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(57) Abstract: A peripheral nerve stimulator can be used to stimulate a peripheral nerve to treat essential tremor, Parkinsonian
tremor, and other forms of tremor. The stimulator can have electrodes that are placed circumferentially around the patient's wrist or
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SYSTEMS AND METHODS FOR PERIPHERAL NERVE STIMULATION TO TREAT

TREMOR

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Application No. 62/006,565, filed June 2,

2014, U.S. Provisional Application No. 62/006,555, filed June 2, 2014, U.S. Provisional Application No.

62/083,424, filed November 24, 2014, and U.S. Provisional Application No. 62/157,1 16, filed May 5,

2015, each of which is herein incorporated by reference in its entirety.

INCORPORATION BY REFERENCE

[0002] 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

[0003] Embodiments of the invention relate generally to systems, devices, and methods for treating

tremor, and more specifically relate to system, devices, and methods for treating tremor by stimulation of

peripheral nerve(s).

BACKGROUND

[0004] Hand tremors are one of the most common movement disorders, affecting an estimated 10

million people in the U.S., with growing numbers due to the aging population. The prevalence increases

with age, increasing from 5-10% of the population over 65, to above 20% over 95. Essential tremor is

characterized by oscillatory movement, for example between 4-12Hz, affecting distal limbs, like the

hands. Unlike Parkinson's tremor, which exists at rest, essential tremor affects postural and kinetic

activities, meaning tremor is invoked by holding a limb against gravity or during intentional movement,

respectively. Tremor is also a significant problem for patients with other diseases, such as orthostatic

tremor, multiple sclerosis and Parkinson's Disease. Treatment options for these conditions are limited,

have undesirable side effects, or have high risk relative to the potential benefits, so alternative treatment is

warranted. A number of conditions, such as tremors, can be treated through some form of transcutaneous

peripheral nerve stimulation.

[0005] Designing a device to accomplish such a treatment is challenging. One difficulty in

designing a product for patients with tremors is creating a device that is easy to position and configure for

individuals whose hands are unsteady. People have a wide variation in wrist diameters, nerve locations,

nerve depolarization characteristics, and skin conduction that leads to challenges in designing a device to

comfortably, safely, and reliably target peripheral nerves for stimulation across a broad population. For

instance, in a wrist-worn device targeting the median, ulnar, and radial nerves at the wrist, the band

circumference for the adult population would have to vary from 13.5 - 19.8 cm to accommodate 5th



percentile female to 95th percentile male. See Henry Dreyfus Associates, "The Measure of Man and

Woman", Wiley, 200 1. In addition to differences in size, there are variations in the location, depth, and

branching of nerves. Thus, a system and method that can reliably stimulate one or more nerves in the

wrist across a wide range of wrist sizes would be advantageous in treating hand tremors.

[0006] A second challenge to designing such a device is that tremors vary between different people.

Even within the same person tremor can occur at variable times throughout the day, depending on

multiple factors, including but not limited to the patient's stress level, fatigue, and\ diet. Thus,

individually customized and responsive therapy capable of treating the tremor when it occurs or is likely

to occur can provide a more effective, yet power efficient device.

SUMMARY OF THE DISCLOSURE

[0007] The present invention relates generally to systems, devices, and methods for treating tremor,

and more specifically relate to system, devices, and methods for treating tremor by stimulation of

peripheral nerve(s). It should be understood that some of the features described in connection with one

embodiment may be combined with another embodiment.

[0008] In some embodiments, a system for treating a patient suffering from tremor is provided. The

system can include a pulse generator; and a circumferential band adapted to be secured to the patient's

arm or wrist, the band supporting a first and a second electrode in electrical communication with the pulse

generator, the first and second electrodes being spaced on the band so as to deliver electrical stimuli from

the pulse generator to the patient to preferentially excite a first nerve selected from the patient's median,

radial or ulnar nerve, the first and second electrodes being arranged and configured such that in a

transverse cross-sectional plane of the arm or wrist there is a 90 degree to 180 degree angle between a line

connecting the first nerve and the first electrode and a line connecting the first nerve and the second

electrode.

[0009] In some embodiments, the band supports a third electrode in electrical communication with

the pulse generator, the first and third electrodes being spaced on the band so as to deliver electrical

stimuli from the pulse generator to the patient to preferentially excite a second nerve selected from the

patient's median, radial or ulnar nerve, the first and third electrodes being arranged and configured such

that in a transverse cross-sectional plane of the arm or wrist there is a 90 degree to 180 degree angle

between a line connecting the second nerve and the first electrode and a line connecting the second nerve

and the third electrode, where the first nerve and the second nerve are different nerves.

[00010] In some embodiments, when the circumferential band is secured around the patient's arm or

wrist, the first electrode is positioned on a dorsal side of the patient's arm or wrist, the second electrode is

positioned on the ventral side of the patient's arm or wrist, and the third electrode is positioned on the

patient's arm or wrist in between the first electrode and second electrode.

[00011] In some embodiments, the electrodes each have a center and the electrode centers are spaced

about 5 mm to one quarter the circumference of the wrist or arm apart.



[00012] In some embodiments, the band comprise? flexible circuitry, and the band is fastened to the

housing through a riveted connector that also provides electrical communication between the flexible

circuitry of the band and the pulse generator.

[00013] In some embodiments, the housing has a distal end configured to be oriented towards the

patient's hand, and a proximal end configured to be oriented away from the patient's hand, such that the

band, the first electrode, and the second electrode are closer to the distal end of the housing than to the

proximal end of the housing.

[00014] In some embodiments, the pulse generator is the only pulse generator, and the system further

includes a switch matrix configured to switch the pulse generator between at least one pair of electrodes.

[00015] In some embodiments, the switch matrix comprises a single high voltage source and ground.

[00016] In some embodiments, each electrode in the switch matrix is associated with its own set of

protection circuitry.

[00017] In some embodiments, the system further includes a controller configured to deliver an

alternating stimulation pattern from the pulse generator to the electrodes.

[00018] In some embodiments, the stimulation pattern includes an application of a plurality of

alternating bursts of electrical stimulation delivered in a first pulse train to a first nerve selected from the

patient's median, radial or ulnar nerve, and a second pulse train delivered to a different nerve selected

from the patient's median, radial or ulnar nerve, wherein the first pulse train and the second pulse train

are offset by about one half the tremor period.

[00019] In some embodiments, the stimulation pattern includes an application of a plurality of bursts

of electrical stimulation, such that each burst includes a stimulation frequency between about 50 Hz and

2,000 Hz, and a pulse width between about 50 microsecond and 1 millisecond, and a pulse shape selected

from the group consisting of monophasic rectangular, biphasic asymmetric rectangular, or biphasic

symmetric rectangular.

[00020] In some embodiments, the stimulation pattern includes an application of a plurality of

alternating bursts of electrical stimulation, such that each burst comprises a duration of about one half the

tremor period.

[00021] In some embodiments, the system further includes a motion sensor configured to measure

motion of the patient's arm or wrist.

[00022] In some embodiments, the motion sensor includes a 3-axis gyroscope or accelerometer.

[00023] In some embodiments, the system further includes a controller in communication with the

pulse generator and the motion sensor, the controller programmed to determine one or more

characteristics of the tremor based on a signal generated by the motion sensor.

[00024] In some embodiments, the one or more characteristics of the tremor is selected from the

group consisting of the tremor frequency, the tremor amplitude, and the tremor phase.

[00025] In some embodiments, the controller is further programmed to adjust one or more parameters

of the electrical stimuli based on the determined characteristics of the tremor.



[00026] In some embodiments, the first electrode, second electrode, and third electrode are fabricated

on a disposable and replaceable flexible substrate with one or more electrical connectors for electrical

communication with the pulse generator.

[00027] In some embodiments, each electrode further includes a pull tab to aid in fastening and

removal.

[00028] In some embodiments, the housing and/or bands comprise a plurality of electrical snaps for

removably receiving the first electrode, second electrode, and third electrode.

[00029] In some embodiments, the first electrode, second electrode, and third electrode are disposed

on a thin liner with a spacing that corresponds to the position of the plurality of electrical snaps on the

housing and/or band.

[00030] In some embodiments, the system further includes an adhesive disposed on the thin liner

around the electrodes.

[00031] In some embodiments, the system further includes a cradle that securely supports the housing

and the bands such that the first electrode, second electrode, and third electrode can be attached to the

housing and/or band.

[00032] In some embodiments, the cradle has a cavity for securely receiving the housing such that the

base of the housing is exposed.

[00033] In some embodiments, the first electrode, second electrode, and third electrode are recessed

into the housing or band such that the electrodes extend a predetermined distance from the housing or

band.

[00034] In some embodiments, the first electrode and second electrode are disposable and

replaceable.

[00035] In some embodiments, the band includes moldable indentations configured to encompass the

electrodes and protect them from dehydration.

[00036] In some embodiments, the first electrode and the second electrode are coated with an

electrically conductive hydrogel.

[00037] In some embodiments, the first electrode and the second electrode are connected with a foam

backing layer.

[00038] In some embodiments, the foam backing layer includes a serpentine shaped portion between

the electrodes.

[00039] In some embodiments, the housing includes one or more depressible user input buttons, each

button located on a side of the housing, and a broad bracing surface on the opposite side of the housing

from each button.

[00040] In some embodiments, the housing has a ^kin contact side with a curved surface that follows

the curvature of the patient's arm or wrist.



[00041] In some embodiments, the system further includes a rechargeable battery and an inductive

coil configured to receive power from an external source to inductively charge the battery. The

rechargeable battery and inductive coil can be enclosed in the housing.

[00042] In some embodiments, the electrodes have a diameter or width between about 5 mm and one-

quarter the circumference of the arm or wrist.

[00043] In some embodiments, the system has only three electrodes. In other embodiments, the

system only has two electrodes.

[00044] In some embodiments, the polarity of the electrodes connected to the stimulator is switchable.

[00045] In some embodiments, a method of treating a patient suffering from tremor is provided. The

method can include placing a band comprising a first electrode and a second electrode around the

patient's arm or wrist in a configuration such that in the transverse cross-sectional plane of the arm or

wrist there is a 90 degree to 180 degree angle between a line extending between a first nerve and the first

electrode and a line extending between the first nerve and the second electrode, the first nerve selected

from the patient's median, radial and ulnar nerves, wherein the first and second electrodes are spaced a

predetermined distance apart; and delivering a first electrical stimulus from the electrodes to excite the

first nerve to reduce the patient's tremor.

[00046] In some embodiments, the band includes a third electrode spaced a predetermined distance

apart from the first and second electrodes such that there is a 90 degree to 1 0 degree angle between a

line extending between a second nerve and the first electrode and a line extending between the second

nerve and the third electrode, the second nerve selected from the patient's median, radial and ulnar

nerves.

[00047] In some embodiments, the method further includes delivering a second electrical stimulus

from the first electrode and the third electrode to excite the second nerve.

[00048] In some embodiments, first nerve is the median nerve and the second nerve is the radial

nerve.

[00049] In some embodiments, the band is operatively connected to a housing enclosing a motion

sensor, and the method further includes measuring one or more characteristics of the tremor with the

motion sensor while the patient performs a tremor-invoking task.

[00050] n some embodiments, the tremor-invoking task is an instructed task or a kinetic activity.

[00051] In some embodiments, the instructed task is a postural hold and the kinetic activity is drawing

or writing.

[00052] In some embodiments, the tremor-invoking task is a task the patient performs uninstructed as

part of normal daily activities.

[00053] In some embodiments, the measured characteristics of the tremor include a frequency

spectrum of the tremor.

[00054] In some embodiments, the method further includes determining a tremor frequency by

determining a center frequency peak within a 4 to 12 Hz range in the frequency spectrum of the tremor.



[00055] In some embodiments, the measured characteristics of the tremor include an amplitude of the

tremor.

[00056] In some embodiments, the method further includes temporally offsetting the first electrical

stimulus from the second electrical stimulus by a period of time based on a period of the tremor.

[00057] In some embodiments, the period of time is a function of the period of the tremor divided by

the number of nerves that are stimulated.

[00058] In some embodiments, the number of nerves that are stimulated is two.

[00059] In some embodiments, the first electrode is in electrical communication to a first contact of a

stimulator and the second electrode is in electrical communication to a second contact of the stimulator,

the stimulator configured to generate an electrical pulse between of the first electrode and the second

electrode, the electrical pulse having a polarity.

[00060] In some embodiments, the method further comprises switching the first contact and the

second contact of the stimulator such that the first electrode is in electrical communication with the

second contact and the second electrode is in electrical communication with the first contact in order to

change the polarity of the electrical pulse so that the first electrical stimulus is biphasic.

[00061] In some embodiments, the method further includes measuring motion of the patient;

determining the energy, amplitude, frequency, and pattern of the measured motion; and separating non-

tremor motion from tremor motion based in part on the determined energy, amplitude, frequency, and

pattern of the measured motion.

[00062] In some embodiments, the method further includes determining a stimulation sensation

threshold and a muscle contraction or discomfort threshold.

[00063] In some embodiments, the method further includes increasing an amplitude of the first

electrical stimulus from the stimulation sensation threshold towards the muscle contraction or discomfort

threshold.

[00064] In some embodiments, the step of increasing the amplitude of the first electrical stimulus

includes increasing the amplitude linearly or exponentially.

[00065] In some embodiments, the step of increasing the amplitude of the first electrical stimulus

includes increasing the amplitude in a series of progressively greater peak amplitudes separated by

reductions in amplitude.

[00066] In some embodiments, the step of increasing the amplitude of the first electrical stimulus

includes increasing the amplitude to a value greater than the muscle contraction or discomfort threshold

and then reducing the amplitude to below the muscle contraction or discomfort threshold.

[00067] In some embodiments, the step of increasing the amplitude of the first electrical stimulus

includes increasing the amplitude in a series of stepwise increments, where each increment in amplitude

is held for a predetermined duration.

[00068] In some embodiments, each stepwise increment in amplitude is followed by a decrease in

amplitude that is smaller in magnitude than the increase in each stepwise increment.



[00069] In some embodiments, the first electrical stimulus and the second electrical stimulus are

delivered out of phase to the tremor.

[00070] In some embodiments, the method further includes determining the tremor frequency and

phase by analyzing a signal from a motion sensor worn by the patient selected from the group consisting

of an accelerometer, a gyroscope, a magnetometer, and a bend sensor.

[00071] In some embodiments, the step of using motion sensors to measure characteristics of the

tremor during a tremor-invoking task and using these tremor characteristics to determine parameters of

the stimulation waveform is done in real-time.

[00072] In some embodiments, the first electrical stimulus and/or the second electrical stimulus have

a stochastic resonance electrical stimulation pattern.

[00073] In some embodiments, the method further includes determining an electrical stimulation level

that is above a sensation threshold and below a muscle contraction threshold and the patient's pain

tolerance threshold.

[00074] In some embodiments, the positioning of the band is verified by paresthesia in the patient's

hand.

[00075] In some embodiments, the positioning of the band is based in part on a comparison of a shape

of the housing with one or more anatomical features.

[00076] In some embodiments, the first electrical stimulus has a duration between about 20 and 60

minutes.

[00077] In some embodiments, the method further includes measuring motion of the patient's arm or

wrist during a specific task; and determining characteristics of the tremor from the measured motion.

[00078] In some embodiments, the specific task is a postural, kinetic, or intentional movement.

[00079] In some embodiments, the characteristics of the tremor include tremor frequency; and the

method further includes alternating a timing of burst patterns of the first electrical stimulus based on the

tremor frequency.

[00080] In some embodiments, a method of treating a patient suffering from tremor is provided. The

method can include determining a circumference of a patient's wrist; providing a band and housing

having a predetermined circumferential spacing for a first electrode, a second electrode, and a third

electrode, where the predetermined circumferential spacing is based on the determined circumference of

the patient's wrist, where the housing encloses a pulse generator configured to be in electrical

communication with the first electrode, the second electrode, and the third electrode, where the band and

housing are configured to be positioned on the wrist such that the first electrode is positioned

approximately along the midline of the dorsal side of the arm or wrist, the second electrode is positioned

approximately along the midline of the ventral side of the arm or wrist, and the third electrode is

positioned in between the first electrode and second electrode, where the first electrode and the second

electrode form a first electrode pair and the first electrode and third electrode form a second electrode

pair; stimulating a first nerve by delivering a first electrical stimulus between the first electrode pair; and

stimulating a second nerve by delivering a second electrical stimulus between the second electrode pair.



[00081] In some embodiments, a method of treating a patient suffering from tremor is provided. The

method can include determining a circumference of a patient's wrist; selecting a band and housing having

a predetermined circumferential spacing for a first electrode, a second electrode, and a third electrode,

where the predetermined circumferential spacing is based on the determined circumference of the

patient's wrist, where the housing encloses a pulse generator configured to be in electrical communication

with the first electrode, the second electrode, and the third electrode; positioning the band and housing on

the wrist such that the first electrode is positioned approximately along the midline of the dorsal side of

the arm or wrist, the second electrode is positioned approximately along the midline of the ventral side

arm or wrist, and the third electrode is positioned in between the first electrode and second electrode,

where the first electrode and the second electrode form a first electrode pair and the first electrode and

third electrode form a second electrode pair; stimulating a first nerve by delivering a first electrical

stimulus between the first electrode pair; and stimulating a second nerve by delivering a second electrical

stimulus between the second electrode pair.

[00082] In some embodiments, one or more electrodes can be connected to a given stimulator lead at

the same time.

[00083] In some embodiments, a device is provided. The device can include an adjustable array of

electrodes configured to be adjustable to target one or more nerves of the subject; a skin interface in

contact with the adjustable array of electrodes; an adjustable band in contact with the adjustable array of

electrodes; and an electronics box in contact with the band.

[00084] In some embodiments, the electrodes are a linear array.

[00085] In some embodiments, the electrodes circumvent a limb of the subject.

[00086] In some embodiments, the limb is a wrist.

[00087] In some embodiments, electrodes on the dorsal side of the limb is the common electrode.

[00088] In some embodiments, electrodes on the ventral side of the limb are signal electrodes.

[00089] In some embodiments, the nerve is a nerve selected from the group consisting of: ulnar,

median, and radial, or any combination thereof.

[00090] In some embodiments, the electronics is configured to switch current between electrodes in

the array of electrodes.

[00091] In some embodiments, at least two electrodes in the array of electrodes are the same size.

[00092] In some embodiments, at least two electrodes in the array of electrodes are different sizes.

[00093] In some embodiments, the array of electrodes configured for the dorsal side of a limb are

different sizes than the electrodes of the array configured for the ventral side of the limb.

[00094] In some embodiments, electrodes in the array of electrodes are configured to accept a

maximum amount of current.

[00095] In some embodiments, an impedance value between two or more electrodes in the array of

electrodes is from 20 nF to 120 nF.



[00096] In some embodiments, an impedance value between two or more electrodes in the array of

electrodes is from 5 nF to 300 nF.

[00097] In some embodiments, the array of electrodes includes a material selected from the group

consisting of: Ag/AgCl, Ag, Au, Stainless steel, and conductive rubber.

[00098] In some embodiments, the skin interface includes a material selected from the group

consisting of: a hydrogel, a conductive fluid, a conductive gel, a conductive lotion, a fabric, or any

combination thereof.

[00099] In some embodiments, the skin interface includes a hydrogel.

[000100] In some embodiments, the hydrogel has an impedance value that prevents current leakage

between electrodes.

[000101] In some embodiments, an impedance value of the two or more electrodes is dependent on the

spacing of the electrodes.

[000102] In some embodiments, the skin interface layer has ranges from above 1000 ohm-cm to

1OOkohm-cm in volume resistivity

[000103] In some embodiments, the device has some current leakage between an electrode in the array

of electrodes and the skin interface.

[000104] In some embodiments, the leakage current is less than 50%.

[000105] In some embodiments, the leakage current is less than 30%.

[000106] In some embodiments, the leakage current is less than 10%.

[000107] In some embodiments, a method for fitting a subject with a tremor with a neuromodulation

device is provided. The method can include contacting a limb of the subject with a device comprising an

adjustable array of electrodes, configured to be adjustable to one or more nerves of the subject;

determining a location of nerve response; and fitting the subject with the device based on the location of

nerve response.

[000108] In some embodiments, the nerve response is paresthesia.

[000109] In some embodiments, the method of determining the nerve response includes stimulating

electrodes in the array of electrodes.

[000110] In some embodiments, the location of nerve response is indicative of nerve activation.

[0001 11] In some embodiments, the method of determining nerve response includes contacting a

different portion of the limb with a feedback device.

[000112] In some embodiments, the limb includes a wrist, and the different portion comprises a finger.

[0001 13] In some embodiments, the feedback device includes a measurement electrode.

[000114] In some embodiments, activation of the electrode indicates which nerve has been excited.

[000115] In some embodiments, the method of determining nerve response includes identifying

positional movement of the limb.

[000116] In some embodiments, the fitting includes placing the device on the limb for activating a

nerve in the limb with the device.



[000117] In some embodiments, the fitting includes selecting electrodes for activation that are

necessary for the activation. In some embodiments, parameters can be stored in memory and referenced

by the microcontroller in the device during treatment.

[0001 18] In some embodiments, the activating includes peripheral nerve stimulation.

[0001 19] In some embodiments, the activating treats a tremor in the subject.

[000120] Although many of the embodiments have been described having two or three electrodes, it

should be understood that other embodiments may have additional electrodes, particularly if additional

nerves are being target.

BRIEF DESCRIPTION OF THE DRAWINGS

[000121] The novel features of the invention are set forth with particularity in the claims that follow.

A better understanding of the features and advantages of the present invention will be obtained by

reference to the following detailed description that sets forth illustrative embodiments, in which the

principles of the invention are utilized, and the accompanying drawings of which:

[000122] FIGS. 1A-1E illustrate various views of an embodiment of a device and system that provides

peripheral nerve stimulation, targeting individual nerves, to reduce tremor. FIG. IE shows a schematic

of a housing of the device that contains various components.

[000123] FIG. 2A illustrates a graph showing a reduction in tremor for a patient with a customized

stimulation from an embodiment of the array concept. FIG. 2B demonstrates the improvement in a spiral

drawn by a patient before stimulation (at left) and after stimulation (at right).

[000124] FIGS. 3A-3C illustrate various embodiments of electrodes on a wrist, including a common

electrode on the back of the wrist to reduce the number of electrodes needed to stimulate multiple nerves

and electrodes positioned on the circumference of the wrist to selectively stimulate the nerves targeted for

excitation.

[000125] FIGS. 4A and 4B illustrate how in some embodiments the band width can vary depending on

how the electrodes are arranged. FIG. 4A illustrates that in line placement increases the size of the wrist

banded needed. FIG. 4B illustrates that if the electrodes are placed along the circumference with a

common electrode, the band width decreases.

[000126] FIGS. 5A-5C illustrate various embodiments of different fixed spacings between the

electrode pads that were able to successfully target predetermined nerves in patients with varying

anatomy.

[000127] FIG. 6 illustrates a diagram showing how the maximum size of the electrodes can be

calculated in some embodiments.

[000128] FIGS. 7A and 7B illustrate how the electrode connector can be moved out of the band and

into the box to simplify the band.

[000129] FIGS. 8A and 8B illustrate an embodiment of conventional median nerve excitation with

electrodes longitudinally placed along the nerve (FIG. 8B) versus excitation by an array of electrodes

circumferentially distributed around the wrist (FIG. 8A).



[000130] FIG. 9 illustrates an embodiment of a flexible circuit stimulation array. The substrate is

flexible and able to wrap and conform around the wrist.

[000131] FIG. 10 illustrates an embodiment of a flexible circuit fabricated with smaller rectangular

pads but similar inter-element spacing as compared to FIG. 9 to reduce the effective area of stimulation

and increase the sensitivity of the array to target a specific nerve.

[000132] FIG. 1 illustrates an embodiment of a a flexible circuit fabricated with a circular electrode

array.

[000133] FIG. 12 illustrates an embodiment of a switching circuit that allows a single stimulator to

address each electrode individually.

[000134] FIG. 13 illustrates and embodiment of a uni-directional conductive microarray of conductive

elements in an electrically insulating carrier.

[000135] FIGS. 14A-14D illustrate the effect on current density when an electrode peels from the skin

for a conventional electrode and array.

[000136] FIGS. 15A-15D illustrates the effect of an electrical short on current density for a

conventional electrode and an array.

[000137] FIG. 16 illustrates an embodiment of a potential construction for an electrode array.

[000138] FIG. 17 illustrates a typical patterned waveform between median and radial nerve used to

treat essential tremor.

[000139] FIG. 18 illustrates a patterned waveform with N different nerves. The duration of each burst

is equal to the period of tremor divided by N. Each nerve is excited by a burst and the whole pattern

repeats in a time equal to the tremor period.

[000140] FIG. 19 illustrates an embodiment where the order of the pulse trains on different nerves are

randomized.

[000141] FIG. 20 illustrates a patterned waveform showing pauses in the stimulation.

[000142] FIG. 21 illustrates how a switch matrix can be used to produce a biphasic waveform.

[000143] FIG. 22 illustrates how measurements of nerve conduction can be used to automatically

determine which electrodes stimulate a target nerve.

[000144] FIGS. 23A and 23B illustrate how changing the electrode selection or position affects the

electric current field shape and density in the wrist.

[000145] FIGS. 24A-24F illustrate how various characteristics of the tremor can be used as feedback

to adapt stimulation delivered to the patient. In addition, predictive adaptation based on information

gathered from the patient's calendar, for example, can be used to trigger stimulation.

[000146] FIG. 25A-25C illustrate how big data compiled from large populations combined can

improve disease and tremor classification, which allows recommendations of treatments as well as long-

term monitoring of tremor.

[000147] FIG. 26 illustrates a flow chart that shows how tremor feedback, long-term monitoring data,

external data, and predictive adaptation can be used to adjust treatment.



[000148] FIGS. 27A and 27B present results from two subjects that show the relationship between

patient sensation and stimulation amplitude.

[000149] FIGS. 28A-28D illustrate various ramp types.

[000150] FIGS. 29A and 29B illustrate a series of small ramps that increase stimulation level, with

either pauses or a small decrease in level between each ramp.

[000151] FIG. 30 is a flow chart of how tremor frequency can be calculated from 3-axis sensors.

[000152] FIGS. 31A and 31B illustrate how a false or inaccurate peak in tremor frequency can be

detected.

[000153] FIG. 32 illustrates how the tremor frequency varies over the course of a day.

[000154] FIG. 33 illustrates how other physical activities could be mistaken for tremor.

[000155] FIG. 34 illustrates a regression model of tremor versus non-tremor activities as an example

of how to identify activities from which to calculate the center frequency of tremor.

[000156] FIG. 35 illustrates a cross-sectional view of electrode snaps recessed into compressed

neoprene to create a comfortable seal between the band and skin.

[000157] FIGS. 36A-36C illustrate various views of an adjustable buckle in combination with a snap

or button fastener, which allows the wearer to adjust the tension of the armband after it has been fastened

and secured to their arm/wrist.

[000158] FIGS. 37A and 37B illustrate an embodiment of an electrode with a non-sticky pull tab.

[000159] FIG. 38 illustrates electrodes that are appropriately spaced on a thin film liner for easier

installation into the device.

[000160] FIGS. 39A-39C illustrate electrodes connected by a single foam backing, including a concept

for a serpentine connection.

[000161] FIGS. 40A and 40B illustrate an embodiment of a cradle used to support the device when

installing and removing the electrodes.

[000162] FIG. 41 illustrates an embodiment of the wearable stimulator where the electrodes are shifted

distally with respect to the electronics housing to more easily target nerves distally on the wrist.

[000163] FIGS. 42A-42D illustrate various ways of locating buttons on the housing opposite a bracing

surface.

[000164] FIG. 43 illustrates one embodiment of an electrode with round snaps.

[000165] FIGS. 44A-44C illustrate an embodiment of a band that can be fastened to the user's wrist or

arm using only a single hand.

[000166] FIGS. 45A and 45B illustrate an embodiment of a band and its electronics.

[000167] FIG. 46 illustrates an embodiment of a charging block with a keyed shape that can help in

alignment and plugging of the device into a base station.

[000168] FIGS. 47A-47C illustrate another embodiment of a band and an inductive charger.

[000169] FIGS. 48A-48C illustrate an embodiment of a one-fingered glove with fasteners and

electrodes.



DETAILED DESCRIPTION

[000170] One aspect of this invention is a device and system that provides peripheral nerve

stimulation, targeting individual nerves (FIGA-1E). One aspect of this invention is a device and system

10 that allows customization and optimization of transcutaneous electrical treatment to an individual. In

particular, the device 10 described is for electrical stimulation of the median, radial, or ulnar nerves in the

wrist for treating tremors. Targeting those specific nerves and utilizing appropriately customized

stimulation results in more effective therapy (e.g., reduced tremor).

[000171] FIGS. 1A-1E illustrate an embodiment of a device and system 10 that provides peripheral

nerve stimulation, targeting individual nerves, to reduce tremor. In some embodiments, the device 0 is

designed to be worn on the wrist or arm. In some embodiments, electronics located in a watch-like

housing 12 measure tremor and also generate an electrical stimulation waveform. Electrical contacts in a

band 14 and/or housing 12 transmit the stimulation waveform to the disposable electrodes 16. The

location of the contacts in the band 12 is arranged such that specific nerves are targeted at the wrist, such

as the median and radial nerves. The electronics housing 12 also can have a digital display screen to

provide feedback about the stimulation and measured tremor characteristics and history to the wearer of

the device.

[000172] In some embodiments, the treatment device 10 is a wristworn device consisting of 1) an array

of electrodes 16 encircling the wrist, 2) a skin interface to ensure good electrical contact to the person, 3)

an electronics box or housing 12 containing the stimulator or pulse generator 18, sensors 20, and other

associated electronics such as a controller or processor 22 for executing instructions, memory 24 for

storing instructions, a user interface 26 which can include a display and buttons, a communications

module 28, a battery 30 that can be rechargeable, and optionally an inductive coil 32 for charging the

battery 30, and the like, and 4) a band to hold all the components together and securely fasten the device

around the wrist of an individual.

[000173] This system has shown dramatic tremor reduction after providing electrical stimulation to

nerves in the patient's wrist in accordances to the embodiments described herein. FIG. 2A is an example

of the tremor reduction detected using a gyroscope to measure the tremor energy during a postural hold.

FIG. 2B is an example of the tremor reduction detected by having the patient draw a spiral.

[000174] CIRCUMFERENTIAL, SPACED ELECTRODES

[000175] One aspect of our device is the use of only three electrodes to target two nerves (e.g., median

and radial), with a shared or common electrode 300 placed on the dorsal side of the wrist (FIG. 3A). In

some embodiments, the common electrode 300 can be placed approximately on the longitudinal midline

of the dorsal side of the arm or wrist. In some embodiments, an additional electrode 302 can be placed

approximately on the longitudinal midline of the ventral side of the arm or wrist to target the median

nerve. In some embodiments, yet another electrode 304 can be placed in between the common electrode

300 and the ventrally placed electrode 302 to target the radial nerve. In some embodiments, yet another



electrode can be placed to target the ulnar nerve. More generally, combining subsets of electrodes permits

targeting N nerves with fewer than N electrodes.

[000176] FIGS. 3B and 3C illustrate the positions of the common electrode 300, the ventrally placed

electrode 302, and the radial electrode 304 in relation to the median nerve 306 and the radial nerve 308 in

a transverse cross-sectional plane of the patient's wrist or arm. The electrodes 300, 302, 304 are

positioned such that in a projection into the transverse cross-sectional plane of the arm or wrist there is a

90 degree to 180 degree angle, a l , between a line connecting the median nerve 306 and the center of the

common electrode 300 and a line connecting the median nerve 306 and the center of the ventrally placed

electrode 302, and there is a 90 degree to 180 degree angle, a2, between a line connecting the radial nerve

308 and the common electrode 300 and a line connecting the radial nerve 308 and the radial electrode

304. The angles a l and a2 may each be in either a counter-clockwise direction (as a l is shown in FIG.

3B) or in a clockwise direction (as a l is shown in FIG. 3C). More generally, electrodes can be spaced

apart by a predetermined distance such that when the electrodes are positioned circumferentially around a

patient's wrist, one of the angles formed between each electrode pair and its target nerve is between about

90 degrees and 180 degrees. Such an orientation resuits in each electrode of the electrode pair being

placed generally on opposite sides of the target nerve. In other words, the target nerve is positioned

approximately between the electrode pair.

[000177] As shown in FIGS. 4A and 4B, three electrodes 400, 402, 404 placed circumferentially

around the wrist allow: (1) a reduced band width compared to a typical arrangement where the two

electrodes 400', 402' are longitudinally placed along the same nerve, and (2) targeting deeper into the

tissue by having the pair of electrodes across from each other to target each nerve. Although the

embodiments have been described with reference to three electrodes for the stimulation of two nerves, it

is understood that alternative embodiments can utilize two electrodes to stimulate a single nerve, where

the two electrodes can have a fixed spacing to allow the electrodes to stimulate the nerve from opposing

sides of the nerve. Similarly, other embodiments can utilize more than three electrodes. For instance, an

additional electrode can be added to target the ulnar nerve. In addition, different combination of

electrodes can be used to target one or more nerves from the group of the median, radial, and ulnar

nerves.

[000178] Mapping the nerves of a number of individuals with different wrist sizes by selectively

stimulating circumferential locations on the wrist and verifying where the user feels paresthesia in order

to identify the median, radial, and ulnar nerve showed the variability in nerve location relative to wrist

size, as well as the high individual variable in physiology. Individual nerves can be targeted with

electrodes positioned at the correct location, such as the positions shown in FIG. 3A or an array allowing

selection of those individual nerves, as discussed below.

[000179] Table 1 presents data showing individuals' wrist sizes and the stimulation locations needed to

excite the radial, median, and ulnar nerve. Notice that multiple locations can sometimes target the same

nerve and also that indivuals of the same wrist circumference and width can often have very different

responses. Zero is the centerline of each individual's wrist and numbers refer to elements to the left



(negative) and to the right (positive) of the center element (0) when looking at the wrist with pal]

up. All subjects in this table were right handed. U=Ulnar, M=medial, and R=Radial.

Table 1

[000180] Some embodiments of the device have different fixed spacings between appropriately sized

electrodes to target nerves in patients with varying physiology based on wrist circumference. The wrist

circumference of 5th percentile female to 95th percentile male is 13.5 - 19.5 cm. Sizing diagrams are

shown in FIGS. 5A-5C, which illustrate three band configurations using 22 mm square electrodes. FIG.

5A illustrates an embodiment of a band 500 having three electrodes 502 that are spaced about 13 mm

apart that can be used for wrists with a circumference between about 13.5 cm to 15.5 cm. Since 22 mm

electrodes were used, the spacing between the centers of the electrodes is 35 mm. The procedure for

determining the spacing is further described below. FIG. 5B illustrates an embodiment of a band 500'

having three electrodes 502' spaced about 18 mm apart that can be used for wrists with a circumference

between about 1 .5 and 1 .5 cm. FIG. 5C illustrates an embodiment of a band 500" having three

electrodes 502" spaced about 23 mm apart that can be used for wrists with a circumference between

about 17.5 and 19.5 cm.

[000181] Sizing of the electrode structure may be based upon a balance of patient comfort, device

power consumption, and ability to target nerves. Small electrodes are advantageous because lower

currents and power are needed to stimulate a nerve. However the smaller electrodes may have several

disadvantages, including: (1) increased difficulty of nerve targeting, as the electrode has to be placed

precisely at the right anatomical location; (2) intensified edge effects of the electrical field produced

between electrodes, which reduces comfort of the patient; and (3) reduced surface area of the electrode in

contact with the skin, which can cause small deviations in the electrode integrity and skin adhesion to

reduce patient comfort. In contrast, larger electrodes are advantageous because they tend to be more

comfortable for the patient because of the reduction of electrical field edge effects, reduction in sensitivity



to small deviations in the electrodes, and reduction in sensitivity to the current amplitude step size on the

stimulator device. In addition, less precise placement is needed for larger electrodes. However, a

disadvantage of larger electrodes is the requirement of more current and power to achieve a specified

current density.

[000182] In some embodiments, wrist circumference and nerve location are the primary anatomical

factors that drive selection of electrode size. The median nerve is generally located on the centerline of

the ventral side of the wrist. Therefore, as shown in FIG. 3 for example, an electrode 302, the median

electrode, can be placed on the centerline of the ventral side of the wrist. To target deeper structures and

minimize the width of a device, another electrode 300, the return electrode or common electrode, can be

placed on the centerline of the opposite side, or dorsal side, of the wrist. In some embodiments, the

median electrode may be offset from the centerline to be biased towards the thumb while the return

electrode remains placed on the centerline of the dorsal side of the wrist. In some embodiments, the

offset of the median electrode can be a predetermined distance, which is at maximum, about one-quarter

of the circumference of the wrist. A third electrode, the radial electrode, can be placed in between the

first and second electrode to target the radial nerve. Some embodiments can utilize more than three

electrodes. For instance, an additional electrode can be added to target the ulnar nerve. In addition,

different combination of electrodes can be used to target one or more nerves from the group of the

median, radial, and ulnar nerves. In some embodiments, all electrodes can be the same size (i.e., area) for

two reasons: (1) ease of manufacturability at large volumes, and (2) improved comfort by maintaining the

same current density at any pair of electrodes. As shown in FIG. 6, these considerations may set an upper

bound for the size of the electrodes 600 to stimulate the median nerve 602 and radial nerve 604 as one-

quarter of the circumference of the smallest person's wrist (5th percentile female), or about 3.5 cm.

[000183] In some embodiments, the lower bound of the electrode size can be 5 mm, based on the

smallest sizes found in literature of electrode arrays. Within these limits, a 22 mm by 22 mm size was

chosen because it allowed a good balance between stimulator power and nerve targeting. The 22 mm size

allowed a reasonable amount of misalignment for targeting the nerve (about 1 cm circumferential

measured empirically), without consuming an unreasonable amount of power for a wearable device form

factor. The 22 mm size is also a standard size for electrode manufacturing as it is used commercially in

ECG devices. In some embodiments, the electrode size can be between 0 mm and 30 mm, or 15 mm and

25 mm, or 20 and 25 mm.

[000184] Based on electrode size and to accommodate variation in wrist size, the electrode spacing can

be grouped into three sizes in some embodiments, in which each size spans a wrist circumference range

of 2 cm. In each range, the middle wrist circumference in that 2 cm range was chosen and spacing of the

electrodes was calculated based upon the wrist circumference. For example, in the smallest sized band,

for wrist sizes 13.5 to 15.5 cm, calculations were based on a 14.5 cm wrist circumference. The center-to-

center spacing of the median electrode and the return electrode on the back of the wrist should be roughly

half the circumference of the wrist. Subtracting the size of the electrodes (22 mm) determines that the

inter-electrode spacing should be around 13 mm.



[000185] Sizing calculations were also slightly biased such that placement of the median electrode

erred towards the thumb, as this was more effective at stimulating the median nerve and would avoid

stimulating the ulnar nerve, in case the electrodes were shifted or placed imprecisely. In some

embodiments, ulnar nerve stimulation may be less preferable than radial nerve stimulation as it was found

to cause an unpleasant sensation in early testing.

[000186] Test arrays were fabricated by affixing hydrogel electrodes to a liner at the desired distances.

The common electrode was aligned to the center of the back of the wrist and the hydrogels were

connected to a stimulation device. As shown in Table 2, all subjects were able to target the radial and

median nerves using the appropriately selected bands. At a shift of 1cm towards the thumb, most

individuals experienced diminished median nerve excitation that could be accommodated with greater

amplitude of stimulation. At a shift of 1cm towards the pinky, many individuals gained ulnar sensation.

After a large shift of about half an electrode pad size, most subjects were still able to feel the stimulation

of the correct nerve, but occasionally required a greater amplitude of stimulation. These preliminary

results demonstrated that the electrode spacing and size was sufficient.

Wrist
Hand

Gender Circumference Size Radial Median
Stimulated

(cm)

M 17.1 R L Yes Yes

Yes
M 17.5 R L Yes

M 18.6 R L Yes Yes

M 17.5 R L Yes Yes

M 17.4 L L Yes Yes

M 1 .9 R M Yes Yes

F 16.3 R M Yes Yes

M 16.6 R M Yes Yes

M 16.5 R M Yes Yes

F 14.5 R S Yes Yes

F 15.4 R S Yes Yes

F 14.9 R S Yes Yes

F 12.7 R S Yes Yes

F 15.6 R S Yes Yes

Table 2: Data confirming that the electrode spacings successfully target the median and radial nerve of a

number of individuals.



[000187] In one embodiment of the device, the electrode connections could be located on the underside

of the electronics box, where one type of electrode connection could be a snap button. In FIGS. 7A and

7B, all three electrode connectors 700 are located on the underside of the electronics box 702. The

connectors 700 on the electronics box 702 can interface with a flexible electrode system 704 which can

have complementary connectors 706. The flexible electrode system 704 can also have three electrodes

708 that are electrically connected to the complementary connectors 706 using electrical traces 710. The

components of the flexible electrode system 704 can be integrated onto a flexible liner 712. The

advantage of this construction where the electrode connections are on the electronics box is that

electronics are not needed in the band. The disadvantage of this construction is that the flexible traces

710 may require custom manufacturing and commensurate increased cost. Additionally, the flexible

traces 710 may widen the band or contribute additional complexity and cost if constructed as a two-layer

flex.

[000188] OTHER ELECTRODE ARRAY CONFIGURATIONS

[000189] Various types of electrode arrays can be used. In some embodiment as described above, a

circumferential array of two or more electrodes, such as three electrodes, positioned circumferentially

around patient's wrist or arm can be used. Other electrode array configurations can also be used,

including two dimensional arrays. The electrode pairs formed in these electrode arrays can be designed

such that each element is individually addressable and has limited current density. This array

configuration is an improvement over conventional dual-element arrays. First, it limits current density

spikes that can cause discomfort and that can increase the risk of burns with larger elements. Discomfort

and burns can occur when, for example, hydrogels peel off or dry cloth electrodes have poor contact with

the skin. Second, it enables selecting the optimal stimulation location for each patient's specific geometry

or neurophysiology. The stimulation location may be targeted either by exciting a single set of electrodes

or by steering the current using simultaneous excitation of multiple electrodes. Third, it permits shifting

the stimulation location over time to reduce the overall current density applied to a certain patch of skin

which can reduce skin irritation due to stimulation.

[000190] In some embodiments, an electrode array may have a defined pattern of electrical contacts

arranged in a ring around the wrist. In order to stimulate electrically, current can be applied between two

sets of contacts through the human skin. In this array, any number of electrodes can be connected to

either set of contacts, making it very configurable. In most situations, a skin interface will need to be

placed in between the electrode contacts and the person. In many cases, the mechanical and electrical

properties of this skin interface coupled with the mechanical properties of the array will influence the

performance and complexity of the device.

[000191] Typically for nerve excitation in the wrist, two electrodes 800' are placed longitudinally

along the nerve with a reasonable spacing of at least 1 cm, as shown in FIG. 8B. The purpose of this

positioning is to get the electric field 802' to penetrate into the tissue to depolarize the underlying nerve

804. With two adjacent electrodes 800', there is only a shallow penetration of the stimulating current. In

contrast as shown in FIG. 8A, with electrodes 800 excited on opposite sides of the wrist, the electric field



802 extends through the wrist and this enables excitation of nerves 804 deeper in the tissue. As shown in

FIGS. 4A and 4B, to achieve the same level of stimulation using longitudinally placed electrodes, would

likely require a larger cuff. Therefore, the circumferential array is compact and thus advantageous for

wearable devices. The advantage of having the configurability of the array is that the same nerves can be

reached, but in a more compact form factor than conv<¾ntial median nerve excitation.

[000192] The circumferential array structure addresses issues of sizing. In some embodiments as

shown in FIG. 9, the flexible array 900 of electrodes 902 could be made in a one-size-fits-all fashion and

placed around any individuals wrist. However, electrodes 902 that are not used are simply not addressed

by the stimulator. This allows one size to be customizable to a large population.

[000193] The array design is defined by the 1) center to center spacing, 2) the interelement spacing,

and 3) the shape of the electrode, and 4) the electrical and mechanical properties of the skin interface,

typically a hydrogel. In some embodiments, for wrist- worn treatment of tremors the array 900 has a

center to center spacing of about 1 cm, an interelement spacing of about 2 mm, and rounded-corner

rectangular elements such as 2 mm filet. Since the array 900 can conform to the body, the contacts can be

fabricated as an electrically conductive Ag or Ag/AgCl trace 904 on a flexible polyester substrate 906,

though other trace and substrates materials could be used such as gold plated copper on polyimide. A

single strip of hydrogel with a reasonably high volume resistivity (-2500 ohm-cm) can be applied across

the array and used to contact the skin. The selection of these parameters is determined by the desired

range of anatomical sizes, electrical characteristics of the skin interface, sensation of stimulation, duration

of stimulation, and permissible complexity of the electronics.

[000194] In some embodiments, the device is designed to minimize cross talk between

elements/electrodes. Cross talk causes adjacent areas to be stimulated and can lead to draining power or

increasing off-target side effects of the stimulation. Cross-talk can be minimized by selecting a hydrogel

with a high volume resistivity to discourage current spread in the lateral direction and limit the effective

area of stimulation. With lower volume resitivity, current spreading could prevent the ability to

specifically target individual nerves. In addition, larger resistivity hydrogels tend to decrease edge effects

and increase comfort of stimulation. However, a volume resistivity that is too large will consume more

power, which increases demands on the electronics and the size of the battery. In some embodiments, an

intermediate resistivity can be chosen in order to balance these competing needs. Additionally, a small

amount of current spreading could also be beneficial to patient comfort as the current density will taper

off more gradually.

[000195] Cross-talk could also be regulated by modifying the shape and the interelement spacing. For

instance, decreasing the area of the electrodes 1002 (FIG. 10) in the array 1000 can help limit the excited

area compared to FIG. 9. Modifying the center to center spacing can also limit the overlap area of

neighboring elements/electrodes.

[000196] Changing the electrode shape can also control the excitation in an area and make the

stimulation more comfortable. In the case of rectangular elements, often the corners show an increase in



current density, which can lead discomfort. In some embodiments, a circular element/electrode 1102

(FIG. 11) can be chosen to increase comfort.

[000197] A further approach to reducing cross-talk is to separate the hydrogel pieces and eliminate

current flow from pad to pad. However, this increases the complexity of the manufacturing process.

[000198] In some embodiments as shown in FIG. 12, the electronics and electrical circuit 1200 used to

drive the array include an adaptable switch that allows each individual electrode 1202 to be connected to

either one of the two contacts 1204, 1206 of the stimulator 1208 at a given time by opening or closing

switches 1210 in each channel. Each channel can include a DC blocking circuit 1212, as charge balance

is important to prevent skin irritation and burns, and also be individually current limited by current

limiters 1214 in order to prevent current surges that c uld cause injury or discomfort. This current

limitation can be set to a predetermined tolerability threshold for a particular patient or group of patients.

There are many transistor circuits or components like polyfuses known in the art to limit or shutdown the

current to a particular node. These circuits and its components, such as the stimulator, switches, and

current limiters, can be controlled and/or be programmable by a microprocessor 1216 in real-time. The

switch matrix allows multiple electrodes to be connected to the same stimulator contacts at a given time

for maximum flexibility. In addition, electrodes can be switched between the positive and negative

contacts of the stimulator to produce a bipolar pulse, as described below.

[000199] Another benefit of the array geometry is to map the physical layout of underlying

neurophysiology. This could be used to tune the stimulation appropriately for each subject. For example,

the array elements could be used to map the underlying muscle firing (electromyography) or the

underlying nerve activity (electroneurography). This information may be used in a closed-loop system to

monitor the tremor or optimize the stimulation over time.

[000200] Expanding the underlying concept to the circumferential array described to a finer microarray

offers significant advantages for stimulation. A structure that is a material with miniature, current-limited

array elements would solve problems with current spikes or electrode peeling. Designing the microarray

is a balance of a need for high lateral impedance to prevent crosstalk and low impedance for efficient

power transfer from the stimulator. As shown in FIG. 13, such a microarray 1300 could be a woven

fabric or a series of conductive elements 1302 in an insulating polymer to create a uni-axially conductive

geometry.

[000201] There are advantages to using a microarray instead of a conventional electrode system in

order to maintain comfortable and safe stimulation in situations when the adhesion to the skin is

compromised. Two situations generally cause pain and burns to a patient, electrode peeling and

breakdown of electrode material; both are associated with increases of current density. In a conventional

electrode system, as shown in FIG. 14A, current I 1 00 is applied to a single electrode 1402 of area A

attached to the skin 1404. The current density is then J = I/A. As the electrode peels 1406, as shown in

FIG. 14B, the area A decreases, which increases the current density, J . The current density could

increase to a point where the patient becomes uncomfortable or experiences side effects on the skin.



[000202] In a matrix array with regulated current density, however, the current density can be regulated

to prevent discomfort. In FIG. 14C, the large electrode area is divided into an electrode array, with

smaller elements 1408. Each element has an associated current limiting circuit 1410 that limits the

current to a value that is comfortable 1412. Because these current limiters exist, in FIG. 14D, even when

some of the array elements peel 1414 and zero current flows through those elements 1416, the current

through all the rest of the elements 1412 is still limited to a level that is comfortable.

[000203] A second common situation where the microarray offers advantage over a conventional

electrode system is when one area of the electrode is shorted due to a breakdown in the material or the

mechanical nature of the material. In a conventional electrode system as shown in FIG. 15A, current I

1500 flows through an electrode 1502 on the skin 1504. In FIG. 15B, if a short circuit 506 occurs in the

electrode for example because of a defect or another reason, the whole current I 1500 flows through that

single point, which could cause discomfort. In FIG. 15C, a multi element array has current limiters 1510

connected to each array element 1508. An example of such a current limiter is a very large resistor, R,

much larger than that compared with the resistance, r, of the electrode itself 1508 (i.e., R » r). In this

case, the current through each element is roughly the total current divided by the number of elements. In

the case where a short 1506 occurs in one element, since R» r, the current through each element 1514 is

still roughly equal to the total current divided by the number of elements.

[000204] The two situations described would be particularly problematic for non-adhesive electrode

configurations. For example, conductive fabrics may intermittently only contact one small region of the

skin and cause all the all the current to flow through a small area at high current density. One solution to

this problem is the embodiment of a non-adhesive array depicted in FIG. 16. This embodiment uses a

series of fine pins or balls 1600 connected to a flexible substrate 1606, like cloth, to form the microarray

of electrodes. Another material like a conductive foam or a comfortable layer 1602 can be added between

the balls and the skin to address any discomfort, providing that the lateral resistivity is relatively higher

compared to the through resistivity. This solutions minimizes the cross talk between the contacts. Such a

microarray of elements/electrodes can be constructed as a matrix of multiple electrodes mechanically

connected and each having their own current limiting circuit 1604. Electrodes in the matrix could be

grouped into larger subgroups of elements that are individually controlled 1608 and 1610. Another option

is to use a woven fabric where the resistance of each wire limits the current.

[000205] PATTERNED STIMULATION ALTERNATING BETWEEN NERVES

[000206] One aspect of the device is the patterned waveform used to stimulate multiple nerves. This

waveform uses alternating bursts of higher frequency stimulation (typically 50 Hz - 2 kHz) and 50 -

1mS pulse width on peripheral nerves that map to adjacent locations in the brain. This type of stimulation

may desynchronize the neuronal populations and restore normal function. These burst patterns match

certain tremor characteristics of the patient, including the phase, frequency and amplitude of the tremor.

In one implementation, where the median and radial nerves are used to treat tremor, pulse trains at 150 Hz

frequency and 300µ pulse width) are a length that is just under half of the tremor period and alternating



between the two nerves. FIG. 17 illustrates a typical patterned waveform stimulating median and radial

nerve used to treat tremor. Each burst is formed from pulses at a higher frequency and an appropriate

pulse width for targeting the right types of nerves. The bursts alternate with timing relating to the

patient's tremor frequency. Each burst is up to half of the tremor period such that the bursts are non-

overlapping and the bursts are time-shifted by half the tremor period such that the alternating cycle is

repeated with each tremor period.

[000207] There are several variations on this stimulation, including stimulating more than two nerves

as shown in FIG. 18 and changing the ordering of pulse trains as shown in FIG. 19. If the number of

stimulated nerves is increased to N, the maximum burst length of each pulse train will be 1 N times the

tremor period such that the bursts are non-overlapping. The burst on the second nerve will shifted /N

times, the burst on the third nerve will be shifted 2/N times, up to the final nerve N that is shifted (N-1 ) N

times the tremor period.

[000208] The order of the pulse trains on different nerves can be randomized as shown in FIG. 19.

The upper limit on the length of the bursts is 1/N times the tremor period and the order of the bursts on

the three nerves is randomized. However, all three nerves still experience a single burst of stimulation

within a length of time equal to the tremor period, as illustrated by each white or gray section. In

subsequent intervals of time equal to the tremor period, the order of the burst pattern on the nerves is

again randomized.

[000209] There can be pauses at different times in the sequence. These pauses can be regular or occur

at random times. The pauses may help with the desynchronization and also have the side effect of

increasing the tolerability of stimulation because less power is generally transmitted to the hand. Less

power transmission also reduces the power consumption from the battery and can help reduce the overall

size of the wearable device. FIG. 20 illustrates a waveform pattern showing pauses in the stimulation.

Each group of stimulation bursts is grouped in time intervals equal to the period of tremor. At regular

times, stimulation can be stopped or paused for one or more segments equal in length to the period of the

tremor.

[000210] While the embodiments described above have used constant 50 Hz stimulation as an

example, the waveform within each burst can vary in amplitude, timing, or shape. For instance, in some

cases, radial and median nerve amplitudes need to be changed since one nerve may be more easily excited

than the other based physiology or hand position. The amplitude during the burst can also be varied, for

example sinusoidally. The pulse width and frequency inside a particular burst pattern can also vary, for

example, a stochastic resonance electrical stimulation pattern could be used to choose a random

distribution of the pulse width and frequency of a certein square pulse. Stochastic resonance has been

shown to enhance sensory perception and feed back into the central nervous system.

[000211] The electronics implementation of this alternating waveform is advantageous because only

one stimulator is needed since only one nerve is stimulated at any given time. This is enabled by the

switch matrix design described above and illustrated in FIG. 12. The advantage of the switch matrix



design is that it helps achieve a safe design that reduces the size and cost of the device, characteristics

essential for a wearable device. The specific advantages include:

[000212] Utilization of only one stimulator since only one nerve is excited at a time. This reduces the

size and cost of the device by reducing the amount of electronic components required, compared to other

techniques that need multichannel stimulators.

[000213] The switch matrix allows every electrode in an electrode pair to be associated with its own

protection circuitry. This protects against any single point failure in the matrix. For instance, if a DC

blocking capacitor is associated with every electrode, even if one of the capacitors failed, the patient

would still be protected from DC currents from the second capacitor, as shown in FIG. 12.

[000214] Additionally, the switch matrix minimizes or reduces the number of high voltage rails needed

for biphasic stimulation, which reduces the number of components in the device. Instead of creating both

negative and positive rails, a single voltage rail and ground rail are created. By connecting alternating

electrodes to the ground rail or the high voltage rail, the biphasic waveform can be created as shown in

FIG. 21. As shown in FIG. 21, two voltage lines, a high voltage line 2100 and a ground line 2102 are

created, and electrodes 2104 are alternately connected to each voltage line to produce the biphasic

waveform 2 106. Reducing the number of components translates to space and cost savings that are critical

to a wearable device.

[000215] DEVICE FITTING FOR ELECTRODE ARRAYS :

[000216] In some embodiments, a manual fitting procedure can be used. In a manual fitting procedure,

the device can be placed on the patient's arm. Each individual electrode can be switched on and

stimulation applied. The location of paresthesia can be noted for each electrode location and correlated to

a particular nerve by using information found in literature. For example, if a particular array element

causes paresthesia in the thumb, index, and third finger, then that electrode stimulated the median nerve.

Ulnar and radial nerves can be found in similar ways. The operator can then program those nerve

locations and corresponding associated electrodes into the patient's device. The device can recall these

locations to provide consistent therapy to a particular individual, provided that the band and electrodes are

consistently placed on the patient's wrist at the same location and orientation. To aid repeatable

placement on the wrist, visual or mechanical markers that line up with anatomical features can be

employed. One example is to curve the box to fit the curve of the wrist. A second example is to make the

device watch-like, with intuitive preferred orientation. A final example is to provide visible indicators,

like marks or lines that can line up with corresponding anatomy, like the tendons of the wrist or the bones

on the hand and wrist, such as the ulnar styloid process.

[000217] In some embodiments, the fitting procedure can be automated using feedback from on-board

sensors. For instance, one may use ring receiving electrodes 2200 on the fingers similar to those used in

carpal tunnel nerve conduction studies. These receiving electrodes 2200 can be used to measure whether

stimulation of a particular electrode 2202 placed circumferentially on the wrist or arm causes a

measurable response 2204 in a target nerve 2206, such as the median, radial, or ulnar nerve, as shown in



FIG. 22. This can also be used in some embodiments to confirm that a particular nerve, such as the ulnar

nerve for example, is not stimulated, which can be accomplished by placing a electrode at a finger or

other location that is innervated by that nerve. When the correct electrode(s) are stimulated, a response

can be measured by the ring electrode on the finger or another electrode placed at known locations where

the target nerve innervates.

[000218] In some embodiments, fitting can be determined by measuring the response to stimulation.

For instance, if stimulation at a particular location leads to greater tremor reduction than stimulation at

another location the device will be directed to stimulate the more effective location.

[000219] In some embodiments, during the fitting procedure, the search for the correct set of electrodes

does not have to be done in a linear fashion. Depending on the person's wrist and width size, there can be

a priori knowledge to the approximate locations of certain nerves. For instance, the median nerve is

generally located close to the center line of the ventral side of the wrist, and therefore electrodes at that

location can be preferentially tested.

[000220] While selecting individual elements is the most direct way of selecting a single nerve, more

complex current patterns can be used to shape the current density through the limb. The combination of

which electrodes to be used to excite a particular nerve can be straight forward or more complex in order

to current steer for the purpose of improving comfort. For example, in FIG. 23A a simple configuration

is achieved by connecting electrodes 2302 and 2304, on opposite sides of the wrist, to a stimulator 2300.

Field lines 2306 excite nerve 2308. Another way of exciting nerve 2308 can be seen in FIG. 23B.

Electrodes 23 10, 23 1 , and 23 14 are selected and connected to the stimulator. The amount of current

passed through each electrode can be different in order to steer the field lines 23 16. In other

configurations, the current density could be reduced in order to make stimulation more comfortable.

[000221] A circumferential array is advantageous because array elements can be dynamically selected

to change stimulation as necessary. For instance, in some cases, as the position of a person's limb moves

around, the position of a nerve can change. In this situation, a different set of electrodes than the original

pair may target the nerve more precisely or efficiently and it is advantageous to apply an algorithm to

change the set of electrodes used for stimulation.

[000222] DYNAMIC STIMULATION ALGORITHMS

[000223] In addition to the effective positioning of the electrodes around the patient's arm or wrist, in

some embodiments the electrical stimulus delivered to the nerves through the electrodes can be improved

in various ways, including for example determining various characteristics of the tremor and using this

data as feedback to modify, adjust and set various stimulation parameters as shown in FIGS. 24A-24F

and described in more detail below.

[000224] Dynamic algorithms can also help stimulation comfort and reduce redness or rash. If

multiple elements target specific nerve or nerves of interest, the signal can be switched between these

different elements in real-time. This may alleviate the irritation at a particular location of the skin by



reducing the time of stimulation at a particular location. However, the total net effect of therapy will be

the same.

[000225] TREMOR PHASE FEEDBACK:

[000226] In some embodiments as shown in FIG. 24A, the tremor signal, measured by accelerometers,

gyros, or other means like EMG, can be used for direct feedback. For example, using the gyroscope

signal allows the angular speed of the hand to be measured, and thus the angle of the hand can be

calculated. It has been shown that responding out of phase to the tremor can be effective in reducing

tremor. Detecting and responding to the phase delay 2402 can be accomplished in hardware or software.

[000227] To utilize tremor phase feedback, the signal from the motion sensor can be integrated, or a

combination of sensors can be used to form a signal that is reflective of hand position. For example,

position and orientation can be determined by integrating accelerometer or gyroscope signals, or by

combining the accelerometer, gyro, and magnetometer data to produce a quaternion showing the

orientation of the hand. By combining the positions i . one or more axes, it is possible to produce a signal

used for dynamic feedback.

[000228] One algorithm of calculating the triggers for the stimulation identifies where the derivative of

the signal changes sign to find peaks in the signal. The signal may be noisy, so a filter or threshold may

be required to eliminate noise oscillations. Finally, peaks usually do not occur faster than the typical

tremor frequencies (4-12 Hz), so points that are too close together can be eliminated. From the peaks, the

instantaneous frequency of the tremor can be calculated by looking at the difference in time between the

two peaks. Then, using this frequency, the appropriate time delay needed to stimulate out of phase can be

calculated, accounting for the delay in the neural signal from the peripheral nerve to the brain. The

calculation is done and real-time and can be adapted to the instantaneous frequency and phase of the

signal.

[000229] An alternative approach would be to detect zero crossings or any other repeated value in the

position or biological signal. However, zero detection can be challenging due to the tendency for noise

around zero.

[000230] An alternative approach to detecting phase is to use the real-time Hilbert transform. The

Hilbert transform will calculate the envelope and phase from a real-time signal. The instantaneous phase

can therefore be used to time the stimulation appropriately. However, the Hilbert transform is complex

and challenging to implement on a standard microcontroller.

[000231] TREMOR AMPLITUDE FEEDBACK:

[000232] In some embodiments, tremor amplitude feedback modulates the duty cycle of the treatment

based upon tremor severity. Tremor amplitude can be defined and determined in a number of ways as

shown in FIGS. 24B and 24C, including: (1) maximum or root-mean-square flexion extension/position,

velocity, acceleration, or jerk of the hand motion; or (2) the spectral power at a frequency or spectral

energy in the 4-12 Hz band. Determining maximum hand motion can become computationally expensive



because of the three-dimensionality. In some embodiments, the signals from all axes in the gyroscope or

accelerometer can be integrated and the axis with the largest amplitude can be taken to define the amount

of flexion and extension. An alternative implementation is to calculate the orientation of the hand from a

combination of sensor inputs, and the axis-angle rotation from the neutral position of the hand at an

instantaneous point in time can be calculated to specify the degree of flexion/extension. If the envelope

2404 of this oscillatory signal is larger than a threshold 2406, therapy can be applied.

[000233] This approach may be computationally intensive and it may be preferable to calculate the

spectral energy in the 4-12 Hz band for a short time signal. If a multi-axis accelerometer, gyroscope, or

other motion sensor is available, the spectral density can be calculated individually for each axis and then

the L2 norm can be found. The L2 norm could also be calculated prior to finding the spectral density

depending on the sensors used. The spectral density can be calculated using a variety of numerical

approaches 2408 taking the signal from the time domain to frequency domain, including FFT, welch or

periodograms, or using a more microcontroller friendly Goertzel tone detection algorithm, all of which

are well known in literature. If the energy under the curve 2410 is larger than a threshold, therapy can be

applied.

[000234] One difficulty of this feedback mechanism is determining the threshold at which therapy

should be applied. In some embodiments, the threshold can be set based upon the actual angle of the

hand; surveys and patient tests can determine the acceptable angle ranges for performing daily tasks, like

drinking or holding a spoon. The same can be done for spectral density. In some embodiments, this

threshold can be set as universal across all patients

[000235] In some embodiments, the threshold may be individualized to a particular patient or group of

similar patients. This could be done by monitoring the patient's tremor level (e.g., energy or position)

over time and determining the maximum and minimum values for the person in a normal situation. These

values could also be recorded over time. Alternatively, the tremor threshold can be defined as a fraction

of the minimum value of the tremor.

[000236] In some cases, including Parkinsonian tremor, there may be a habituation to stimulation and

the tremor will start to increase again after a short period. Detection of an increase in tremor severity can

be used to modify amplitude, phase, frequency, waveform, or pulse train of the stimulation to improve

efficacy and durability.

[000237] TREMOR FREQUENCY FEEDBACK

[000238] In some therapies as shown in FIG. 24D, the frequency of the tremor is used to set the cycle

of nerve excitation. For example N units in the same neural cluster innervated by N peripheral nerves

should be stimulated at a time separation equal to the period o the tremor divided by the N. Since the

frequency of the tremor does not change rapidly, as described below in the section on TREMOR

DETECTION, sampling at minute intervals should be sufficient for tracking the tracking. The spectral

density as a function of frequency will need to be calculated using the numerical approaches 2408

described above. If there are multiple axes, their spectral densities can be combined, for example, using



an L2 norm. The peak frequency 2412 in the spectral density curve can then be used to time alternating

bursts of stimulation between the nerves.

[000239] PREDICTIVE ADAPTATION

[000240] A patient's tremor amplitude and frequency can have daily patterns. In some embodiments

as shown in FIGS. 24E and 24F, understanding historical tremor measurements and the time therapy was

applied can inform therapy needed on successive days. Neural networks, Kalman filters, and other such

predictive algorithms can be used to predict when tremor will increase and apply pre-emptive treatment.

[000241] In addition, long term data collection over the span of months or years can provide

information on disease progress and the need to adapt therapy. For instance if a person's tremor has been

getting worse with the same degree of therapy, and if increasing amounts of therapy are needed to

maintain the same overall effect, it may be desirable to modify treatment.

[000242] Often a user has external information that can be used to prevent tremor. For instance, tremor

is often brought on by stressful events, such as presentations and meetings. Since many patients with

tremor already schedule these events, for example in a calendar, the calendar can be used to inform

prediction of when treatment may be needed. For instance, if a patient has a meeting scheduled for :00

pm, the device may pre-emptively start stimulation at 12:40 pm. A patient could also activate the therapy

using a button if suddenly stressed.

[000243] BIG DATA APPROACHES

[000244] As shown in FIGS. 25A-25C, treatment modification can also be determined through the use

of big data analytics which can utilize long-term monitoring of broad populations. Demographic

information about each individual as well as tremor characteristics (e.g., the degree of postural, resting,

and kinetic tremors) can be used to categorize people into different subtypes. FIGS. 25A and 25B depict

the disease segmentation by separating kinetic tremor characteristics of essential tremor from resting

tremor characteristics of Parkinson's disease. FIG 25C depicts the long-term tracking of changes in an

individual's tremor severity. Recommendations on different types of treatment can be made to new

patients in the subgroups, similar to Netflix's approach of recommending movies based on the user's

similarity to other users. This technique could be implemented using principal components analysis, k-

means clustering, or other well-known numerical segmentation approaches.

[000245] All the above forms of adaptation, feedback, and external information, like cloud data, can be

integrated together to enhance treatment. FIG. 26 shows a flow chart of such a system. In step 2600,

sensors can be used to detect motion, position or other biological signals over time. In step 2602, a

processor can receive the sensor data and calculate various metrics, such as tremor amplitude, phase or

frequency. In step 2604, the method and system can obtain past history data, and in step 2606, external

information, such as data from the cloud, can be sent to the processor of the device; cloud data can

include population derived data, calendar data, and input entered into the device. The processor can



combine all this data in step 2608 and can adjust the stimulation treatment and parameters in step 2610

based on this combined data. The method and system can then loop back to step 2600.

[000246] AMPLITUDE SETTING

[000247] One aspect of the design is the method of how optimum amplitude of stimulation is identified

and reached during a session. This method is important towards the comfort and efficacy of the treatment.

The perception of stimulation differs among patients and circumstances. For instance, an instantaneous

increase in amplitude directly from 0 mA to the optimum stimulation level can cause an uncomfortable

sensation. A slower increase of stimulation can be more comfortable, but a wearer's perception of the

amplitude of stimulation may not be linear with applied current amplitude. If there is a long period where

the wearer has no perception of stimulation, for instance if the device ramps linearly from zero amplitude,

the wearer may even think the device is broken.

[000248] Two subjects were studied in an experiment to understand the perception of stimulation level.

Electrodes were positioned to target the median and radial nerves separately. During the session, the

stimulation was ramped slowly at 0.1 mA increments to identify the sensation threshold, muscle

contraction threshold, and discomfort/pain threshold. After these points were identified, the subject was

allowed to rest for several minutes until the sensation of tingling went away. Then, the current amplitude

was ramped from the sensation threshold to 85-90% of the stimulation threshold of muscle contraction or

discomfort/pain, whichever occurred at the lower amplitude. At each step, subjects were asked to shade a

drawing to see where the paresthesia was felt and also mark on a visual analog scale (VAS) how intense

they felt the stimulation compared to the maximum level they felt previously. The distance of their marks

on the VAS were then tabulated and normalized to the length of the VAS marker.

[000249] Both subjects reached a muscle contraction threshold (i.e., when they felt their hands were

heavy and difficult to move) before severe discomfort. Results are shown in Table 3. This result

suggests that amplitude for median and radial nerves are different and potentially should be adjusted

separately to achieve optimum stimulation for both nerves. In both subjects, the radial nerve could have

been stimulated at much higher amplitudes to achieve a greater effect.

sensation and stimulation amplitude.

[000250] A great degree of habituation and hysteresis were observed in the sensation of stimulation,

shown in FIGS. 27A and 27B, which show the relationship between patient sensation and stimulation



amplitude for two subjects. When increasing stimulation towards the 85-90% level of the maximum

sensation threshold, the individual showed a steep, nearly-linear rise between the level of first sensation

and the maximum level. However, when stimulation was decreased, perception of the stimulation

intensity had a slope that dropped more rapidly than during the increase in amplitude.

[000251] This result indicates that the stimulation ramp could be fairly linear between the threshold of

first perception and 85-90% of the max stimulation level (from discomfort or muscle contraction). The

ramp should not start linearly from zero, because the first perception occurred at amplitudes half of the

max threshold. Thus, if the ramp is slow and linear from 0, for half the time of the ramp, the patient may

feel no sensation. Another stimulation could be exponential to reflect the exponential appearance of the

radial nerve measurement for Individual . FIGS. 28A-28D illustrate various ramp types. FIG. 28A

shows that the measured data suggests a linear ramp rate between the first sensation and max motor

contraction/discomfort threshold would work in terms of constant perception of the amplitude. FIG. 28B

shows an exponential increase, which could have to occur if the patient becomes habituated to the

stimulation. FIG. 28C illustrates a periodic waveform showing the amplitude ramping up and down to

different maximum amplitudes. A patient may become more habituated as the waveform amplitude is

gradually increased, so a higher treatment amplitude may be tolerated by the patient. FIG. 28D illustrates

another method for achieving higher treatment amplitude, which is to surpass or actually reach the level

of discomfort on the first ramp up; in this way the patient could become immediately or rapidly

habituated and be able to withstand higher stimulation during the treatment time.

[000252] Also, because of habituation and hysteresis, if a higher stimulation level affords greater

efficacy, in some embodiments, the waveform can be a series of smaller ramps that increase stimulation

level, with either pauses or a small decrease in level between each ramp as illustrated in FIGS. 29A and

29B, which will allow an individual to have a higher stimulation amplitude with less discomfort.

[000253] TREMOR DETECTION

[000254] As discussed above, adaptively modifying the stimulation may require detecting tremor

characteristics by processing one or more motion sensors, such as different multi-axis sensors. FIG. 30 is

a flow chart of how tremor frequency can be calculated from motion sensors. It is advantageous to use

multi-axis motions sensors over single-axis since tremor motion does not always occur along the same

direction, especially if different actions are being performed. For instance a 3-axis gyroscope can be used

to measure the tremor from the wrist. Each axis is then individually windowed and the Fourier transform

is applied. The magnitude of each axis is then calculated and the square root of the sum of the squares of

the axes are calculated as a function of frequency. The summed spectrum is then smoothed with a box

car filter or other low pass filter, and the peak frequency in the 4-12 Hz range is identified. The

frequency may be detected by determining the frequency at the maximum value in the 4-12 Hz range.

However, as depicted in FIG. 3 1A, in some cases the boundary artifacts from processing may be falsely

interpreted as a signal maximum. One approach shown in FIG. 31B is to first do an aggressive band pass

filter from the 4-12 Hz band prior to taking the FFT. A second approach is differentiate the curve and find

the zero crossing points, then from that subset of zero crossing points find the frequency value with the



maximum spectral amplitude. Gyroscopes are generally preferred for spectral analysis since they typically

do not have the DC offset of accelerometers.

[000255] In some embodiments, the frequency can be updated sporadically (versus continuously)

because the timescale of frequency shifts is long. This a major advantage over devices requiring real-time

responsiveness as it is a significant simplification that leads to smaller battery sizes, improved form

factor, and the ability to measure tremor from high quality sporadic data instead of requiring continuously

high quality tremor extraction from real-time data. FIG. 32 shows data from an individual with tremor

wearing an inertial measurement unit (IMU) over a day, where the tremor frequency does not vary

dramatically. The mean frequency was 5.86 Hz and spread of frequency varied over 1.6 Hz.

[000256] In some embodiments, the frequency of the tremor is measured from the wrist. While tremors

are typically measured at the hands, as shown in FIG. 32 the wrist and hand gyro frequencies track each

other well and are well correlated. The average difference between the hand and wrist gyroscope was

0.076 Hz with a maximum deviation of 0.8 Hz, which is well within the spread of frequency variations

within the day. Measuring tremor from the wrist has major advantages over devices requiring

measurement on the hand as it can be done with watch-like form factors. In a device targeting the median,

radial or ulnar nerves in a circumferential band on the wrist it implies that the sensors for measuring

tremor can be on-board the same device used for stimulation.

[000257] In some embodiments, the tremor period can be measured from mechanical inputs using

gyroscopes, accelerometers, bend sensors, pressure sensors, etc. from the back of the hand, wrist, or any

part of the limb that exhibits tremor

[000258] In some embodiments, the tremor can be measured via EMG or other electrical signals.

[000259] In some embodiments, the tremor frequency can be measured at all times and then used to

update the stimulation in real time.

[000260] In some embodiments, the tremor frequency can be calculated only in situations where it is

appropriate. For instance, looking at the band of lower frequencies or other patterns in the spectrum,

certain measurements can be eliminated due to confounding voluntary activity. For example, FIG. 33

illustrates frequency spectrum analysis from a person with no tremor while jumping. The results of this

analysis could clearly be mistaken for tremor, but patterns of high frequencies can be identified and used

to eliminate certain activities or combined with sensor measurements to predict behavior.

One aspect of the system and method is differentiating tremor movement from non-tremor (or voluntary)

movements, or detecting activites known to produce tremor to selectively measure tremor. FIG. 34 shows

an analysis of 32 activities performed with and without tremor. Using the energy in the voluntary band

(0.1-3 Hz) and tremor band (4-12 Hz), a logistic regression model was created that could segregate tremor

versus non-tremor activities.

[000261] BAND

[000262] As shown in FIG. 35, one aspect of the device 3500 is a band 3502 to secure the stimulation

device to the wrist. The band also connects two electrodes back to the device housing 3504 via a flexible



circuit 3506. In other embodiments, the band may connect more than two electrodes back to the device

housing.

[000263] In some embodiments, the electrodes (not shown) are removably recessed into pressed and

perforated neoprene 3508 using a snap socket 3508 to create a comfortable seal between the band and

skin, as drawn in FIG. 35. This seal also preserves the disposable hydrogels electrodes that connect to the

patient's skin. The band can be vented by perforating the neoprene.

[000264] In some embodiments, the band lengths can be designed such that the first side fully houses

and connects the electrodes that are positioned to target the median and radial nerves. The band length of

the opposite side can be between about 10-13 cm to make it easier to fasten the device to the wrist for

wrist sizes of 5 percentile female to 95 percentile male.

[000265] In some embodiments, the band is flexible to comfortably conform to the wearer's wrist, and

allows the band to lie flat on a surface to make installation and removal of electrodes more convenient.

[000266] Riveting the electrical flex circuit to the band using an electrically conductive eyelet and snap

is a process that secures the circuit in place and provides an electrical connection for the removable

hydrogel electrodes.

[000267] In some embodiments, the band can be made of foam and neoprene and can accommodate

three single electrodes. Recessed electrodes allow for a more comfortable fit and a more compact form

factor.

[000268] As shown in FIGS. 36A-36C, one embodiment for the band 3600 incorporates an adjustable

ring or buckle 3602 in combination with a snap or button fastener 3604, which allows the wearer to adjust

the tension of the band 3600 after it has been secured to their arm/wrist.

[000269] One aspect of the device are removable hydrogel coated electrodes that snap into the band

and electronics housing. These electrodes a placed directly on the wearer's skin for a secure, robust

electrical connection to prevent loosening or peeling during normal usage, which can cause pain or

discomfort.

[000270] One embodiment of the electrodes 3700 has tabs 3702 that are not sticky to allow for easier

installation and removal of the electrodes from the liner during installation and then from the band and

housing during removal, as shown in FIGS. 37A and 37B. As an example, the non-sticky tabs may be

approximately 1/16 inch on a 7/8 inch square electrode to minimize wasted space while enabling easy

grasping. The electrodes 3700 can have a snap fitting 3704 than can be inserted into a snap socket in the

band. The electrically conductive film 3706, which can function to spread current, and the stimulation gel

3708, such as an electrically conductive hydrogel, can coat the skin facing side of the electrode. A foam

or cloth backing 3710 could be used to provide a non-sticky side for easy handling by the patient. In other

embodiments, the double-sided stickness of the hydrogel is used to adhere directly to the band. In some

embodiments, the connector 3712 may include a conductive eyelet and snap, wire, or other standard

connector.



[000271] One embodiment of the electrodes has three electrodes 3800 spaced on a thin, plastic liner

3802 with a spacing that corresponds to the electrical snaps on the band and housing, which allows for

easier and quicker installation, as shown in FIG. 38.

[000272] One embodiment of the electrodes has a backing made of a neoprene foam, which provides

an a stiffer, non sticky surface to enable easier removal from the backing liner during installation. One

embodiment of the electrodes has three electrodes 3900 spaced on a thin liner 3902 all connected with a

single foam backing 3904 to make it easier to remove and discard the electrode after wearing, as shown in

FIGS. 39A and 39B. In another embodiment, the foam backing 3904' connecting the electrodes 3900 is

serpentine shaped to allow small movement between the electrodes, as shown in FIG. 40C.

[000273] As shown in FIGS. 40A and 40B, one aspect of the device is a cradle 4000 or support

mechanism in the packaging that holds the electronics housing 4002 and band 4004 so that it is easier to

install and remove the electrodes 4006 and plug into the USB charger 4008. Since the housing of the

device is curved, the cradle makes it easier for the device to be stable during these activities.

[000274] One aspect of the design is the location of the electrodes relative to the electronic housing to

better target nerves at the wrist. The electrode and band 4100 in the housing box 4 102 are shifted off-

center distally (i.e., towards the hand) to allow for better targeting of the nerves. By moving the electrode

placement distally on the arm the stimulation will more likely activate nerves instead of muscles, as

shown in FIG. 41.

[000275] One aspect of the design has button locations that allow the wearer to more securely brace

their hand when pressing a button 4200 by designing the housing with broad, flat surfaces 4202 on the

opposite side of each button 4200, as shown in FIGS. 42A-42D. FIG. 42A shows a bracing location for

targeting buttons at distal end of the device, FIG. 42B shows a bracing location for targeting button on

side of the device, FIG. 42C shows a user bracing and targeting a distal button, and FIG. 42D shows a

user bracing and targeting a side button. This aspect of the design is important to improve usability of the

device for a wearer with tremor that have difficulty with targeting tasks.

[000276] One aspect of the design is a curved electronics housing that follows the shape of the arm and

wrist, which allows for more consistent and easier positioning of the device when being applied by the

wearer.

[000277] Alternative Form Factors

[000278] One concept for simplifying the process of placing the device is to combine the electrodes

into one adhesive patch. In order to target any of the nerves, the electrodes have been lengthened to fit

the width of most adults. FIG. 43 shows one embodiment of such an electrode 4300. On the skin side,

two conductive regions that may have a carbon or silver backing to improve conductivity have a

conductive hydrogel layer 4302 used to adhere and form a good contact with the skin. There is a

nonconductive region 4304 in the center which may have no adhesive or some nonconductive adhesive.

Note that around the hydrogel is an acrylic adhesive 4306, for example, used to maintain contact with the

skin and provide shear strength. The adhesive also maintains a seal to prevent the hydrogels from drying

out. The backing of the electrode is preferrably a breathable material, like a nonwoven mesh. The



backside of the electrode attaches with connectors 4308 to the device or band to allow the electrical

stimulation device to be interfaced to the hydrogels. This interface could be done in multiple ways,

including using an adhesive with conductive lines to interface wth metal contacts on the band or device,

or using snaps on the electrodes that can be snapped in to a conductive mating piece on the band or

device.

[000279] If multiple nerves are targetted with the approach above, the band may require multiple

interfaces to the electrode to accommodate varying nerve positions. Using snaps may require sliding

components to accommodate individual differences in the nerve spacing, which may be addressed using

conductive lines. An alternative approach would be to integrate multiple electrodes into one patch and

offer patches with a wide variety of dimensions to accommodate different hand sizes and nerve positions.

[000280] FIGS. 44A-44C demonstrate embodiments that simplify the band 4400 by using the

stickiness of the hydrogels to facilitate placement. Instead of having a watch-like interface, where both

straps are floppy and difficult to place, the adhesiveness of the electrode can be used to enable one-

handed fastening. This approach may be particularly advantageous in subjects who have limited dexterity

due to their hand tremors. Once the electrodes are placed on the wrist or arm, the adhesive electrode holds

one end of the band to the wrist or arm and the patient can wrap the band around and fasten it. A further

advantage to this deisgn is that the length of the band only needs to be altered at the end that does not

interface with the electrode. As an example, FIG. 44A depicts placing the hand palm side up to visualize

the electrodes placement and affix the end of the band. FIG. 44B depicts wrapping the band around the

wrist while the band is held in place by the electrode adhesion. FIG. 44C depicts overlaying the closure

mechanism, such as velcro or a magnetic clasp.

[000281] For optimal efficacy and comfort, the device should be aligned on the arm such that it targets

the nerves for stimulation and positions the housing on the dorsal surface of the wrist. There are many

ways to accomplish this through device design. One embodiment depicted in FIG. 45A (bottom view)

and FIG. 45B (top view) is to use a band 4500 with a slidable electronics housing 4502. The side of the

band with the electrode(s) 4506 is placed and aligned with the ventral side of the wrists using anatomical

landmarks with or without other visual indicators. The device can then be wrapped around the hand in

one motion and secured with a fastener, in this case a velcro loop 4508 and a hook 3410. The position of

the electronics housing 4502 is slideable and has a connection to the electrodes through the band that is

accomplished by an accordian flex circuit or cables 4 12 that can slide freely and tuck into the band.

[000282] For patients with tremor, plugging in small cables like a USB can be difficult. Therefore, it

would be desirable to provide easier interfaces to charge the device. One such way is to use an inductive

coil in the device. When placed in the proximity of a charging pad, the device charges with no cables.

This also enables and helps the device to be waterproof. However, it does have the disadvantage of being

slower to charge and could add to the size of the device. A second possibility is to make a keyed hole

4602, so that patients can easily slide the device 4604 into the charger 4600, as shown in FIG. 46. In

addition, the patients then have some structure to brace themselves against. The keyed hole can also be



tapered such that the end that device is inserted into is much larger than the device and tapers down to fit

the device at the plug. The tapering also helps placement of the device in the base station.

[000283] Another design possibility is a band 4700 with a D-ring 4702 and cinching strap 4704 as

shown in FIGS. 47A-47C. Such a device can be laid flat for application of the electrodes 4706 and

inductive charging. The cinching strap allows tightening and positing of the band with one hand. FIG.

47A shows the band 4700 opened to place the disposable electrode pairs 4706- multiple spaces are

provided to customize the spacing for different sizes of wrists. FIG. 47B shows the closure mechanism,

and FIG. 47C shows an inductive charger 4708 hooked up to laptop 4710.

[000284] Another embodiment shown in FIGS. 48A-48C includes a one or multi-fingered glove 4800

where one electrode 4802 is a ring around the finger and a second electrode 4804 is located at the wrist

with the electronics. A major advantage of this design is that it does not require any precise positioning

due to the nerve location and accessibility in the fingers. The one fingered glove can be made out of

flexible materials, such as a glove.

[000285] The terms "about" and "approximately" can mean within 5%, 10%, 15%, or 20%, or can

mean within 5 degrees or 10 degrees.

[000286] It is understood that this disclosure, in many respects, is only illustrative of the numerous

alternative device embodiments of the present invention. Changes may be made in the details, particularly

in matters of shape, size, material and arrangement of various device components without exceeding the

scope of the various embodiments of the invention. Those skilled in the art will appreciate that the

exemplary embodiments and descriptions thereof are merely illustrative of the invention as a whole.

While several principles of the invention are made clear in the exemplary embodiments described above,

those skilled in the art will appreciate that modifications of the structure, arrangement, proportions,

elements, materials and methods of use, may be utilized in the practice of the invention, and otherwise,

which are particularly adapted to specific environments and operative requirements without departing

from the scope of the invention. In addition, while certain features and elements have been described in

connection with particular embodiments, those skilled in the art will appreciate that those features and

elements can be combined with the other embodiments disclosed herein.



CLAIMS

What is claimed is:

. A system for treating a patient suffering from tremor, the system comprising:

a pulse generator; and

a circumferential band adapted to be secured to the patient's arm or wrist, the band supporting a

first and a second electrode in electrical communication with the pulse generator, the first and

second electrodes being spaced on the band so as to deliver electrical stimuli from the pulse

generator to the patient to preferentially excite a first nerve selected from the patient's

median, radial or ulnar nerve, the first and second electrodes being arranged and configured

such that in a transverse cross-sectional plane of the arm or wrist there is a 90 degree to 80

degree angle between a line connecting the first nerve and the first electrode and a line

connecting the first nerve and the second electrode.

2. The system of claim 1, wherein the band supports a third electrode in electrical communication

with the pulse generator, the first and third electrodes being spaced on the band so as to deliver

electrical stimuli from the pulse generator to the patient to preferentially excite a second nerve

selected from the patient's median, radial or ulnar nerve, the first and third electrodes being

arranged and configured such that in a transverse cross-sectional plane of the arm or wrist there is

a 90 degree to 180 degree angle between a line connecting the second nerve and the first

electrode and a line connecting the second nerve and the third electrode, wherein the first nerve

and the second nerve are different nerves.

3. The system of claim 2, wherein when the circumferential band is secured around the patient's

arm or wrist, the first electrode is positioned on a dorsal side of the patient's arm or wrist, the

second electrode is positioned on the ventral side of the patient's arm or wrist, and the third

electrode is positioned on the patient's arm or wrist in between the first electrode and second

electrode.

4. The system of claim 1, wherein the electrodes each have a center and the electrode centers are

spaced about 5 mm to one-quarter the circumference of the wrist or arm apart.

5. The system of claim 1, wherein the band comprises flexible circuitry, and wherein the band is

fastened to the housing through a riveted connector that also provides electrical communication

between the flexible circuitry of the band and the pulse generator.

6. The system of claim 1, wherein the housing has a distal end configured to be oriented towards the

patient's hand, and a proximal end configured to be oriented away from the patient's hand,

wherein the band, the first electrode, and the second electrode are closer to the distal end of the

housing than to the proximal end of the housing.

7. The system of claim 1, wherein the pulse generator is the only pulse generator, the system further

comprising:

a switch matrix configured to switch the pulse generator between at least one pair of electrodes.



8. The system of claim 7, wherein the switch matrix comprises a single high voltage source and

ground.

9. The system of claim 7, wherein each electrode in the switch matrix is associated with its own set

of protection circuitry.

10. The system of claim 2, further comprising a controller configured to deliver an alternating

stimulation pattern from the pulse generator to the electrodes.

11. The system of claim 10, wherein the stimulation pattern comprises an application of a plurality of

alternating bursts of electrical stimulation delivered in a first pulse train to a first nerve selected

from the patient's median, radial or ulnar nerve, and a second pulse train delivered to a different

nerve selected from the patient's median, radial or ulnar nerve, wherein the first pulse train and

the second pulse train are offset by about one half the tremor period.

12. The system of claim 10, wherein the stimulation pattern comprises an application of a plurality of

bursts of electrical stimulation, wherein each burst comprises a stimulation frequency between

about 50 Hz and 2,000 Hz, and a pulse width between about 50 microsecond and 1 millisecond,

and a pulse shape selected from the group consisting of monophasic rectangular, biphasic

asymmetric rectangular, or biphasic symmetric rectangular.

13. The system of claim 10, wherein the stimulation pattern comprises an application of a plurality

of alternating bursts of electrical stimulation, wherein each burst comprises a duration of about

one half the tremor period.

14. The system of claim 1, further comprising a motion sensor configured to measure motion of the

patient's arm or wrist.

15. The system of claim 14, wherein the motion sensor comprises a 3-axis gyroscope or

accelerometer.

16. The system of claim 14, further comprising a controller in communication with the pulse

generator and the motion sensor, the controller programmed to determine one or more

characteristics of the tremor based on a signal generated by the motion sensor.

17. The system of claim 16, wherein the one or more characteristics of the tremor is selected from the

group consisting of the tremor frequency, the tremor amplitude, and the tremor phase.

18. The system of claim 16, wherein the controller is further programmed to adjust one or more

parameters of the electrical stimuli based on the determined characteristics of the tremor.

19. The system of claim 2, wherein the first electrode, second electrode, and third electrode are

fabricated on a disposable and replaceable flexible substrate with one or more electrical

connectors for electrical communication with the pulse generator.

20. The system of claim 19, wherein each electrode further comprises a pull tab to aid in fastening

and removal.

2 1. The system of claim 19, wherein the housing and/or bands comprise a plurality of electrical snaps

for removably receiving the first electrode, second electrode, and third electrode.



22. The system of claim 19, wherein the first electrode, second electrode, and third electrode are

disposed on a thin liner with a spacing that corresponds to the position of the plurality of

electrical snaps on the housing and/or band.

23. The system of claim 19, further comprising a cradle that securely supports the housing and the

bands such that the first electrode, second electrode, and third electrode can be attached to the

housing and/or band.

24. The system of claim 23, wherein the cradle has a cavity for securely receiving the housing such

that the base of the housing is exposed.

25. The system of claim 2, wherein the first electrode, second electrode, and third electrode are

recessed into the housing or band such that the electrodes extend a predetermined distance from

the housing or band.

26. The system of claim 1, wherein the first electrode and second electrode are disposable and

replaceable.

27. The system of claim 1, wherein the band comprises moldable indentations configured to

encompass the electrodes and protect them from dehydration.

28. The system of claim 1, wherein the first electrode and the second electrode are coated with an

electrically conductive hydrogel.

29. The system of claim , wherein the first electrode and the second electrode are connected with a

foam backing layer.

30. The system of claim 29, wherein the foam backing layer comprises a serpentine shaped portion

between the electrodes.

31. The system of claim 1, wherein the housing comprises one or more depressible user input

buttons, each button located on a side of the housing, and a broad bracing surface on the opposite

side of the housing from each button.

32. The system of claim 1, wherein the housing has a skin contact side with a curved surface that

follows the curvature of the patient's arm or wrist.

33. The system of claim 1, further comprising a rechargeable battery and an inductive coil configured

to receive power from an external source to inductively charge the battery.

34. The system of claim 1, wherein the electrodes have a diameter or width between about 5 mm and

one-quarter the circumference of the arm or wrist.

35. A method of treating a patient suffering from tremor, the method comprising:

placing a band comprising a first electrode and a second electrode around the patient's arm or

wrist in a configuration such that in the transverse cross-sectional plane of the arm or wrist

there is a 90 degree to 180 degree angle between a line extending between a first nerve and

the first electrode and a line extending between the first nerve and the second electrode, the

first nerve selected from the patient's median, radial and ulnar nerves, wherein the first and

second electrodes are spaced a predetermined distance apart; and



delivering a first electrical stimulus from the electrodes to excite the first nerve to reduce the

patient's tremor.

36. The method of claim 35, wherein the band comprises a third electrode spaced a predetermined

distance apart from the first and second electrodes such that there is a 90 degree to 80 degree

angle between a line extending between a second nerve and the first electrode and a line

extending between the second nerve and the third electrode, the second nerve selected from the

patient's median, radial and ulnar nerves.

37. The method of claim 36, further comprising delivering a second electrical stimulus from the first

electrode and the third electrode to excite the second nerve.

38. The method of claim 36, wherein first nerve is the median nerve and the second nerve is the

radial nerve.

39. The method of claim 35, wherein the band is operatively connected to a housing enclosing a

motion sensor, and the method further comprises measuring one or more characteristics of the

tremor with the motion sensor while the patient performs a tremor-invoking task.

40. The method of claim 39, wherein the tremor-invoking task is an instructed task or a kinetic

activity.

4 1. The method of claim 40, wherein the instructed task is a postural hold and the kinetic activity is

drawing or writing.

42. The method of claim 39, wherein the tremor-invoking task is a task the patient performs

uninstructed as part of normal daily activities.

43. The method of claim 39, wherein the measured characteristics of the tremor includes a frequency

spectrum of the tremor.

44. The method of claim 43, further comprising determining a tremor frequency by determining a

center frequency peak within a 4 to 12 Hz range in the frequency spectrum of the tremor.

45. The method of claim 39, wherein the measured characteristics of the tremor includes an

amplitude of the tremor.

46. The method of claim 37, further comprising temporally offsetting the first electrical stimulus

from the second electrical stimulus by a period of time based on a period of the tremor.

47. The method of claim 46, wherein the period of time is a function of the period of the tremor

divided by the number of nerves that are stimulated.

48. The method of 47, wherein the number of nerves that are stimulated is two.

49. The method of claim 35, wherein the first electrode is in electrical communication to a first

contact of a stimulator and the second electrode is in electrical communication to a second

contact of the stimulator, the stimulator configured to generate an electrical pulse between of the

first electrode and the second electrode, the electrical pulse having a polarity.

50. The method of claim 49, further comprising switching the first contact and the second contact of

the stimulator such that the first electrode is i electrical communication with the second contact



and the second electrode is in electrical communication with the first contact in order to change

the polarity of the electrical pulse so that the first electrical stimulus is biphasic.

1. The method of claim 35, further comprising:

measuring motion of the patient;

determining the energy, amplitude, frequency, and pattern of the measured motion; and

separating non-tremor motion from tremor motion based in part on the determined energy,

amplitude, frequency, and pattern of the measured motion.

52. The method of claim 35, further comprising determining a stimulation sensation threshold and a

muscle contraction or discomfort threshold.

53. The method of claim 52, further comprising:

increasing an amplitude of the first electrical stimulus from the stimulation sensation threshold

towards the muscle contraction or discomfort threshold.

54. The method of claim 53, wherein the step of increasing the amplitude of the first electrical

stimulus comprises increasing the amplitude linearly or exponentially.

55. The method of claim 53, wherein the step of increasing the amplitude of the first electrical

stimulus comprises increasing the amplitude in a series of progressively greater peak amplitudes

separated by reductions in amplitude.

56. The method of claim 53, wherein the step of increasing the amplitude of the first electrical

stimulus comprises increasing the amplitude to a value greater than the muscle contraction or

discomfort threshold and then reducing the amplitude to below the muscle contraction or

discomfort threshold.

57. The method of claim 53, wherein the step of increasing the amplitude of the first electrical

stimulus comprises increasing the amplitude in a series of stepwise increments, wherein each

increment in amplitude is held for a predetermined duration.

58. The method of claim 57, wherein each stepwise increment in amplitude is followed by a decrease

in amplitude that is smaller in magnitude than the increase in each stepwise increment.

59. The method of claim 37, wherein the first electrical stimulus and the second electrical stimulus

are delivered out of phase to the tremor.

60. The method of claim 35, further comprising determining the tremor frequency and phase by

analyzing a signal from a motion sensor worn by the patient selected from the group consisting of

an accelerometer, a gyroscope, a magnetometer, and a bend sensor.

6 1. The method of claim 39, wherein the step of using motion sensors to measure characteristics of

the tremor during a tremor-invoking task and using these tremor characteristics to determine

parameters of the stimulation waveform is done in real-time.

62. The method of claim 37, wherein the first electrical stimulus and/or the second electrical stimulus

have a stochastic resonance electrical stimulation pattern.



63. The method of claim 35, further comprising determining an electrical stimulation level that is

above a sensation threshold and below a muscle contraction threshold and the patient's pain

tolerance threshold.

64. The method of claim 35, wherein the positioning of the band is verified by paresthesia in the

patient's hand.

65. The method of claim 35, wherein the positioning of the band is based in part on a comparison of a

shape of the housing with one or more anatomical features.

66. The method of claim 35, wherein the first electrical stimulus has a duration between about 20 and

60 minutes.

67. A method of treating a patient suffering from tremor, the method comprising:

determining a circumference of a patient's wrist;

providing a band and housing having a predetermined circumferential spacing for a first

electrode, a second electrode, and a third electrode, wherein the predetermined

circumferential spacing is based on the determined circumference of the patient's wrist,

wherein the housing encloses a pulse generator configured to be in electrical communication

with the first electrode, the second electrode, and the third electrode, wherein the band and

housing are configured to be positioned on the wrist such that the first electrode is positioned

approximately along the midline of the dorsal side of the arm or wrist, the second electrode is

positioned approximately along the midline of the ventral side of the arm or wrist, and the

third electrode is positioned in between the first electrode and second electrode, wherein the

first electrode and the second electrode form a first electrode pair and the first electrode and

third electrode form a second electrode pair;

stimulating a first nerve by delivering a first electrical stimulus between the first electrode pair;

and

stimulating a second nerve by delivering a second electrical stimulus between the second

electrode pair.

68. A method of treating a patient suffering from tremor, the method comprising:

determining a circumference of a patient's wrist;

selecting a band and housing having a predetermined circumferential spacing for a first electrode,

a second electrode, and a third electrode, wherein the predetermined circumferential spacing

is based on the determined circumference of the patient's wrist, wherein the housing encloses

a pulse generator configured to be in electrical communication with the first electrode, the

second electrode, and the third electrode;

positioning the band and housing on the wrist such that the first electrode is positioned

approximately along the midline of the dorsal side of the arm or wrist, the second electrode is

positioned approximately along the midline of the ventral side arm or wrist, and the third

electrode is positioned in between the first electrode and second electrode, wherein the first



electrode and the second electrode form a first electrode pair and the first electrode and third

electrode form a second electrode pair;

stimulating a first nerve by delivering a first electrical stimulus between the first electrode pair;

and

stimulating a second nerve by delivering a second electrical stimulus between the second

electrode pair.
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