e., the target diaphragm contribution level). In this

example, the remaining 75% of the ventilatory work is carried out by the ventilator

32. The clinician can therefore adjust the ventilator settings to contribute 75% of the

ventilatory work, either as tidal volume or as pressure assist, as illustrated by the

bottom plot of FIGURE 20B. Alternatively, the PPMV can be set to a mode where

the remaining portion of the prescribed assist level is determined and adjusted

automatically by the ventilator on an Inter-Breath or Intra-Breath basis (e.g. Pressure

Regulated Volume Control Mode). In some embodiments, the system 20 also

calculates or otherwise obtains the stimulation characteristics that correspond to the

diaphragm contribution. In other embodiments, the clinician can enter data indicative

of these stimulation characteristics.

In some embodiments, the condition of the diaphragm is periodically

reassessed after the therapy has been administered for a period of time (e.g. 12 hours,

1 day, etc.). For example, as described briefly above with regard to the closed-loop

control method for regulating the diaphragm output, the variability in volume or

pressure between breaths in some instances is attributable to changing respiratory

mechanics of the patient, including changes to airway resistance and/or compliance of

the lungs/chest wall. In other embodiments, the diaphragm muscle, through the

administration of the therapy, has strengthened, and thus, the diaphragm contribution

can be increased or the intensity of stimulation can be decreased to adjust the

diaphragm contribution. In these cases, it may be beneficial to periodically reassess

the diaphragm and optimize pacing therapy accordingly, after therapy has been

initiated.

One example of a routine for measuring changes in the diaphragm condition

without removing the patient from the ventilator 32 is shown in FIGURE 22. Similar



to the diaphragm assessment described above, a successive approximation routine in

some embodiments can be used to determine the optimal parameters of stimulation for

the patient.

As best shown in FIGURE 22, the routine 200 begins with the clinician

providing the initial system parameters, which may include maximum allowable

stimulation parameters. Stimulation parameters can be provided either as a predefined

stimulation train with fixed duration such that the stimulation train is fully defined by

the user using methods as previously described or as a stimulation train in which the

number of pulses and the train duration are based on the detected ventilator

inspiration time. Next, the routine carries out the breath detection algorithm to detect

the inspiration and expiration phases using the flow/pressure data sensed by breath

sensor 50. In addition, the flow and pressure data for one or more breaths without

stimulation are collected and stored.

Depending on the ventilator mode, the system 20 can trigger off pressure or

airflow signals. Once the inspiration/expiration phases have been determined, to

stimulate during the inspiration phase, the stimulation train can either be started by

triggering off the start of the expiration phase followed by a delay or the start of the

inspiration phase, as shown in FIGURE 23. Triggering off the start of the expiration

phase allows stimulation to be generated prior to the start of the inspiration phase to

maximize diaphragmatic force during the inspiration phase. In addition, stimulation

during the expiration phase can be achieved by triggering off the start of the

expiration phase or the start of the inspiration phase with a delay, as shown in

FIGURE 24. While using the inspiration and expiration start are preferred, the end of

the inspiration/expiration periods could conceivably be used as well. Furthermore, it

is also possible to provide delayed stimulation such that stimulation would begin in

the middle of the inspiration phase for example.

Flow, volume, and/or pressure data, or derived parameters thereof, for at least

one breath with stimulation is recorded. For the data with stimulation as well as

without, if more than one breath of information has been recorded the data can be

averaged together. The collected flow/volume/pressure data with stimulation is then

subtracted from the collected flow/volume/pressure data without stimulation. The

difference, calculated as an area (and shown as the blacked-out area), can be used as a



relative measurement of force generated by the diaphragm, and is shown in

FIGURE 26. In the case of a pressure controlled ventilation, the difference in volume

(area under flow curve) would be used as the measurement. In the case of a volume

controlled ventilator, the area under the pressure graph would be used as the

measurement.

FIGURE 27 is one example of another assessment routine 300 carried out by

the system 20. The assessment routine 300 can be used to guide the placement of

endovascular electrodes during normal ventilator operation (i.e., without interference

to the ventilator operation or disconnecting the ventilator), and can assess the

diaphragm recruitment in response to varying (decreasing or increasing) stimulation

charges. When executing the assessment routine 300, the system 20 can administer

low-frequency stimulation (such as 1 Hz to 5 Hz), during one or more quiet expiratory

periods, to elicit unfused diaphragm contractile responses in the form of single

twitches. The charge delivered can be progressively increased to build a complete

nerve recruitment curve for each endovascular location, and the operator can define

across how many breath periods this stimulation is delivered. The system 20 can

analyze this stimulation and response information to algorithmically estimate the best

position of the electrodes to stimulate one or both phrenic nerves using minimal

amounts of charge (highest degree of efficiency). During this assessment routine, the

system 20 can also gather information regarding the relationship between the

stimulation train profiles and the corresponding diaphragm response, including

diaphragm output (in volume, pressure, or both). Some stimulation parameters that

may be obtained include but are not limited to Threshold Pulse Width and Supra

maximal Pulse Width required to recruit each phrenic nerve from appropriate

endovascular electrode locations.

As exemplified in FIGURE 28, the stimulation charges in routine 300 can be

programmed to periodically occur during periods of baseline flow/volume, which can

occur at the end-expiratory pause of the ventilator breath cycle, which can also be

referred to as the end-expiratory delay. The benefit of selective stimulation during the

end-expiratory pause is that the length of the diaphragm muscle fibers is the same

before each stimulus is delivered and thereby establishes standardized conditions for

obtaining comparable results. This provides a standard baseline to compare the



diaphragm twitch responses and can guide the placement of the endovascular

electrodes.

This period of zero volume can be determined prior to stimulation to

determine the duration of the end-expiratory pause. In that regard, FIGURE 29

illustrates one example of a routine 400 for determining the duration of the end-

expiratory pause. With this routine, flow data is collected and the end expiratory

pause is estimated. In some embodiments, volume of the inspiration and expiration

phases are calculated. The point at which the expired volume reaches a user-

programmable percentage of the inspiration volume is used as the start time for the

end-expiratory pause. In one embodiment, the percentage used as a default is 85% of

the inspired volume. In some embodiments, volume is used as it is less influenced by

noise than other measures.

While using volume data in some embodiments is one technique, this does not

preclude using other measures of the end expiratory phase such as a slope close to

zero or simply using a fixed time interval at the end of the expiration phase as the end

expiratory pause. In other embodiments, the system 20 can compute relaxation

characteristics of the respiratory system, such as Expiratory-Time Constant (i.e. time

required to exhale a certain percentage of the air from the lungs) to determine the

ideal end-expiratory pause duration and prompt the clinician to adjust the ventilator

settings accordingly. At any point in the assessment, the user has the ability to

manually override the system and select the duration of the end-expiratory pause as a

percentage or absolute value of the measured expiratory phase duration.

Returning to FIGURE 27, the assessment routine 300 will be described in

some detail. Routine 300 begins at block 302 with the clinician providing the initial

system parameters or accepting internal default values, which may include the

characteristics of a low-level starting stimulation signal, the maximum stimulation

level, the estimated duration of the end-expiratory pause, one or more ventilator

parameters, etc. In some embodiments, the characteristics of the low-level starting

stimulation signal are based on the estimated duration of the end-expiratory pause.

Next, at block 304, the breath detection algorithm described above can be

employed to synchronize the administered stimulation with the end-expiratory pause

period of the ventilator 32. For example, the breath detection algorithm can be



employed to identify the period of interest during a breath cycle when stimulation can

be delivered, as shown in FIGURE 28. The diaphragm being a skeletal muscle, its

force output changes with its length, as described by its length-tension relationship.

Therefore, it is beneficial to stimulate the diaphragm near its resting length, as it

provides a standard baseline to compare the diaphragm twitch responses. The resting

length of the diaphragm is reached at the end of every expiration phase, as the lungs

reach their Functional Residual Capacity. Therefore the inspired and expired volumes

can be monitored to provide a non-invasive estimate of when the lungs reach

functional residual capacity. In addition, signals from one or more of the sensors 48

and/or sensor 50, such as pressure signals in the form of esophageal or intrathoracic

pressure can be used to confirm that the lungs have reached Functional Residual

Capacity.

At block 306, based on the aforementioned monitored parameters, a

determination is made as to whether the patient's lungs have returned to Functional

Residual Capacity as the ventilator carries out the breath cycle. When it is determined

that the Functional Residual Capacity is reached, the system 20 administers a starting

stimulation signal at block 308 and then monitors and measures the diaphragm

response to the administered stimulation at block 310. Signals that can be monitored

and measured to quantify the diaphragm response may include, but are not limited to,

EMG, Airway Pressure, Airway Flow, Intra-Thoracic Pressure, Pleural Pressure,

Central Venous Pressure, Thoraco-abdominal motion, various patient impedances,

etc.

Next, a determination is made at block 312 as to whether the next ventilator

breath is about to begin. Estimated end expiratory pause duration and/or the

monitored signals from sensors 48, 50, can aid in this determination. If not, the

routine 300 increases the intensity of the stimulation at block 314 and returns to

block 308 to administer the increased intensity pulse. If the next ventilator breath is

about to begin, stimulation for the current breath is stopped at block 316, the intensity

of the current stimulation level can be increased at block 318, and the routine returns

to block 304 for another stimulation to be administered in synchrony with the breath

cycle. The routine 300 can continue to loop in some embodiments until either the



preset range of stimulation intensities has been reached or the maximum stimulation

level has been reached.

As the Functional Residual Capacity can change with time, due to factors such

as Extrinsic PEEP or Intrinsic PEEP, the system can also employ validation checks to

confirm that the functional residual capacity (and therefore the diaphragm resting

length) has not changed between breaths. One of the means to perform this validation

is to analyze the trend data of the end-expiratory volume, before stimulating the

diaphragm.

The next mode of operation that can be carried out by embodiments of the

system 20 includes a Pacer-Initiated Ventilation Mode. FIGURE 30 illustrates one

example of a routine 500 executed by the system 20 to carry out one or more

functions, including the Pacer-Initiated Ventilation Mode. In that regard, many

mechanical ventilators have an assist/support mode, whereby ventilation is provided

when the patient attempts to breathe on their own. In this embodiment, the system 20

can be programmed to trigger the ventilator 32 working in assistive modes by using

stimulation shown by "D" in FIGURE 3 1 (and resultant response from the diaphragm)

to mimic spontaneous effort by the patient, as shown in FIGURE 31. The

ventilator 32 responds to this trigger signal/event and delivers a breath to the patient

(based on parameters set by the clinician) shown by "B" in FIGURE 31. In effect, the

system 20 drives breath delivery from the ventilator 32 (which is opposite from the

Ventilator-Initiated Pacing Mode described above) shown by "C" in FIGURE 31. In

some embodiments, the system 20 does not perform breath detection, and thus, the

breath sensor 50 can be omitted. In some embodiments, the breath sensor 50 may be

used to carry out various assessment routines and feedback schemes. The system 20

can control the rate of pacing via the programmable parameters such as breath rate (in

Breaths per minute), skipped breaths and sigh breaths. Similarly, the Pacer-Initiated

Ventilation Mode can also include one or more of the adaptive functionality, closed

loop control, diaphragm assessment, successive approximation features described

above with reference to Ventilator-Initiated Pacing Mode are also applicable to this

mode.

In the Pacer-Initiated Ventilation mode, the system 20 can use feedback to

ensure proper diaphragm contribution. Some ventilator modes suitable for this



embodiment are Pressure Support Ventilation (PSV), Pressure Regulated Volume

Control (PRVC), Proportional Assist Ventilation (PAV) and Adaptive Support

Ventilation (ASV).

Embodiments of the system 20 can also be operated in Autonomous Mode, or

A-Mode. A-Mode is a life-sustaining mode that can operate independently of the

ventilator 32. FIGURE 32 illustrates one example of a routine 600 executed by the

system 20 for carrying out one or more functions, including the Autonomous Mode.

In that regard, the A-Mode operates in closed-loop control fashion using feedback

from various sensors, such as one or more of the sensors 48, 50. These sensors can be

used to monitor physiological variables that can include, but are not limited to: central

venous pressure, mixed venous oxygen saturation, heart rate and movement activity

levels. A-Mode provides adjustable diaphragmatic pacing to a patient retaining none,

some or all of his/her spontaneous breathing and requiring assisted breathing and can

automatically adjust to the patient's physiological needs and changed activity levels,

as needed.

Although A-mode can be a life-sustaining mode, it may or may not be used in

this capacity (i.e. could be interfaced with a backup ventilator). For example, A-Mode

may be applicable to patients who are permanently dependent on mechanical

ventilators or otherwise in need of continuous pacing from the system 20.

As opposed the embodiments of the system 20 described above for carrying

out the Pacer-Initiated Ventilation Mode and the Ventilator-Initiated Pacing Mode,

embodiments of the system 20 carrying out the A-Mode can be totally implanted

under the skin of the patient in the upper chest area. In this regard, the system 20 is

powered by a power storage source, such as either primary or rechargeable

implantable batteries, and may be integrated with other implantable devices that

support heart or other functions to a patient.

As shown in the embodiment of FIGURE 32, the system 20 operating in A-

Mode involves a closed-loop operation to autonomously pace the diaphragm. This

mode may make use of any patient response signal (feedback) that will help indicate

that pacing is required; these signals include, but are not limited to: oxygen saturation,

end-tidal C02 (EtC02), airflow, heart rate, movement-detecting accelerometer

signals, etc. Pacing is administered continuously in A-mode, and an algorithm is used



to detect and/or modify physiological response signals to determine whether a change

in stimulation pattern, frequency, breath rate, intensity, type, and/or shape profile is

required to elicit the expected response.

The principles, representative embodiments, and modes of operation of the

present disclosure have been described in the foregoing description. However,

aspects of the present disclosure which are intended to be protected are not to be

construed as limited to the particular embodiments disclosed. Further, the

embodiments described herein are to be regarded as illustrative rather than restrictive.

It will be appreciated that variations and changes may be made by others, and

equivalents employed, without departing from the spirit of the present disclosure.

Accordingly, it is expressly intended that all such variations, changes, and equivalents

fall within the spirit and scope of the present disclosure, as claimed.



CLAIMS

1. A method for administering a treatment plan designed for preventing

or reversing diaphragm disuse atrophy in a patient receiving respiratory assistance

from a ventilator, the ventilator providing a breath cycle to the patient, the method

comprising:

monitoring the breath cycle of the ventilator;

administering a pre-programmed stimulation signal via at least one

endovascular electrode to the patient to recruit the phrenic nerve of the patient, and

regulating the diaphragm output of the patient for each paced breath cycle.

2. The method of Claim 1, wherein the start of administration of the

stimulation signal occurs within a time period of the patient's first reception of

respiratory assistance from the ventilator, wherein the time period within one of: 1

hour; 3 hours; 6 hours; 12 hours; 1 day; 3 days; and 1 week.

3. The method of Claim 1, further comprising

obtaining data indicative of at least one of: one or more ventilator parameters;

one or more pacing parameters; and a prescribed assist level of the patient.

4 . The method of Claim 3, wherein the one or more ventilator parameters

includes timing data indicative of the duration of a ventilated breath.

5. The method of Claims 1 or 3, further comprising

maintaining synchrony between the delivery of the stimulation signal and the

ventilator breath cycle.

6. The method of Claim 5, wherein said maintaining synchrony includes

determining the current breath cycle via data from one or more sensors; and

comparing the current breath cycle with the timing data from at least one

previous breath cycle

7 . The method of Claims 1, 3 or 4, wherein recruitment of the diaphragm

provides at least a portion of the prescribed assist level.



8. The method of Claims 1, 3, 4 or 6, further comprising

determining a diaphragm contribution level attributable to the administration

of the stimulation signal, wherein the prescribed assist level is the sum of the

diaphragm contribution level and a ventilator contribution level.

9. The method of Claim 8, wherein the simulation signal includes

stimulation signal characteristics that cause the stimulation signal, when delivered to

the patient, to satisfy the diaphragm contribution level.

10. The method of Claim 9, wherein the diaphragm contribution level is

measured in tidal volume or pressure, individually, in combination, and including

components thereof.

11. The method of Claim 10, wherein the diaphragm contribution level is

dependent on the condition of the patient and the contractile capacity and/or

functional status of the diaphragm.

1 . The method of Claim 11, wherein determining the contractile capacity

includes measuring strength and endurance from the response of the diaphragm to test

stimulation patterns.

13. The method of Claims 1 or 12, wherein the condition of the patient

and contractile capacity of the diaphragm and/or functional status of the phrenic

nerves are assessed prior to the administration of the treatment plan and/or during

administration of the treatment plan.

14. The method of Claim 12, wherein determining the strength and

endurance of the patient's diaphragm includes measuring maximum diaphragm output

and fatigue characteristics of the diaphragm.

15. The method of Claims 1, 3, 4, 6, and 9-12 or 14, wherein monitoring

the breath cycle includes

sensing breath cycle data via a breath sensor discrete from and interfaced with

a breathing circuit of the ventilator and the patient airway; and



determining the inspiration phase and the expiration phase of the breath cycle

and the duration of each phase from the sensed breath cycle data.

16. The method of Claim 5 wherein monitoring the breath cycle further

includes

determining one of the amplitude and rate of change of ventilator output

signals for each breath.

17. The method of Claim 15, wherein administering a stimulation signal

includes

generating a stimulation signal in accordance with one or more pacing

parameters; and

delivering the stimulation signal in relation to a ventilator breath cycle.

18. The method of Claims 1, 3, 4, 6, 9-12, 14, 16 or 17, wherein said

regulating the diaphragm output of the patient for each breath cycle includes

monitoring the diaphragm output in response to the last administered

stimulation signal; and

comparing the diaphragm output of the last administered stimulation signal to

a preset target range.

19. The method of Claim 18, wherein monitoring the diaphragm output in

response to the last administered stimulation signal includes

sensing diaphragm output data via one or more sensors, wherein the

diaphragm output data is indicative of one or more of: air flow, tidal volume,

pressure, and/or parameters derived from combinations of flow, tidal volume and/or

pressure; and

processing the sensed diaphragm data to determine the diaphragm output.

20. The method of Claim 18, wherein said regulating the diaphragm output

of the patient for each breath cycle further includes

modifying the stimulation signal to be administered with the next ventilator

breath if the diaphragm output of the last administered stimulation signal is outside of

the preselected target range.



2 1. The method of Claim 20, wherein the preselected target range includes

a diaphragm contribution level.

22. The method of Claim 20, further comprising

determining a cause if the diaphragm output of the last administered

stimulation signal is outside of the preselected target range.

23. The method of Claim 22, wherein if the cause is due to a variation in

the respiratory mechanics of the patient, then assess the condition of the patient's

diaphragm and respiratory system during administration of the treatment plan.

24. The method of Claim 23, further comprising

reprogramming the stimulation signal based on the condition of the assessed

diaphragm.

25. The method of Claim 24, wherein assessing the diaphragm includes

monitoring data indicative of flow and pressure of the ventilator breath cycle

to determine timing of the end expiration delay, inspiration duration, or expiration

duration;

stimulating the diaphragm with stimulating signals based on the monitored

data of the ventilator breath cycle; and

determining one or more functional characteristics of the diaphragm and

respiratory system, wherein the one or more functional characteristics includes one or

more of Maximum Static Inspiratory Pressure, Inspiratory Capacity, Work of

Breathing, Pressure-Time Product, Pressure-Time Index, EMG, Maximum Relaxation

Rate, and Expiration Time Constant.

26. The methods of Claims 1, 3, 4, 6, 9-12, 14, 16 or 17, wherein the

diaphragm stimulation is targeted to take place during each ventilator breath in order

to reduce positive pressure and reduce the risk of VILI.

27. The method of Claim 1, wherein said monitoring the breath cycle of

the ventilator includes

sensing signals indicative of ventilator inspiration and expiration; and



calculating one or more of: inspiration phase; expiration phase; inspiration

pause; expiration pause.

28. The method of Claim 27, wherein administering the stimulation signal

includes delivery of the stimulation signal contemporaneously with inspiration phase.

29. A transvascular diaphragm pacing system for preventing or reversing

diaphragm disuse atrophy in a patient receiving respiratory assistance from a

ventilator, the system comprising:

at least one endovascular electrode configured to transmit a stimulation signal

delivered thereto, the stimulation signal configured to recruit a phrenic nerve of the

patient, the stimulation signal having one or more stimulation parameters;

one or more sensors configured to sense breath cycle signals from an

associated ventilator and diaphragm response from recruitment of the phrenic nerve;

a pulse generator coupled in electrical communication with the at least one

endovascular electrode;

at least one input device configured to input data indicative of one or more

aspects of a therapy plan; and

a controller coupled in electrical communication with the one or more sensors,

the at least one input device, and the pulse generator, the controller programmed to:

receive input data indicative of one or more aspects of the therapy

plan, wherein the input data includes sensed signals indicative of ventilator operation

and one or more pacing parameters;

monitor the breath cycle signals and determine the inspiration phase

and expiration phase of the breath cycle;

generate the stimulation signal according to the one or more pacing

parameters and delivering the generated stimulation signal to the at least one

endovascular electrode at a preselected time of the ventilator breath cycle; and

regulate the diaphragm output of the patient for each breath cycle.

30. The system of Claim 29, wherein the controller is further programmed

to regulate the diaphragm output of the patient to satisfy a prescribed assist level of

the patient.



31. The system of Claim 29, wherein the controller is further programmed

to maintain synchrony of the delivery of the stimulation signal with the ventilator

breath cycle.

32. The system of Claim 29, wherein the controller is further programmed

to

monitor the diaphragm output in response to the last administered stimulation

signal; and

compare the diaphragm output of the last administered stimulation signal to a

preselected target range.

33. The system of Claim 32, wherein the controller is programmed to

monitor the diaphragm output by sensing diaphragm output data via one of said one or

more sensors and processing the sensed diaphragm data to determine the diaphragm

output, wherein the diaphragm output includes flow, tidal volume and/or pressure

and/or parameters derived from combinations of flow, tidal volume and/or pressure.

34. The system of Claim 32, wherein the controller is further programmed

to modify the stimulation signal to be administered with the next ventilator breath if

the diaphragm output of the last administered stimulation signal was outside a

preselected range.

35. The system of Claim 32, wherein the controller is further programmed

to

determine a cause if the diaphragm output of the last administered stimulation

signal was outside of the preselected target range.

36. The system of Claim 35, wherein if the controller determines that the

cause is due to a variation in the respiratory mechanics of the patient, then the

controller is further programmed to assess the condition of the patient's diaphragm

and respiratory system during administration of the treatment plan.

37. The system of Claim 36, further comprising

reprogramming the stimulation signal based on the condition of the assessed

diaphragm.



38. The system of Claim 35, wherein the controller is further programmed

to assess the diaphragm by

monitoring data indicative of flow and pressure of the ventilator breath cycle

to determine timing of the end expiration delay;

stimulating the diaphragm with stimulating signals based on the monitored

data of the ventilator breath cycle; and

determining one or more functional characteristics of the diaphragm and

respiratory system, wherein the one or more functional characteristics includes one or

more of Maximum Static Inspiratory Pressure, Inspiratory Capacity, Work of

Breathing, Pressure-Time Product, Pressure-Time Index, EMG, Maximum Relaxation

Rate, and Expiration Time Constant.

39. The system of Claim 35, wherein the controller is further programmed

to determine the readiness to wean from the ventilator based on the assessment of the

diaphragm.

40. The system of Claim 29, wherein the stimulation signal includes a

doublet or triplet pulse at the beginning of the stimulation train or in the middle of the

simulation train.

41. A method for preventing respiratory disuse atrophy in a patient

receiving artificial respiratory assistance from a mechanical ventilator, the method

comprising:

providing respiratory assistance to the patient by a ventilator having a breath

cycle;

placing a first electrode in the patient's vasculature in proximity to the left

phrenic nerve;

placing at second electrode in the patient's vasculature in proximity to the right

phrenic nerve;

within hours of attaching the patient to the ventilator, delivering a pre

programmed stimulation signal to the first and second electrodes in order to stimulate

the diaphragm in synchrony with the ventilator breath cycle.



42. The method of Claim 41, wherein within hours includes one of: within

twenty-four hours, within twelve hours; within six hours, within five hours; within

four hours, within three hours; within two hours and within one hour.

43. A method for administering a treatment plan for preventing or reducing

diaphragm disuse atrophy in a patient receiving respiratory assistance from a

ventilator, the ventilator providing a breath cycle to the patient, the patient having a

prescribed assist level, the method comprising:

storing a measurement value indicative of a preselected range of diaphragm

output, wherein the diaphragm output is at least a portion of the prescribed assist

level;

monitoring the breath cycle of the ventilator;

administering a stimulation signal to the patient in synchrony with the breath

cycle of the ventilator to recruit the diaphragm of the patient, the recruitment of the

diaphragm causing a level of diaphragm output; and

regulating the diaphragm output of the patient attributable to phrenic

recruitment for each breath cycle in order to fall within the preselected range of

diaphragm output.

44. The method of Claim 43, wherein said regulating the diaphragm output

of the patient for each breath cycle includes

monitoring the diaphragm output in response to the last administered

stimulation signal; and

comparing the diaphragm output of the last administered stimulation signal to

the preselected range of diagram output.

45. The method of Claim 44, wherein monitoring the diaphragm output in

response to the last administered stimulation signal includes

sensing diaphragm output data via one or more sensors; and

processing the sensed diaphragm output data to determine the diaphragm

output, wherein the diaphragm output includes one or more of: air flow, tidal volume,

pressure, and/or parameters derived from combinations of flow, tidal volume and/or

pressure.



46. The method of Claim 43, wherein said regulating the diaphragm output

of the patient for each breath cycle further includes

comparing the determined diaphragm output to the preselected range of

diagram output; and

modifying the stimulation signal to be administered with the next ventilator

breath if the diaphragm output from the last administered stimulation signal falls

outside of the preselected range of diagram output.

47. The method of Claim 46, wherein said modifying the stimulation

signal includes increasing the intensity of the stimulation signal.

48. The method of Claim 47, wherein increasing the intensity includes one

or more of: increasing the frequency of stimulation signal pulses; increasing the

amplitude of stimulation signal pulses; and increasing the duration of stimulation

signal pulses.

49. The method of Claim 43, wherein measuring diaphragm output

includes measuring tidal volume, pressure, or combinations thereof.

50. A method for preventing diaphragm disuse atrophy in a critical ill

patient attached to a positive pressure mechanical ventilator, the method comprising:

monitoring the breath cycle of the ventilator;

administering, within one of: twenty-four hours; twelve hours; six hours, five

hours; four hours, three hours; two hours and one hour, of attaching the patient to the

ventilator, a pre-programmed stimulation signal to the patient to recruit the diaphragm

of the patient for outputting a level of diaphragm output, and

regulating the level of diaphragm output of the patient for each breath cycle

based on the administration of the stimulation signal to fall within a preselected

threshold range.

51. A method of constructing a therapy plan for a patient, the therapy plan

preventing disuse atrophy or rehabilitating the patient's diaphragm, comprising:

assessing the diaphragm for maximum diaphragm output and fatigue

characteristics;



determining one or more stimulation signals that cause diaphragm output to be

a preselected percentage of the maximum diaphragm output.

52. The method of Claim 51, further comprising

creating a stimulation administration plan including a series of discrete

stimulation signals, wherein the series of stimulation signals can vary by rate,

duration, pulse width, frequency, and amplitude.

53. A method for assessing a diaphragm, comprising:

monitoring data indicative of flow and pressure of a ventilator breath cycle;

stimulating the diaphragm with stimulating signals based on the monitored

data of the ventilator breath cycle; and

determining one or more functional characteristics of the diaphragm from the

response generated from the stimulation of the diaphragm with the stimulation

signals, wherein the one or more functional characteristics including one or more of

Maximum Static Inspiratory Pressure, Inspiratory Capacity, Work of Breathing,

Pressure-Time Product, Pressure-Time Index, EMG, Maximum Relaxation Rate, and

Expiration Time Constant.

54. A transvascular diaphragm pacing system for constructing a therapy

plan for a patient, the therapy plan preventing diaphragm disuse atrophy or

rehabilitating the patient's diaphragm, comprising:

at least one endovascular electrode configured to transmit a stimulation signal

delivered thereto, the stimulation signal configured to recruit a phrenic nerve of the

patient, the stimulation signal having one or more stimulation parameters;

one or more sensors configured to sense breath cycle signals from an

associated ventilator, and diaphragm response based on recruitment of the phrenic

nerve;

a pulse generator coupled in electrical communication with the at least one

endovascular electrode;

at least one input device configured to input data indicative of one or more

aspects of a therapy plan; and



a controller coupled in electrical communication with the one or more sensors,

the at least one input device, and the pulse generator, the controller programmed to:

assess the diaphragm for maximum diaphragm output and fatigue

characteristics;

determine one or more stimulation signals that cause diaphragm output

to be a preselected percentage of the maximum diaphragm output.

55. A transvascular diaphragm pacing system for assessing a diaphragm,

comprising:

at least one endovascular electrode configured to transmit a stimulation signal

delivered thereto, the stimulation signal configured to recruit a phrenic nerve of the

patient, the stimulation signal having one or more stimulation parameters;

one or more sensors configured to sense breath cycle signals from a positive

pressure mechanical ventilator and a diaphragm response from recruitment of the

phrenic nerve;

a pulse generator coupled in electrical communication with the at least one

endovascular electrode;

at least one input device configured to input data indicative of one or more

aspects of an assessment plan; and

a controller coupled in electrical communication with the one or more sensors,

the at least one input device, and the pulse generator, the controller programmed to:

monitor data indicative of flow and pressure of a ventilator breath

cycle;

stimulate the diaphragm with stimulating signals based on the

monitored data of the ventilator breath cycle; and

determine one or more functional characteristics of the diaphragm

from the response generated from the stimulation of the diaphragm with the

stimulation signals, wherein the one or more functional characteristics including one

or more of Maximum Static Inspiratory Pressure, Inspiratory Capacity, Work of

Breathing, Pressure-Time Product, Pressure-Time Index, EMG, Maximum Relaxation

Rate, and Expiration Time Constant.
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