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DEVICES AND METHODS FOR ASSESSING MOTOR POINT

ELECTROMYOGRAM AS A BIOMARKER

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to US Provisional Patent Application No.

60/938,686, titled "Devices and Methods for Assessing Motor Point Electromyogram as

a Biomarker", as filed on May 17, 2007.

[0002] This application is also related to US Patent Application Serial No. 12/026428,

filed on February 5, 2008, which claims priority to US Provisional Patent Application

No. 60/899,799 filed on February 5, 2007 (titled "Intramuscular Electrode").

INCORPORATION BY REFERENCE

[0003] All publications and patent applications mentioned in this specification are

herein incorporated by reference to the same extent as if each individual publication or

patent application was specifically and individually indicated to be incorporated by

reference.

FIELD OF THE INVENTION

[0004] The invention is related to devices and methods for diagnosing disease and

tracking the progression of disease, particularly neurodegenerative disease.

BACKGROUND OF THE INVENTION

[0005] Biomarkers may be used to monitor and treat progression of a disease or

disorder. A biomarker has traditionally been a biochemical molecule whose presence

and level is established as being closely and specifically related to a particular aspect of

biological function or a disease process, and for which methods of reliable and

quantifiable measurements have been developed. As applied to disease, biomarkers can

be useful for the sensitivity they bring to a diagnostic process, where their presence can

detect disease at an early stage, or when other clinical manifestations of the disease are

not fully manifested, such that diagnosis can be difficult. Inasmuch as biomarkers can be

used to monitor a disease once it has been diagnosed, they can be used to measure the



effectiveness of treatments for the disease. Often, it takes time for treatment to allow

easily observable clinical improvement, and thus, as with diagnosis, a biomarker can

provide an indication of treatment effectiveness before clinical improvement is obvious.

Additionally, clinical indications of improvement can be difficult to quantify, and can be

masked by clinical factors not directly tied to the disease. Thus, biomarkers are useful in

detecting in effectiveness of treatment, as in determining, for example, the effectiveness

of a drug, or any form of physical or electrical intervention.

[0006] Amyotrophic lateral sclerosis is difficult to diagnose at an early stage, and it is

difficult to discern the rate of progression of disease, especially once therapy has been

initiated. For some time, there has been a concerted effort to identify benchmarks or

biomarkers useful in detecting the presence of ALS and the rate of its progression. To

provide the basic features of biomarkers, such as being closely and specifically

associated with the disease, and being quantifiable, a biomarker need not necessarily be a

particular molecule. An effective biomarker may, for example, simply be a physiological

measurement of a parameter that closely and specifically varies or manifests as a

function of the presence or severity of the disease.

[0007] A number of physiologically measured or qualitatively assessed parameters

have been investigated as biomarkers (benchmarks) for their ability to predict survival in

ALS patients or as a surrogate predictor of disease progression. There are currently no

biomarkers exclusively associated with ALS, or directly tied to the aspects of the disease

process that underlie the clinical status of the patient and especially markers having

sufficient sensitivity or resolution with regard to changes in the level of the disease.

There is a need, therefore, for effective biomarkers for ALS, particularly those that are

closely and specifically associated with the disease, that are quantifiable, that are cost-

effective, that can be processed quickly into useful data, and that can be easily worked

into the ongoing context of patient care.

[0008] The methods, devices and systems described herein have been developed from

the surprising observation that the electromyographic measurements made from the same

location of the same patient's diaphragm over time can provide a remarkably sensitive

measure of the presence or progression of ALS, and the efficacy of treatment of ALS.



Although the initial observations were made in ALS patients, the methods, devices and

systems described may be applied to other neurological (neurodegenerative) diseases and

disorders.

SUMMARY OF THE INVENTION

[0009] Described herein are devices and methods of applying the devices to identify

and monitor the progress of neurological disease based on electromyographic (EMG)

information from muscles affected by the disease. In particular, the methods make use of

electromyographic activity of the diaphragm as a benchmark or marker ("biomarker") for

the presence or level of a neurological disorder, including a neurodegenerative disorder

such as ALS, or a centrally-mediated disorder such as sleep apnea. As a biomarker that

provides information reflective of the level or severity of a disease, the method can be

used to track the progression of the disease over time, and if the patient is being treated

for the disease, the method can be informative as to the effectiveness of the treatment.

Informative aspects of EMG signals from the diaphragm include the amplitude of the

signal. For example, a decrease in the amplitude over time represents weakening of the

diaphragm and progression of the disease, whereas stabilization of amplitude that had

been decreasing prior to initiation of treatment may reflect effectiveness of the treatment.

The method may also be applied to localize focal areas of the disease, as for example, the

EMG can detect in amplitude of signals between the left and right sides of the

diaphragm.

[0010] In the case of ALS, embodiments of the method may predict or quantify the

inability of the diaphragm to contract, which is the single most serious manifestation of

the disease. The method may demonstrate the presence or progression of ALS by

comparing the diaphragm EMG signal measured from long-term implanted electrodes

over extended periods of time. Implanted electrodes in the diaphragm are in the same

position, thus minimizing variations inherent in measurements taken from electrodes

placed for short term observation, or from electrodes placed on the body surface, which

are patient to reading that vary according to their implanted position, the posture of the

patient, and variations in temperature. Taking EMG measurements from the same

implanted electrodes provides a strong control over variation inherent in placement, and



thus a stability of background variables, allowing the collection of signal data that varies

primarily by virtue of the progression of the disease over extended periods of time.

[0011] In particular, described herein are systems for diagnosing or tracking the

progression or treatment of a neurological disorder that affects the function of a

diaphragm. These systems may include an implantable diaphragm electrode and an

analyzer unit for processing EMG signals from the implantable diaphragm electrode at

different times and determining an activity score based on the EMG signals. The

analyzer unit typically includes index-determining logic configured to determine at least

one characteristic of an EMG signal and generate an activity index based on the EMG

signal characteristic(s), a memory configured to store one or more activity index, and a

comparator configured to compare a plurality of activity indexes and determine an

activity score based on the comparison.

[0012] The system may also include an output configured to present the activity score

determined by the analyzer unit. A controller may also be included as part of the system.

The controller may be configured to control acquisition of EMG signals from the

implantable diaphragm electrodes at different times. The controller may be part of the

analyzer unit, or may communicate with the analyzer unit. The controller may also

include user inputs, a timer, and automatic control logic (e.g., control logic) to trigger

measurement of EMG signals and coordinate outputs.

[0013] The implantable diaphragm electrode used may include an anchor for securing

the electrode in communication with a diaphragm. For example, the anchor may

comprise a barb. Other examples of electrodes may be found, for example, in U.S.

Patent Application Serial No. 12/026,428, "REMOVABLE INTRAMUSCULAR

ELECTRODE" (filed on 2/5/2008). Electrodes may be monopolar, bipolar, or

multipolar (e.g., tripolar).

[0014] The system may also include one or more sensors (e.g., patient sensors),

wherein the sensor is configured to measure one or more of: tidal volume, airway

pressure, or abdominal pressure, or the like.

[0015] The index-determining logic of the analyzer is configured to generate an

activity index based on the EMG signal characteristic(s) and input from the sensor. The



index-determining logic may be software, hardware, or some combination thereof. The

index generated by the index-determining logic may be a numeric index (e.g., a

calculation based on one or more measurements from the EMG and/or other inputs), or it

may be a matrix of values. The index may be non-numeric (e.g., Boolean, qualitative,

etc). Thus, the index analyzer unit may include a measuring unit for measuring at least

one characteristic of an EMG signal and providing the measured characteristic to the

index-determining logic. The measuring unit may be configured to measure at least one

of: amplitude, frequency, power spectrum, time-to-peak rise time, relaxation time,

compound action potential rise time, compound action potential fall time, fast twitch

muscle contribution, and slow-twitch muscle contribution. Any of these parameters may

be measured from the EMG. The duration of the EMG recorded may be predetermined

(e.g., for one respiratory cycle or a portion of a cycle, or for some number of cycled), or

for x seconds or minutes, or it may be based on a triggering event. For example, the

system may sample each EMG until a parameter is measured with sufficient confidence

(e.g., such that the variability is below a predetermined confidence level). In some

variations, the recording of EMG from the electrode is continuous. Sampling from a

continuous recording may be based on a "windowing" of a certain time, or based on an

analysis of variation in the signal over time.

[0016] Also described herein are methods of diagnosing or tracking the progression or

treatment of a neurological disorder that affects the function of a diaphragm. For

example, in one variation, the method includes the steps of measuring a first EMG signal

at an initial recording time from one or more electrodes implanted in a diaphragm,

measuring a second EMG signal from the same one or more electrodes at a later

recording time, and comparing the first EMG signal and the second EMG signal.

[0017] The disorder tracked or diagnosed may be any of a centrally-mediated breathing

disorder or a neurodegenerative disease, including (but not limited to) apneas, ALS, etc.

[0018] The comparing step my include comparing one or more of the following EMG

parameters: amplitude, frequency, power spectrum, time-to-peak rise time, relaxation

time, compound action potential rise time, compound action potential fall time, fast

twitch muscle contribution, and slow-twitch muscle contribution.



[0019] In some variations, the method also includes the step of mapping the diaphragm

to determine an active region of the diaphragm and implanting the one or more

electrodes at an active region of the diaphragm. Mapping may be particularly helpful (or

even necessary) in ALS patients, or those suffering from disorders in which portions of

the diaphragm are damaged or otherwise inactive or less active. Thus, the electrode(s)

may be implanted in regions that are electrically active. In some variations, the mapping

step may be used to map the diaphragm to determine a phrenic nerve motor point of the

diaphragm. This is described in greater detail below. One or more electrodes may be

implanted at the phrenic nerve motor point. The mapping step may include applying

electrical stimuli to an area of diaphragm surface and identifying a site within the area

that provokes a maximal physiological response to the stimuli.

[0020] In general, the mapping step may include observing a physiological response to

the stimuli, including observing any of: abdominal pressure or airway pressure, and

diaphragm contraction. These observations may provide feedback on the activity of the

diaphragm.

[0021] The step of measuring the EMG signal (e.g., the first or later EMG signals) may

include selecting a duration and/or period of time for recording (collecting) the signal, as

mentioned above, and quantifying at least one characteristic of the EMG signal over the

selected time. For example, a controller may determine the start of recording, and also

the duration of the EMG recording collected. The EMG signal may be analyzed to

determine values for one or more parameters. This analysis may be real-time (as it is

being recorded) or after the recording has occurred. The time duration of collection of

the EMG signal may be predetermined (e.g., preset) or may be variable or triggered. For

example, the duration of recording may be for a single breath, for a particular number of

breaths, or for a particular interval of time.

[0022] The EMG signal may be analyzed to determine one or more characteristic,

which may be (or may be part of) an activity index. The characteristic of the EMG

signal quantified may be selected from the group consisting of: amplitude, frequency,

power spectrum, time-to-peak rise time, relaxation time, compound action potential rise



time, compound action potential fall time, fast twitch muscle contribution, and slow-

twitch muscle contribution.

[0023] The EMG signal may be filtered either during or after it is recorded. For

example, the steps of measuring the first EMG signal and measuring the second EMG

signal may include the step of filtering the EMG signals to remove or reduce electrical

signals not arising from the diaphragm. Filtering may be analog (e.g., by filtering

circuitry) or digital.

[0024] In some variations, the EMG signal may be correlated with a measurement of

another physiological parameter. Thus, when determining an activity index, one or more

parameters measured or determined from the EMG signal may be combined with one or

more other physiological parameters. For example, the physiological parameter may be

blood gas level, airway pressure, abdominal pressure, and abdominal movement.

[0025] Also described are methods of diagnosing or tracking the progression or

treatment of a neurological disorder that affects the function of a patient's diaphragm that

include the steps of determining a first activity index from a patient's diaphragm motor

point EMG at a first time, determining a second activity index from the patient's

diaphragm motor point EMG at a second time, comparing the first activity index and the

second activity index, and characterizing the presence, progression or treatment of a

neurological disorder based on the comparison between the first activity index and the

second activity index.

[0026] As mentioned above, the method may also include the step of mapping the

patient's diaphragm to determine a phrenic nerve motor point and/or implanting a

diaphragm electrode in or adjacent to the patient's diaphragm at a phrenic nerve motor

point.

[0027] First and second activity indexes may be determined based at least in part on

one or more EMG parameter such as amplitude, frequency, power spectrum, time-to-

peak rise time, relaxation time, compound action potential rise time, compound action

potential fall time, fast twitch muscle contribution, and slow-twitch muscle contribution.



[0028] In some variations of the methods described herein, the activity indexes (e.g.,

first activity index, second activity index, etc.) are determined at least in part from EMG

signals recorded while the patient is sleeping, or recorded during a volitional maneuver

such as coughing, inhaling deeply and/or exhaling deeply, sniffing, or the like.

[0029] The step of determining the first activity index may include determining the

first activity index from one or more parameter taken from the patient's diaphragm motor

point EMG and also one or more additional respiratory parameter value, all taken at

approximately the same time. Similarly, the step of determining the second activity

index may determining the same values (EMG parameter values and respiratory

parameter values) taken at a second (or around the second) time. Examples of non-

EMG respiratory parameters may include tidal volume, airway pressure, abdominal

movement, abdominal pressure, and blood gas level.

[0030] Also described are method of detecting the presence, progression or treatment

of amyotrophic lateral sclerosis in a patient that include the steps of mapping the

patient's diaphragm to determine an active region, implanting an intramuscular electrode

at an active region in the patient's diaphragm, determining a first activity index from a

diaphragm EMG detected by the implanted electrode at a first time, determining a second

activity index from a diaphragm EMG detected by the implanted electrode at a second

time, and determining the presence, progression, or treatment of amyotrophic lateral

sclerosis based on a comparison between the first activity index and the second activity

index.

[0031] As mentioned, the step of implanting comprises implanting the electrode on or

near a phrenic nerve motor point. Also, the first and second activity indexes may be

determined at least in part from estimates of one more of EMG parameters such as:

amplitude, frequency, power spectrum, time-to-peak rise time, relaxation time,

compound action potential rise time, compound action potential fall time, fast twitch

muscle contribution, and slow-twitch muscle contribution.



BRIEF DESCRIPTION OF THE DRAWINGS

[0032] FIG. 1 provides an inferior view of a diaphragm and the placement of

intramuscular electrodes therein.

[0033] FIG. 2 is diagram of a representative circuit that includes positive and negative

9 mm sensing electrodes 2 1 and a subcutaneous reference 22 electrode from which

differential myographic activity may be processed.

[0034] FIG. 3 is an overview flow diagram of the method of monitoring the level of a

neurological disease affecting the diaphragm.

[0035] FIG. 4 is a flow diagram of the method of mapping a diaphragm motor point

site prior to making use of electrodes planted at the site to monitor the level of disease.

[0036] FIG. 5 is a flow diagram of the method of processing electromyographic

diaphragm activity into disease level diagnostic information.

[0037] FIGs. 6A and 6b provide electromyographic diaphragm activity (eDA) data

from a patient prior-to and after receiving diaphragm pacing therapy. FIG. 6A shows the

patient showing an EMG from the right diaphragm with a mean rectified amplitude of 49

µV at the initiation of therapy, and FIG. 6B shows the patient after 12 weeks of therapy,

at which time the right diaphragm shows a mean rectified amplitude of 62 µV.

[0038] FIG. 7 provides EMG data from the right and left diaphragm of a patient and

the level of saturation of peripheral oxygen (SpO2) of a patient, the data being diagnostic

of a sleep disorder.

[0039] FIGs. 8A and 8B show electromyographic diaphragm activity (eDA) data from

a patient prior to and after receiving non-invasive ventilatory therapy. FIG. 8A shows

data from the patient (who is not on non-invasive positive pressure ventilator support)

showing rhythmic electromyographic diaphragm burst activity, and FIG. 8B shows data

from the same patient when placed on non-invasive positive ventilator support, showing

suppression of all eDA.



[0040] FIG. 9 is a schematic illustration of a system for diagnosing or tracking the

progression or treatment of a neurological disorder that affects the function of a

diaphragm.

[0041] FIG. 10 illustrates one variation of a method of diagnosing or tracking the

progression or treatment of a neurological disorder that affects the function of a

diaphragm.

DETAILED DESCRIPTION OF THE INVENTION

[0042] Described here are devices, systems, and methods for identifying, tracking, or

monitoring the presence or progression of neuromuscular disorders, particularly

amyotrophic lateral sclerosis (ALS) and sleep apnea through the use of implanted

electrodes that deliver electromyographic (EMG) data from neural motor points in the

diaphragm. Intramuscular electrodes implanted chronically in muscle tissue can assess

EMG activity continuously from the natural physiological drive of the patient (the term

"patient" may refer to any subject or individual). The EMG may be analyzed by various

approaches, including, for example, using threshold estimations, power density spectrum

analysis, peak detection, motor unit estimation, or other methods to determine a

consistent activity index for the target muscle. Any of these EMG-derived values may be

used as a marker (biological marker, biomarker) for disease progression, either in a

situation of deteriorating progression, or, more desirably, in an improving progression, as

for example, a measure of the effectiveness of a treatment.

[0043] An example of a practical application is in the assessment of the course of

disease progression in patients with a progressive neurodegenerative disease such ALS.

These patients typically experience a progressive degradation of neurological function

and usually die from respiratory complications. Diaphragm motor point EMG may be

used to quantify the extent of diaphragm performance, failure of which is the leading

cause of respiratory failure. Data derived from electrodes placed at the phrenic nerve

motor point(s) in the diaphragm may provide a consistent and long-term measure of

progression of the disease. The data may also be used to assess any improvement in

physiological function as a result of a therapeutic intervention, such as may be supported

by a device, a drug such as Riluzole, or somatomedin C, or an inhibitor or reactive



oxygen species formation, or any other form of interventional therapy such as diaphragm

pacing.

[0044] The patient may serve as his or her own control or point of reference. EMG

data are collected over time from the same implanted electrodes, thus removing variation

that may be associated with variation in location, or variation in electrode-electrode

performance. Further providing control and consistency, as provided by embodiments of

the invention, are methods by which data may be normalized or compared to other types

of physiological data, as described below. Further, data over the time course of the

disease process maybe collected over similar spans of time, as defined, for example, by

a single breath, a particular number of breaths, or a particular length of time, and by

collecting data at the same time of day. For example, by monitoring motor point

diaphragm EMG during sleep a consistent and dependable data pattern may be

established. Alternatively, the EMG may be measured during a volitional maneuver

(such as a sniff or a maximal inhalation), which may also be repeated with consistency.

Correlation with other parameters, such as specific tidal volume, airway pressures, or

abdominal pressures, may be used to further assess or normalize the EMG data to

establish a broader baseline for comparison over time. These same types of analysis

(particularly with appropriate volitional maneuvers) may be used in other muscles of the

periphery to establish motor point EMG for other diseases or injuries that may be

involved with a progressive degeneration.

[0045] Embodiments of the therapeutic or diagnostic method may include electrically

mapping the target muscle (such as the diaphragm) to determine optimal location of

placement at a neurological motor point. The motor point can be understood as the site

where an electrical stimulus elicits an optimal diffuse contraction of the target muscle,

rather than stimulating only the immediately-local muscle fibers, and this site is where

the electrode is placed. In cases where an innervating nerve enters the muscle in distinct

branches, there may be more than a single motor point for the muscle. For example, one

motor point may elicit contraction of the anterior diaphragm while another elicits

contraction of the posterior diaphragm. When such multiple motor points are identified,



an intramuscular electrode may be implanted at each motor point, or in the case of a

single motor point, electrodes may be placed in close proximity to each other.

[0046] The electrodes may be of monopolar, bipolar, or tripolar construction. When

using bipolar or tripolar constructed electrode leads, each lead may be connected to a

separate EMG amplifier. The electrode leads may exit the skin at an appropriate

percutaneous exit site for connection to external EMG amplifiers and recorders.

Alternatively, the electrodes may be connected to an implantable EMG amplifier and

telemetered out of the body for analysis, either in real-time or for subsequent offline

analysis.

[0047] Two monopolar electrodes may be implanted at phrenic nerve motor points and

used to provide differential inputs to a bipolar EMG amplifier with a remote referenced

indifferent electrode. These configurations allow monitoring of a large spatial area of the

diaphragm, but also may be vulnerable to picking up additional EMG signal, such as

from the heart. Alternatively, the electrodes may be configured referentially to a remote

indifferent electrode, and the positive and negative inputs conveyed to a differential

amplifier.

[0048] In another configuration, intramuscular monopolar electrodes may be implanted

with bipolar contacts at a set distance between them hi this configuration, the electrode

may be wound in a double helix, with each of the two multi-strand cables remaining

electrically isolated. One particular embodiment of an intramuscular electrode is a double

helix with the two multi-strand cables in electrical contact, creating a monopolar

configuration (with redundancy). The bipolar configuration allows for a single implanted

electrode to be connected to the amplifier and produce the ability to measure the muscle

activity in a hemidiaphragm with more specificity than the two monopolar electrodes

placed at varying distances. Additionally, this configuration, which has a repeatable set

distance between contacts, may be used to build a population-based assessment of

electromyographic activity based on stage of progression or severity of the disease.

[0049] A tripolar electrode configuration allows for better immunity from

physiological "noise" such as may be derived from cardiac signals. By constructing the

lead with three electrically isolated multi-strand cables wound in a tri-helical



configuration, the tripolar electrode provides either an input to the positive amplifier

input from the center element and input to the negative amplifier input with the two outer

elements or a positive, negative, and reference (ground) input.

[0050] Thus, in monitoring ALS, this configuration of electrodes may be used as a

comparison of diaphragm function that provides significantly more sensitivity than

forced vital capacity (FVC) measurements, from implantation to survival. In central

sleep apnea it may be used to assess the severity of diaphragm inactivity more

specifically than oxygen desaturation. The bipolar configuration may also be used with

or without the remote subcutaneous anode, as in the two monopolar electrode

configuration.

[0051] Motor point electrodes may also be used to deliver either a therapeutic stimulus

or a diagnostic stimulus. For example electrodes may be used to condition the diaphragm

of an ALS patient with periodic recordings of EMG to determine the progression of the

disease. As another example, motor point electrodes may be used to assess the

progression of diaphragm deterioration or improvement following "resting" the

diaphragm with non-invasive positive pressure ventilation. As another example, the

electrode stimulus may be applied to one hemi-diaphragm and an EMG recorded in the

contra-lateral hemi-diaphragm with any reflex response identified to analyze the integrity

of reflex pathways or as an evoked response to determine the efficacy of an applied

therapy. As yet another example, the EMG recording of abdominal muscles following a

nerve anastomosis or surgical reconstruction, with or without stimulation therapy, may

be used to promote regeneration or other type of applied therapy or drug intervention.

[0052] An example of a diaphragm motor point electrode and stimulation system is

provided by the Synapse Biomedical NeuRx RA/4 DPS System. An example of an EMG

amplifier and recorder is the Cleveland Medical Crystal PSG System.

[0053] Turning now to illustrations, context, and examples of the general description

of the method provided above, FIG. 1 provides an inferior view of a diaphragm 10, the

central tendon of the diaphragm 12, the vena cava 14 shown within the tendon area, and

the esophagus 16, dorsal to the tendon area. FIG. 2 provides a schematic view of two

intramuscular monopolar electrodes 2 1 implanted at phrenic nerve motor points within



the diaphragm. The method of mapping of motor points is described below in detail, and

depicted a method flow diagram in FIG. 4.

[0054] FIG. 2 is diagram of a representative circuit that includes a positive and a

negative 9 mm sensing electrode and a subcutaneous reference electrode from which

differential myographic activity may be processed.

[0055] FIG. 3 is flow diagram that provides an overview of the method of monitoring

the level of a neurological disease affecting the diaphragm. The method typically begins

by identifying a phrenic nerve motor point and implanting an intramuscular electrode at

or near that motor point. To be effective as a motor point electrode, the electrode needs

to sufficiently near to the motor point such that stimulation of the diaphragm by that

electrode elicits a diffuse response which is qualitatively different than the local area

contraction elicited by stimulation of an electrode implanted at a typical non-motor point

site. Following implantation of an electrode (or one or more electrodes) at a motor point,

electromyographic diaphragm activity (eDA) data can be collected, recorded, and/or

displayed. Systems and methods for the collection, recording, and displaying of eDA are

described in detail in U.S. Patent Application Serial No. 10/897,685 (titled "SYSTEM

AND METHOD FOR CONDITIONING A DIAPHRAGM OF A PATIENT"), U.S.

Patent Application Serial No. 11/607,428 (titled "TRANSVISCERAL

NEUROSTIMULATION MAPPING DEVICE AND METHOD"), US Patent

Application Serial No. 11/716,475 (titled "VENTILATORY ASSIST SYSTEM AND

METHODS TO IMPROVE RESPIRATORY FUNCTION"), and US Patent Application

Serial No. 11/716,459 (titled, "VENTILATORY ASSIST SYSTEM AND METHODS

TO IMPROVE RESPIRATORY FUNCTION"), all of which are incorporated in their

entirety by this reference.

[0056] Following the collection of eDA data, the data are processed, as described in

greater detail below and as depicted in FIG. 5. Other physiological data may be

incorporated into the processing of eDA data, as also described below and depicted in

FIG. 5.

[0057] FIG. 4 is a flow diagram that provides a more detailed view of the method of

mapping a diaphragm motor point site prior to making use of electrodes planted at the



site to monitor the level of disease. Embodiments of the method include applying

electrical stimuli with electrodes to the surface of the diaphragm. In attempting to locate

a motor point, the method may include applying stimuli to multiple sites and identifying

or locating the site within an area that gives a maximal response among the nearby sites.

The response may be measured, for example, by abdominal pressure response (PAB )

response or airway pressure (P AW ) response. The method further includes determining

the maximal attainable response at that most responsive site; this is obtained by repeated

stimulation until there is confidence that the maximal stimulation from the most

responsive site has been attained. This value, when taken at an initial or early stage in the

evaluation of a patient is important because it forms the baseline response against which

progression of the disease over time is compared.

[0058] The method then may further include visual observation of the response of the

diaphragm to the stimulus, and to verify that the response is that characteristic of a motor

point stimulation which includes a broad diffuse response, in contrast to a localized

response that is characteristic of stimulating a nerve at a site other than a motor point hi

the event that a diffuse contraction is elicited by stimulation at the candidate site, it may

be concluded that the site is a motor point, and intramuscular electrodes are implanted at

the site.

[0059] In the event that the contraction response to stimulation of the candidate site,

instead, is a localized contraction, the earlier mapping steps may be repeated. Typically,

if a local contraction is elicited, it is a branch of the phrenic nerve that has been

localized, not the main trunk. The nerve branch may, for example, innervate only one of

the anterior or posterior portions of the diaphragm. Thus, stimuli may be provided to

identify contraction of the remaining portion of the diaphragm. As described earlier, the

method may include applying stimuli to multiple sites and identifying or locating a site

within the local area that gives a maximal response as measured, for example, by PAB or

P AW- The method further includes determining the maximal attainable response at that

most responsive site, and then implanting an intramuscular electrode at the identified

site.



[0060] FIG. 5 is a flow diagram of the method of processing electromyographic

diaphragm activity into disease level diagnostic information. The method includes

selecting an appropriate period of time over which eDA will be collected for comparison

at an initial observation point and then at later observation points. Such time periods may

be, for example, a single breath, a particular number of breaths, or a particular length of

time (in which a variable number of breaths may occur). The method then includes

collecting and recording the eDA data and applying any appropriate processing, such as

filtering out electrical activity derived from sources other than the diaphragm, in

particular EKG data. The method further includes quantifying eDA signal characteristics

to represent the observation time point, such as mean rectified signal amplitude or

frequency content. Additional optional steps may include correlating the eDA signal

characteristics with other physiological data that are symptomatic of the disease, such as

blood levels of oxygen or carbon dioxide, or bodily movements, such as movement of

the thorax or abdomen.

[0061] FIGs. 6A and 6b provide electromyographic diaphragm activity (eDA) data

from a patient prior-to and after receiving diaphragm pacing therapy. FIG. 6A shows the

right diaphragm of the patient having a mean rectified amplitude of 49 µV at the

initiation of therapy, and FIG. 6B shows the right diaphragm of the patient having a

mean rectified amplitude of 62 µV after 12 weeks of therapy. The data may be

interpreted as an improvement in status. The mean amplitude is but one feature of the

EMG that can be used to compare data from the same electrodes over time hi this

example, the increase in amplitude may correlate to diaphragm activity and health (e.g.,

movement of the diaphragm). The EMG from the same electrode, in the same position

of the diaphragm, over weeks of therapy provides a sensitive and reliable marker,

particularly in comparison to other methods such as fluoroscopy.

[0062] The mean amplitudes illustrated in FIGs. 6A and 6B are referenced with respect

to the individual patent into which the electrode(s) from which the traces are recorded

has been implanted. Thus, recordings made at different times from the same patient may

be compared directly. In some variations, it may be desirable to determine population

data or norms for patient so that parameters may be compared across patients. For
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example, ranges of values (normal values) could be determined by population studies.

Normal values may be based on index values (e.g., some combination of parameters,

which may include amplitude, frequency, etc.). Normal values may also be based on

combining additional inputs, such as lung volume, patient age, size, overall activity of

the diaphragm based on the mapping, etc.

[0063] FIG. 7 provides EMG data from the right diaphragm (upper trace), left

diaphragm (middle trace), and SpO2 (lower trace) of a patient, in which level of

saturation of peripheral oxygen (SpO2) of a patient is diagnostic of a sleep disorder. The

data provide a view of a one-minute snapshot of breathing (from 2:53:39 a.m. to 2:54.39

a.m.); during this time interval there are typically be several breaths spaced out over the

period. An apnea is defined as the cessation of breathing for 10 or more seconds.

Another indicator of sleep-disordered breathing is a decrease of the oxygen saturation

(SpO2) of 3 - 4%, as seen in this trace as twice dropping to levels between about 90%

and 92% saturation. Breathing is indicated by the bursts of diaphragm electromyographic

actions; there are four distinct breaths in two pairs that are representative of Cheyne-

Stokes breathing. It can be seen that there is an apnea event at the beginning of the data

set (at least 14 seconds without a breath prior to the first pair of diaphragm actions). This

apnea is associated with an hypopnea as seen in the SpO2 tracing (note there is a sensing

delay of several seconds of between the actual occurrence of a desaruration and the

sensed display using finger pulse oximetry - displayed on the SpO2 tracing). There is

then another apnea event between the two pairs of diaphragm activity and an associated

hypopnea, with the delayed appearance, as above. After the second pair of activity

events, there also appears to be another apnea (although the time is cut at 9 seconds).

This rate of about three apnea events per minute represents about 180 apneas per hour (if

the breathing continued in this manner), which is a severe sleep apnea. Also, these data

clearly demonstrate the apnea to be of central origin {i.e., central sleep apnea) as there is

an absence of centrally-mediated diaphragm activity.

[0064] FIG. 8A and 8B shows electromyographic diaphragm activity (eDA) data from

a patient both prior to and after receiving non-invasive ventilatory therapy. FIG. 8A

shows data from the patient showing rhythmic eDA while the patient is breathing and not



02
18

on positive pressure ventilation, and FIG. 8B shows data from the same patient when

placed on positive pressure ventilation showing complete loss of eDA. This illustrates

the ability of the system to assess eDA and the effects on eDA with other therapies such

as positive pressure ventilation. In this case, positive pressure ventilation is negatively

affecting diaphragm activity by suppressing respiratory drive.

[0065] The non-invasive ventilatory (NIV) therapy described above refers to the use of

BiPAP. The two traces in FIGs. 8A and 8B were done consecutively (i.e. minutes apart).

These traces illustrate the presence of diaphragm activity without NIV, and the absence

of diaphragm activity with the application of NIV (i.e. BiPAP). This provides evidence

of therapy (in this case NIV) affecting diaphragm function.

SYSTEMS

[0066] FIG. 9 illustrates one variation of a system 900 for diagnosing or tracking the

progression or treatment of a neurological disorder that affects the function of a

diaphragm. In general, a system may include one or more implantable diaphragm

electrodes 901, an analyzer 903 to receive EMG data from the electrode(s) at different

times, wherein the analyzer is configured to determine a "score" (e.g., an activity score)

based on the comparison of the EMGs taken from the same electrodes over time.

[0067] The electrodes 901 may be any of the electrodes previously described. For

example, one or more monopolar electrodes, bipolar electrodes, or tripolar electrodes

may be used. These electrodes may be configured for implantation into a patient at or

near the patient's diaphragm. Thus, the electrodes(s) may include one or more anchors

for holding the electrodes in position. For example, the electrodes may be hooked or

barbed. The electrode(s) may communicate with the analyzer. For example, the

electrodes may be wired or wirelessly connected to the analyzer.

[0068] An analyzer typically includes index-determining logic 923, which may be

software, hardware, or some combination thereof. For example, the analyzer may

include one or more processors (general or dedicated) configured to run the index-

determining logic 923. The index-determining logic 923 receives EMG data from the

electrode(s) 901 and measures one or more parameters from the EMG signal in order to
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determine an index which can be stored and later compared to an EMG signal at a later

time (by comparing to an index of the EMG signal from the later time). Any relevant

parameter may be measured and used to contribute toward the index. In some variations,

more than one parameter may be measured, and may contribute towards the calculation

of the index. Parameters that may be measured include: amplitude, frequency, power

spectrum, time-to-peak rise time, relaxation time, compound action potential rise time,

compound action potential fall time, fast twitch muscle contribution, and slow-twitch

muscle contribution. Thus, the analyzer 903 may include EMG signal processing

modules for analyzing the EMG signal(s) from the electrode(s) 901 . The analyzer 903

may also include EMG signal conditioners for conditioning the EMG signal before

measuring from it. For example, the signal may be filtered (e.g., to remove undesirable

signals such as ECG signals or other noise), smoothed, transformed (e.g., Fourier

transformation, etc.), or otherwise conditioned.

[0069] The index-determining logic 923 may also include one or more inputs from

other sensors affiliated with the patient or patient. For example, the index-determining

logic may receive inputs from one or more sensors 907. A patient sensor (which may be

referred to as simply a sensor) 907 may be a pressure sensor, a motion sensor, a

temperature sensor, or the like. For example, a sensor may measure tidal volume, airway

pressure, or abdominal pressure. This data may be measured simultaneously or

sequentially with the EMG at a particular time, and may be used by the index-

determining logic 923 to calculate or otherwise determine an index at the predetermined

time period.

[0070] One or more memory modules 921, 919 may also be included as part o the

analyzer 903. The memory may be used to store EMG signals for later analysis, and/or

indexes calculated (at least in part) from an EMG signal. The memory maybe

read/written by other parts of the analyzer, including the index-determining logic 923, a

controller 9 11, a comparator, 915, etc.

[0071] In particular, a comparator 915 may be used to compare two or more indexes.

The comparator may output an activity score, which may indicate the presence,

progression or treatment effect of a neurological (e.g., neuromuscular) disorder on the



patient. In some variations a comparator is not used, and the system outputs the

individual indexes.

[0072] The analyzer may also include, or communicate with, a controller 911 which

includes control logic for controlling the activity of the analyzer or any of the other

components of the system. For example, a controller may be used to control the system

to acquire a first EMG signal at a first time. As described herein, the first sample (EMG)

may be taken for a predetermined time period at a predetermined time. In some

variations the EMG sample is taken for one respiratory cycle, or a portion of a

respiratory cycle, or during a single breath or a portion of a breath, etc. The controller

may also control the acquisition of patient sensor data, and coordinate the patient sensor

data acquisition and the measurement of the EMG. The controller may also trigger the

acquisition of the second (or more) EMG signals.

[0073] A clock 917 may be included as either part of the analyzer or part of the

controller, or some other part of the system, and communicate with the controller and/or

analyzer. The clock may be useful for determining the length of the data acquisition and

the time between signal collection periods.

[0074] In some variations, the system includes an output 905, including a display. Any

appropriate output may be used, including visual outputs (screens, projections, indicator

lights, LEDs, etc.), audible outputs (sounds, buzzers, etc.), and the like. In some

variations, the output is a monitor, printer, or display. The output may be a digital

medium (memory, disk, internet, etc.).

[0075] A system for diagnosing, tracking the progression of a disease state, and/or for

tracking the efficacy of a treatment may also include additional elements not shown in

the schematic FIG.9, thus, these elements are not exclusive. Furthermore some of these

elements may be omitted hi some variations, the interconnection or element may be

different than shown here. Furthermore, elements shown in FIG. 9 may be combined.

For example, the comparator 915 maybe incorporated as part of the index-determining

logic 923.

METHOD



[0076] In addition to the methods described above, an exemplary method of

diagnosing or tracking the progression or treatment of a neurological disorder that affects

the function of a diaphragm are schematically illustrated in FIG. 10. In general, a

method of diagnosing or tracking progression or treatment of a disorder (and particularly

neuromuscular disorders such as ALS) may include the steps of detecting a first EMG

signal at a first time 1040, waiting some interval (e.g., typically hours, days, weeks or

months) 1070, and then detecting a second EMG signal at a second time 1080, and then

comparing an index of each of the two EMG signals which may be measured from one

or more features of the EMG signal.

[0077] FIG. 10 illustrations one variation of a method of diagnosing or tracking the

progression or treatment of a neurological disorder that affects the function of a

diaphragm. Certain of the steps illustrated in FIG. 10 may be omitted, and one or more

additional steps may be added to this method, hi the example, of FIG., 10, the first step

is the proper placement of the electrode(s) used to determine the diaphragm EMG

signals. In general, this step may require mapping of the diaphragm 1010, as previously

described. In particular, mapping may be used to determine what parts of the diaphragm

are electrically active or viable. This may be especially helpful in monitoring ALS

patients (or suspected ALS patients) in whom parts of the diaphragm may be damaged so

that they no longer respond and/or propagate electrical signals from the nerves. Thus it

would be difficult or impossible to get a viable EMG without first mapping the

electrically active regions hi some variations, the mapping may also identify phrenic

motor nerve points, as mentioned above.

[0078] In conjunction with the mapping steps 1010, 1020, the diaphragm electrode(s)

may be inserted or implanted 1030 based on the results of the mapping. For example,

after mapping a phrenic nerve motor point, an electrode may be implanted so that it

receives (and/or sends) electrical signals or EMG signals.

[0079] After successful implantation (which may be tested), the electrode may be used

to detect an EMG from the diaphragm. The signal may be coordinated with other

sensors (such as the patient sensors previously described). An index (activity index) may

then be measured 1060 using one or more features measured 1050 from the first EMG.



If patient sensors are also used, this data may be combined in some way with the

measurements taken from the EMG. For example, an index may be a measure of the

frequency, amplitude, etc., of the EMG that is weighted by (or otherwise combined with)

a measure of tidal volume. The determined activity index for this first time interval may

be stored for later output and/or comparison. Additional information (e.g., the time,

actual EMG and/or additional data) may also be stored with it, and may be used to

inform the comparison and/or display of the index with other activity indexes.

[0080] After some appropriate time interval, the process of detecting an EMG is

repeated. Any appropriate time interval may be used, particularly time intervals longer

than hours, days, weeks, months or even years. The time interval may be predetermined

(e.g., preset) or it may be triggered. For example, a patient or doctor may manually

trigger the end of the time interval and detect and analyze an EMG 1080, from which an

activity index 1100 can be calculated.

[0081] Multiple (n) activity indexes can be determined, for comparison and/or display,

by repeating this process 1110. Comparing the indexes 1120 may be used to score the

change in activity indexes. For example, a score may be a percent change, a rate of

change, a graphic comparison, a linear regression, or the like, to indicate differences

between the diaphragm state at the initial and later time points.

[0082] One or more outputs may be provided, outputting any of the activity indexes,

EMGs, and/or the activity score. For example, the output may be a monitor which can

be viewed. In some variations, the output is a digital medium such as a memory, output

port, or the like.

[0083] As mentioned, the method described above is only one example of a method of

determining diaphragm health, and other variations are possible. The method may be

particularly useful for any of (1) diagnosing a disease affecting the diaphragm, (2)

tracking the progression of a disease affecting the diaphragm, or (3) tracking the efficacy

of a treatment of a disease affecting the diaphragm. For example, the methods described

herein may be applied as a method of tracking the treatment of ALS.

[0084] Although the foregoing invention has been described in some detail by way of

illustration and example for purposes of clarity of understanding, it will be readily



apparent to those of ordinary skill in the art that certain changes and modifications may

be made thereto without departing from the spirit or scope of the invention, and the

claims thereto.



CLAIMS

What is claimed is:

1. A system for diagnosing or tracking the progression or treatment of a neurological

disorder that affects the function of a diaphragm, the system comprising;

an implantable diaphragm electrode; and

an analyzer unit for processing EMG signals from the implantable diaphragm

electrode at different times and determining an activity score based on the

EMG signals, the analyzer unit comprising:

index-determining logic configured to determine at least one

characteristic of an EMG signal and generate an activity index

based on the EMG signal characteristic(s);

a memory configured to store one or more activity index; and

a comparator configured to compare a plurality of activity indexes and

determine an activity score based on the comparison.

2. The system of claim 1, further comprising an output configured to present the

activity score determined by the analyzer unit.

3. The system of claim 1, further comprising a controller configured to control

acquisition of EMG signals from the implantable diaphragm electrodes at different

times.

4. The system of claim 1, wherein the implantable diaphragm electrode includes an

anchor for securing the electrode in communication with a diaphragm.

5. The system of claim 4, wherein the anchor comprises a barb.

6. The system of claim 1, wherein the implantable diaphragm electrode is selected

from the group consisting of: a monopolar electrode, a bipolar electrode, and a

tripolar electrode.



7. The system of claim 1, further comprising a sensor, wherein the sensor is

configured to measure one or more of: tidal volume, airway pressure, or abdominal

pressure.

8. The system of claim 7, wherein the index-determining logic of the analyzer is

configured to generate an activity index based on the EMG signal characteristic(s)

and input from the sensor.

9. The system of claim 1, wherein the index analyzer unit further comprises a

measuring unit for measuring at least one characteristic of an EMG signal and

providing the measured characteristic to the index-determining logic.

10 . The system of claim 9, wherein the measuring unit is configured to measure at least

one of: amplitude, frequency, power spectrum, time-to-peak rise time, relaxation

time, compound action potential rise time, compound action potential fall time, fast

twitch muscle contribution, and slow-twitch muscle contribution.

11. A method of diagnosing or tracking the progression or treatment of a neurological

disorder that affects the function of a diaphragm, the method comprising:

measuring a first EMG signal at an initial recording time from one or more

electrodes implanted in a diaphragm;

measuring a second EMG signal from the same one or more electrodes at a

later recording time; and

comparing the first EMG signal and the second EMG signal.

12. The method of claim 11, wherein the disorder comprises any of a centrally-

mediated breathing disorder or a neurodegenerative disease.

13. The method of claim 11, wherein the comparing step comprises comparing one or

more of amplitude, frequency, power spectrum, time-to-peak rise time, relaxation

time, compound action potential rise time, compound action potential fall time,

fast twitch muscle contribution, and slow-twitch muscle contribution.



14. The method of claim 11, further comprising:

mapping the diaphragm to determine an active region of the diaphragm; and

implanting the one or more electrodes at an active region of the diaphragm.

15. The method of claim 11, further comprising:

mapping the diaphragm to determine a phrenic nerve motor point of the

diaphragm; and

implanting the one or more electrodes at the phrenic nerve motor point.

16. The method of claim 15, wherein the mapping step includes applying electrical

stimuli to an area of diaphragm surface and identifying a site within the area that

provokes a maximal physiological response to the stimuli.

17. The method of claim 16, wherein the mapping step includes observing a

physiological response to the stimuli including any of: abdominal pressure or

airway pressure, and diaphragm contraction.

18. The method of claim 11, wherein measuring the first EMG signal comprises:

selecting a duration and/or period of time for collection; and

quantifying at least one characteristic of the EMG signal over the selected

time.

19. The method of claim 18, wherein the time duration of collection of the EMG signal

is selecting from the group consisting of: a single breath, a particular number of

breaths, or a particular interval of time.

20. The method of claim 18, wherein the characteristic of the EMG signal quantified is

selected from the group consisting of: amplitude, frequency, power spectrum, time-

to-peak rise time, relaxation time, compound action potential rise time, compound

action potential fall time, fast twitch muscle contribution, and slow-twitch muscle

contribution.

2 1. The method of claim 11, wherein the steps of measuring the first EMG signal and

measuring the second EMG signal comprises filtering the EMG signals to remove

or reduce electrical signals not arising from the diaphragm.



22. The method of claim 11, further comprising correlating the EMG signals with a

measurement of another physiological parameter.

23. The method of claim 22, wherein the physiological parameter comprises one or

more blood gas level, airway pressure, abdominal pressure, and abdominal

movement.

24. A method of diagnosing or tracking the progression or treatment of a neurological

disorder that affects the function of a patient's diaphragm, the method comprising:

determining a first activity index from a patient's diaphragm motor point

EMG at a first time;

determining a second activity index from the patient's diaphragm motor point

EMG at a second time;

comparing the first activity index and the second activity index; and

characterizing the presence, progression or treatment of a neurological

disorder based on the comparison between the first activity index and the

second activity index.

25. The method of claim 24, further comprising mapping the patient's diaphragm to

determine a phrenic nerve motor point.

26. The method of claim 24, further comprising implanting a diaphragm electrode in or

adjacent to the patient's diaphragm at a phrenic nerve motor point.

27. The method of claim 24, wherein first and second activity indexes are determined

based at least in part on one or more of: amplitude, frequency, power spectrum,

time-to-peak rise time, relaxation time, compound action potential rise time,

compound action potential fall time, fast twitch muscle contribution, and slow-

twitch muscle contribution.

28. The method of claim 24, wherein the first and second activity indexes are

determined at least in part from EMG signals recorded while the patient is sleeping.



29. The method of claim 24, wherein the first and second activity indexes are

determined at least in part from EMG signals recorded during a volitional

maneuver.

30. The method of claim 29, wherein the volitional maneuver is a sniff or a maximal

inhalation.

31. The method of claim 24, wherein the step of determining the first activity index

comprises determining the first activity index from the patient's diaphragm motor

point EMG and a respiratory parameter value at the first time, and further wherein

the step of determining the second activity index comprises determining the second

activity index from the patient's diaphragm motor point EMG and the respiratory

parameter value at the second time.

32. The method of claim 31, wherein the respiratory parameters are selected from the

group consisting of: tidal volume, airway pressure, abdominal movement,

abdominal pressure, and blood gas level.

33. A method of detecting the presence, progression or treatment of amyotrophic

lateral sclerosis in a patient, the method comprising:

mapping the patient's diaphragm to determine an active region;

implanting an intramuscular electrode at an active region in the patient's

diaphragm;

determining a first activity index from a diaphragm EMG detected by the

implanted electrode at a first time;

determining a second activity index from a diaphragm EMG detected by the

implanted electrode at a second time; and

determining the presence, progression, or treatment of amyotrophic lateral

sclerosis based on a comparison between the first activity index and the

second activity index.

34. The method of claim 33, wherein the step of implanting comprises implanting the

electrode on or near a phrenic nerve motor point.



35. The method of claim 33, wherein the first and second activity indexes are

determined at least in part from estimates of one more of EMG: amplitude,

frequency, power spectrum, time-to-peak rise time, relaxation time, compound

action potential rise time, compound action potential fall time, fast twitch muscle

contribution, and slow-twitch muscle contribution.
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