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ABSTRACT

NMES systems and methods for stimulating muscle tissue, and in some embodiments
deep muscle tissue. The impedance near the surface of the skin is controllably increased to
increase the percentage of energy delivered to a subject that stimulates muscle tissue.
Fig. 6
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SYSTEMS AND METHODS OF POWERED MUSCLE
STIMULATION USING AN ENERGY GUIDANCE FIELD

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]

This application is a divisional of Australian Patent Application No. 2010215784, the

entire content of which is incorporated herein by reference.
[0002]

This application claims the benefit of the following U.S. Provisional Applications:

Application No. 61/208,119, filed 2/20/2009; and Application No. 61/230,587, filed 7/31/2009,
which are incorporated by reference herein as if fully set forth.
[0003]

This application is related to the following copending patent applications:

Application No. 61/260,324, filed 11/11/2009; Application No. 12/497,230, filed 7/2/2009;
Application No. 61/189,558, filed 8/19/2008; Application No.12/548,155, filed 8/26/2009,
Application No. 61/190,602, filed 8/29/2008; and Application No. 61/201,877, filed 12/15/2008,
all of which are incorporated herein by reference.
BACKGROUND OF THE INVENTION
[0004]

Neuromuscular electrical stimulation ("NMES"), which is also referred to as powered

muscle stimulation, functional muscle stimulation, electrical muscle stimulation, is a known
technology with many therapeutic uses, including pain relief, prevention or retardation of disuse
atrophy, and improvement of local blood circulation. NMES is typically delivered as an
intermittent and repeating series of short electrical pulses delivered transcutaneously by surface
electrodes that are attached to a person's skin. The electrical pulses are delivered to muscle
tissue and/or a muscle nerve to induce muscle contraction. The electrodes may be secured to the
skin using straps, adhesives, or other mechanisms, and often contain a coupling layer composed
of hydrogel that is capable of enhancing the efficiency of energy transfer from the electrode to
the skin and underlying tissues.
[0005]

Individuals who may benefit greatly from NMES therapy are those who are

immobilized or confined to bed rest. Immobilization leads to muscle atrophy and weakness, and
has severe effects on a person's physical capacity. Following immobilization, a previously
active and functional person will typically require extensive physical therapy to reclaim their
prior level of functionality. NMES may help prevent or retard muscle atrophy during
immobilization by stimulating the muscle.
[0006]

Critically ill patients comprise a subgroup of immobilized individuals. While

virtually all of these patients are confined to bed rest, many are also suffering from conditions
such as coma or are receiving interventions (such as mechanical ventilation) that generally
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require sedation and/or analgesia. Sedated or comatose patients are at a great risk for muscle
atrophy because even simple voluntary movements (such as shifting arms/legs in bed or moving
one's feet) are often not performed. Consequently, critically ill patients face long paths to
recovery that are generally measured in months as opposed to days or weeks.
[0007]

As part of the care for their acute illness, many critically ill patients receive I/V

fluids, antibiotics, and other interventions. One common side effect of these medical treatments
in immobilized patients is the development of tissue edema. Generally speaking, tissue edema
occurs as bodily fluids accumulate in 'the third space', or the region outside of both cells and
vessels. Edema is often caused by microvasculature leakage, and typically results in tissue
swelling. The presence of edema will generally negatively affect the performance of NMES, in
many cases limiting the ability of the technology to adequately induce muscle contraction. This
is particularly true when attempting to stimulate deep-lying muscles, such as the quadriceps,
hamstrings, gluteals, rectus abdominus, transversus abdominus, internal and external obliques,
pelvic floor, multifidus, erector spinae, longissimus thoracis, diaphragm, using non-invasive
electrodes placed upon the surface of the skin.
[0008]

There are several mechanisms of action by which tissue edema may affect NMES

therapy. Tissue swelling may increase the distance between the surface of the skin and
underlying muscle, resulting in a lower current density that reaches deep target muscles.
Additionally, excessive ionic fluid in tissues may decrease the electrical impedance of tissue,
particularly in superficial regions. The decrease in impedance in superficial regions can act to
'short-circuit' skin electrodes. The lower impedance path in superficial tissue regions can also
act as a mechanism to reduce the current density in deeper muscle tissues. The latter of these
mechanisms may be the dominant factor associated with decreased NMES performance in
edematous patients. Although previous work in the medical literature has noted that certain
types of electrical stimulation may prevent the onset of local edema after traumatic injury, these
therapies have not been shown to prevent or reduce widespread edema in cases involving non
traumatic or multi-factorial medical conditions.
[0009]

In many edematous patients, it is not possible to reliably stimulate the contraction of

deep muscles using surface electrodes and energy levels that fall within regulatory and governing
body standards (e.g., the US FDA, ANSI, and IEC). Although the use of higher energy levels
may increase NMES efficacy, increasing the amplitude of delivered energy (and thus the current
density in tissue), increases the risk of burns, nerve and/or muscle damage, and other potential
complications, as detailed by Prausnitz Advanced DrugDelivery Reviews 18:395-425, 2006 and
Stecker et al Am JEND Tech., 43:315-342, 2006, both of which are incorporated herein by
reference. This is particularly true for the 'short circuit' condition because large current densities
-2-
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will be present in superficial tissues and smaller current densities will be present in the muscle
tissue. These and other factors limit the application of NMES therapy to edematous patients and
to immobilized critically ill patients as a whole, a group that has been hypothesized to potentially
benefit significantly from the therapy (Morris et al., CriticalCare Clinics, 23:1-20, 2007, which
is incorporated herein by reference).
[0010]

Short-duration, localized application of low temperature thermal energy to the skin

will reduce the temperature of superficial tissues and can induce a number of potentially
medically-useful effects. For example, surface cooling can create a "reverse" temperature
gradient between superficial tissue and deep-lying tissue, with deep-lying tissue remaining
relatively warmer (i.e., closer to normal body temperature) than superficial tissue.
[0011]

One application of reverse thermal gradients that has been described involves the

combination of surface cooling with the targeted transcutaneous delivery of high energy
radiofrequency (RF), optical, photo-acoustic, acoustic, infrared, electromagnetic, or other types
of stimuli to tissues below the skin surface. Generally, these applications seek to significantly
raise the temperature of tissues below the skin surface for the purposes of ablation, tissue (e.g.,
collagen) remodeling, or other dermatologic or therapeutic reasons. These applications seek to
apply energy to target tissues non-invasively without raising temperatures in the skin and other
superficial tissues to avoid damaging tissue not intended for treatment. The reverse thermal
gradient assists this procedure by cooling superficial tissue without significantly cooling the
deeper tissue that is intended to be treated by an increase in temperature. Accordingly,
temperatures in superficial regions are kept below levels that would cause damage, even though
a portion of the energy stimulus is absorbed in these regions.
[0012]

A subset of thermal gradient applications described above use high amplitude RF or

other forms of electromagnetic/electric energy to significantly raise temperatures in target tissue
regions (e.g., hair follicles, collagen, etc.). To be effective, these treatments require temperatures
in target regions of tissue to exceed about 43 'C, with most applications requiring elevating
tissue temperatures to about 60 'C or higher. Near these temperatures, moisture in cells and
extracellular fluid is evaporated, resulting in increased tissue impedance with increased
temperature. Reverse thermal gradients and surface cooling of tissues can assist energy delivery
by forcing superficial tissue temperatures to remain only minimally elevated over normal body
temperature, thus lowering the superficial tissue impedance (relative to the overheated tissues
below), allowing for more energy to be delivered through the superficial tissue to the deeper
target regions below.
[0013]

For ablative, cosmetic, and other therapeutic procedures, muscle contraction is

generally not induced by energy that is delivered to tissue. In virtually all cases, this is
-3-
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preferable, as muscle contraction in the region of desired treatment would complicate the
intervention. For example, RF energy utilized by many devices is intentionally delivered in a
frequency range, for example, about 100 to about 500 kHz, which is too high to elicit muscle
contraction.
[0014]

Additionally, in cosmetic, ablative, and therapeutic applications that use surface

cooling to prevent skin burns, the reverse thermal gradient is applied at the anatomical location
where energy transmits across the skin, or in larger regions that include the location at which
energy is transmitted across the skin. These systems and methods utilizing the reverse thermal
gradient are optimized for the energy amplitudes, frequency ranges, and temperature ranges that
are common in these ablative, cosmetic, and therapeutic procedures. For muscle stimulators
operating at relatively lower energy frequencies and amplitudes, with peak tissue temperatures
near normal body temperature, there are drawbacks to lowering skin temperatures in the region
where energy transmits across the skin. Doing so will significantly lower the efficiency of
energy transfer into the body, markedly decrease the life span of surface stimulation electrodes,
and decrease the overall effectiveness of the therapy.
[0015]

Most muscle stimulators used in modern clinical settings are constant current (or

voltage) stimulators, meaning that when tissue impedance increases, the stimulator device will
increase the voltage (or current) amplitude of delivered energy (up to a predetermined limit) in
an attempt to keep the electrical current (or voltage) delivered to a person constant. Without
wishing to be bound by any theory, it is believed that this increase in voltage (or current) will
increase energy loss and heat generation in skin electrodes. Although the risk of skin burns
(generally a serious concern) may be partially reduced if the skin surface is pre-cooled, increased
temperature of skin electrodes will degrade the performance of the electrodes. The most
common modern-day skin electrodes used with NMES include a hydrogel coupling layer that
serves as both an adhesive and a conductive (coupling) medium. These hydrogels may be
composed of more than 50% water, and elevated temperatures will cause electrodes to dry
prematurely, dramatically reducing reusability. This factor is particularly important in the ICU
setting, where it is desirable to leave one set of electrodes in place for extended periods of time,
as repeated placement and removal may cause skin trauma. Additionally, drying of hydrogel
layers is a positive feedback phenomenon: as the conductive layer dries, skin/electrode
impedance will increase further, causing even more heat generation at the skin, and potentially
leading to the dangerous scenario of poor electrode contact due to reduced adhesive properties.
This latter scenario is of serious concern, as electrodes with poor contact can cause skin burns
very quickly, even when NMES is used in conjunction with surface cooling. Thus, devices
employing surface cooling and temperature gradients used in the location of skin electrodes are
-4-
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accompanied by serious limitations if used in conjunction with NMES, since this technique
raises tissue impedance in the skin electrode location. Specifically, surface cooling and
temperature gradients in the location of the skin electrode(s) will typically not improve energy
transfer efficiency to muscles, and may thus increase tissue impedance and decrease electrode
performance in a manner that has little or no benefit for NMES.
[0016]

Transcutaneous electrical nerve stimulators ("TENS") is another type of therapy that

has used skin surface cooling combined with transcutaneous energy delivery. Specifically, this
therapy has sought to harness the pain relief effects of hot and cold temperatures applied to the
skin, and combine them with pain relief effects of nerve stimulation. Although TENS units are
typically not operated at sufficient amplitude to cause muscle contraction, muscle stimulation
with TENS units is theoretically possible. TENS therapy also applies temperature gradients in
the anatomical locations where energy is transmitted through the skin, or over large spans of
anatomical areas that include the locations where energy is transmitted through the skin. As
described herein, doing so with electrical muscle stimulation therapies significantly lowers the
efficiency of energy transfer into the body, markedly decreases the life span of surface
stimulation electrodes, and decreases the overall effectiveness of the therapy.
[0017]

Improved NMES systems and methods of use are needed to overcome deficiencies of

current NMES systems and methods of use. For example, improved NMES systems are needed
which can perform one or more of the following: more efficiently and effectively transfer
stimulating energy to muscle tissue, particularly deep muscle tissue; be used safely and
effectively with immobilized and critically ill patients; be used to effectively and safely treat
edematous and non-edematous patients. Existing therapies that incorporate surface cooling
and/or temperature gradients with transcutaneous energy application do not accomplish the
objectives required as they are not optimally configured for use with NMES and are tailored to
meet objectives unrelated to improved muscle contraction.

SUMMARY OF THE INVENTION
[0018]

One aspect of the disclosure is a method of electrically stimulating muscle tissue.

The method includes positioning first and second electrodes on a subject in the vicinity of
muscle tissue to be stimulated; increasing the electrical impedance of one or more superficial
tissues such that the impedance of the one or more superficial tissues is increased relative to the
impedance in the muscle tissue to be stimulated; and delivering electrical energy through the
muscle tissue from the first electrode to the second electrode, wherein increasing the electrical
impedance of the one or more superficial tissues causes a greater percentage of delivered
electrical energy to stimulate the muscle tissue to thereby increase muscle contraction.
-5-
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[0019]

In some embodiments increasing the electrical impedance of the one or more

superficial tissues comprises increasing the electrical impedance of superficial tissues between
the first and second electrodes without substantially increasing the electrical impedance of
superficial tissues where the first and second electrodes are positioned. In some embodiments
the method includes increasing the electrical impedance of one or more superficial tissues that at
least partially surround the first and second electrodes. In some embodiments the method
includes decreasing the temperature of the one or more superficial tissues in a region between the
electrodes to a greater extent than at the locations where the first and second electrodes are
positioned. In some embodiments the method includes activating a cooling element positioned
between the first and second electrodes.
[0020]

In some embodiments the positioning step includes positioning the first and second

electrodes in the vicinity of a quadricep muscle.
[0021]

In some embodiments increasing the electrical impedance of the one or more

superficial tissues comprises activating a cooling element positioned on the subject between the
first and second electrodes. Activating the cooling element can include applying a cold pack to
the surface of the skin, pumping a fluid through a cooling element positioned between the first
and second electrodes, or activating a thermoelectric device positioned between the first and
second electrodes, or any combination thereof Activating the cooling element can comprise
continuously cooling the one or more superficial tissues, or activating the cooling element can
comprise intermittently activating the cooling element. Activating the cooling element can
create a temperature gradient from the one or more superficial tissues to a depth below the one or
more superficial tissues, wherein the temperature of the one or more superficial tissues is the
lowest temperature in the gradient. The method can also include deactivating the cooling
element before stopping the delivery of electrical energy. Activating the cooling element can
include cooling the of one or more superficial tissues to a temperature in the range from about 30
to about 40 degrees F.
[0022]

In some embodiments delivering electrical energy through muscle tissue comprises

delivering electrical energy through muscle tissue without increasing the temperature of the
muscle tissue above about 40 degrees C.
[0023]

In some embodiments delivering electrical energy comprises delivering energy using

pulses whose spectra contain frequencies of about 10kHz or lower.
[0024]

In some embodiments delivering electrical energy comprises delivering energy using

pulses with pulse widths from about 100 to about 400 microseconds.
[0025]

In some embodiments delivering electrical energy comprises delivering energy as a

series of pulses delivered with repetition rates from about 30 Hz to about 50 Hz.
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[0026]

In some embodiments delivering electrical energy comprises delivering energy with

an alternating series of on and off times.
[0027]

In some embodiments positioning first and second electrodes on the subject

comprises positioning first and second electrodes on an obese or edematous subject.
[0028]

One aspect of the disclosure is a method of stimulating muscle tissue. The method

includes increasing the impedance of one or more superficial tissues in the vicinity of a muscle
to be stimulated; and delivering electrical energy to tissue near the muscle to be stimulated with
at least two stimulation electrodes, wherein a percentage of the delivered energy stimulates
muscle tissue and a percentage of the delivered energy does not stimulate muscle tissue, and
wherein increasing the impedance of one or more superficial tissues causes a greater percentage
of delivered energy to stimulate muscle tissue than if the impedance of the one or more
superficial tissues had not been increased.
[0029]

In some embodiments increasing the impedance of one or more superficial tissues

comprises decreasing the temperature of the one or more superficial tissues in a region between
the two surface electrodes.
[0030]

In some embodiments delivering electrical energy comprises delivering electrical

energy to a quadricep muscle.
[0031]

In some embodiments increasing the impedance of the one or more superficial tissues

comprises activating a cooling element positioned between the at least two surface electrodes.
Activating the cooling element can comprise maintaining the cooling element at a constant
temperature for the duration of a muscle stimulation therapy, decreasing the temperature of the
cooling element over the course of a muscle stimulation therapy, intermittently activating the
cooling element over the course of a muscle stimulation therapy, and/or deactivating the cooling
element after a period of time. Delivering electrical energy can occur after the cooling element
has been deactivated.
[0032]

In some embodiments delivering electrical energy to tissue comprises delivering

electrical energy to tissue in an obese or edematous subject.
[0033]

One aspect of the disclosure is a method of increasing muscle stimulation in a subject.

The method includes cooling one or more superficial tissues in the vicinity of muscle tissue to be
electrically stimulated such that the temperature of the one or more superficial tissues is lower
than the temperature of deep muscle tissue; and applying electrical stimulation to superficial
tissue that is not substantially cooled by the cooling step, wherein cooling the one or more
superficial tissues increases the amount of muscle contraction relative to an amount of muscle
contraction without the cooling step.
-7-
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[0034]

In some embodiments cooling the one or more superficial tissues comprises

positioning a cooling element on the subject at a location that is different than the region into
which electrical energy is applied, wherein the method further comprises activating the cooling
element.
[0035]

In some embodiments applying electrical stimulation comprises applying electrical

stimulation between at least two surface electrodes.
[0036]

In some embodiments applying electrical stimulation comprises increasing the

amount of muscle contraction in a quadricep muscle.
[0037]

In some embodiments cooling one or more superficial tissues in the vicinity of

muscle tissue comprises cooling one or more superficial tissues of an obese or edematous
subj ect.
[0038]

One aspect of the disclosure is a muscle stimulation system. The system includes a

stimulation pad comprising a plurality of electrodes, wherein the stimulation pad is adapted to be
positioned on the patient such that the electrodes are in position to provide stimulating energy to
muscle tissue; a cooling element adapted to be positioned on the patient between the plurality of
electrodes and at a location that is different than the location on which the electrodes are
positioned, and wherein the cooling element is configured to cool one or more superficial tissues
to increase the impedance of the one or more superficial tissues and drives a greater percentage
of stimulating energy deeper into the muscle tissue; and a stimulation control unit in
communication with the plurality of electrodes and configured to deliver the stimulating energy
to the electrodes to stimulate the contraction of muscle tissue.
[0039]

In some embodiments the cooling element is configured to substantially avoid

cooling of superficial tissue where the electrodes are positioned.
[0040]

In some embodiments the cooling element is adapted to substantially eliminate

superficial current paths.
[0041]

In some embodiments the stimulation pad comprises the cooling element.

[0042]

In some embodiments the cooling element has a width and the plurality of electrodes

span a width, and the width of the cooling element is greater than the width of the plurality of
electrodes. The width of the cooling element can be configured to substantially prevent
superficial arcing around the cooling element.
[0043]

In some embodiments the system further comprises a cooling element control unit

which is adapted to control the operation of the cooling element. The cooling element control
unit can be in fluid communication with the cooling element and can be configured to control the
flow of a fluid through the cooling element. The cooling element control unit can include a
pump configured to pump the fluid through the cooling element. The cooling element can
-8-
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include an internal lumen in fluid communication with the cooling element control unit. The
cooling element control unit can be configured to control a thermoelectric element.
[0044]

One aspect of the disclosure is a muscle stimulation system. The system includes a

plurality of stimulation electrodes adapted to be positioned on a subject; a cooling element in
communication with a cooling element control unit, wherein the cooling element control unit is
configured to control the cooling element to decrease the temperature of one or more superficial
tissues and drives a greater percentage of stimulating energy deeper into the muscle tissue, and
wherein the cooling element is configured to be positioned on the subject at a location where the
plurality of stimulation electrodes are not positioned; and a stimulation control unit in
communication with the plurality of stimulating electrodes.
[0045]

In some embodiments the cooling element control unit is configured to control the

temperature of the cooling element. In some embodiments the cooling element control unit is
configured to maintain the cooling element at a substantially constant temperature, while in some
embodiments the cooling element control unit is configured to decrease the temperature of the
cooling element after it has been activated.
[0046]

In some embodiments the cooling element control unit is configured to activate the

cooling element. The cooling element control unit can be configured to deactivate the cooling
element while the stimulation control unit is delivering electrical stimulation to the plurality of
electrodes. The cooling element control unit can be configured to intermittently activate the
cooling element.
[0047]

In some embodiments the cooling element is sized and shaped to be disposed between

the plurality of stimulation electrodes, and may be sized and shaped to be disposed at least
partially surrounding the plurality of electrodes.
[0048]

In some embodiments the plurality of electrodes are integrated into a simulation pad.

[0049]

In some embodiments the cooling element is integrated into the stimulation pad.

[0050]

In some embodiments the cooling element has an internal lumen therein in fluid

communication with the cooling element control unit, and wherein the cooling element control
unit comprises a pump to pump fluid through the cooling element.
[0051]

In some embodiments the control element is a thermoelectric device, and wherein the

cooling element control unit is adapted to control the thermoelectric device.
[0052]

In some embodiments the stimulation control unit is configured to deliver the

stimulating energy at less than 100 kHz to stimulate the contraction of muscle tissue.
[0053]

One aspect of the disclosure is a muscle stimulation system comprising a plurality of

stimulation electrodes adapted to be positioned relative to a subject such that the plurality of
electrodes are in a position to provide stimulating energy to muscle tissue; a cooling element
-9-
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configured to cool one or more superficial tissues, wherein the cooling element is disposed such
that it does not completely overlap the plurality of stimulation electrodes; and a stimulation
control unit in communication with the plurality of electrodes and configured to deliver the
stimulating energy to the electrodes to stimulate the contraction of muscle tissue.
[0054]

In some embodiments the cooling element is disposed relative to the plurality of

stimulation electrodes such that it substantially avoids cooling of superficial tissue where the
electrodes are positioned.
[0055]

In some embodiments a stimulation pad comprises the plurality of electrodes.

[0056]

In some embodiments the stimulation pad is secured to the cooling element.

[0057]

In some embodiments the cooling element has a width and the plurality of electrodes

span a width, and the width of the cooling element is greater than the spanning width of the
plurality of electrodes.
[0058]

In some embodiments the width of the cooling element is configured to substantially

prevent superficial arcing around the cooling element.
[0059]

In some embodiments the system further comprises a cooling element control unit

that is adapted to control the operation of the cooling element.
[0060]

In some embodiments the cooling element control unit is in fluid communication with

the cooling element and is configured to control the flow of a fluid through the cooling element.
[0061]

In some embodiments the cooling element control unit comprises a pump configured

to pump the fluid through the cooling element.
[0062]

In some embodiments the cooling element comprises an internal lumen in fluid

communication with the cooling element control unit.
[0063]

One aspect of the disclosure is a muscle stimulation system comprising a stimulation

pad comprising a plurality of stimulation electrodes, wherein the stimulation pad is adapted to be
disposed relative to the patient such that the electrodes are in position to provide stimulating
energy to muscle tissue; a cooling element configured to cool one or more superficial tissues,
wherein the cooling element is disposed between the plurality of stimulation electrodes such that
it cools superficial tissue between the plurality of electrodes, wherein the cooling increases the
impedance of the one or more superficial tissue and drives a greater percentage of the stimulating
energy deeper into the muscle tissue; and a stimulation control unit in communication with the
plurality of stimulation electrodes and configured to deliver the stimulating energy to the
plurality of stimulation electrodes to stimulate the contraction of muscle tissue.
[0064]

In some embodiments the stimulation pad is secured to the cooling element.
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[0065]

In some embodiments the cooling element has a width and the plurality of electrodes

span a width, and the width of the cooling element is greater than the spanning width of the
plurality of stimulation electrodes.
[0066]

In some embodiments the cooling element is disposed such that it does not

completely overlap the plurality of stimulation electrodes.
[0067]

In some embodiments the cooling element is disposed relative to the plurality of

stimulation electrodes such that it substantially avoids cooling of superficial tissue where the
plurality of stimulation electrodes are positioned.
[0068]

In some embodiments the system further comprises a cooling element control unit

that is adapted to control the operation of the cooling element.
[0069]

In some embodiments the cooling element is adapted to substantially eliminate

superficial current paths.
[0070]

In some embodiments the stimulation pad comprises the cooling element.

[0071]

In some embodiments the cooling element control unit is configured to control a

thermoelectric element.
[0072]

In some embodiments the stimulation control unit is configured to deliver the

stimulating energy at less than 100 kHz to stimulate the contraction of muscle tissue.
[0073]

In some embodiments the cooling element is disposed in a centralized region between

the plurality of electrodes.
[0074]

In some embodiments the cooling element is disposed such that it overlaps at most

50% of the area encompassed by the plurality of electrodes.
[0075]

In some embodiments the cooling element is disposed such that there is no overlap of

the cooling element and the plurality of electrodes.
[0076]

In some embodiments the cooling element is disposed relative the plurality of

electrodes such that it cools superficial tissue between the electrodes more than superficial tissue
near the electrodes.

INCORPORATION BY REFERENCE
[0077]

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.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0078]

A description of the features and advantages of the present disclosure will be obtained

by reference to the following detailed description that sets forth illustrative embodiments, in
which the principles of the disclosure are utilized, and the accompanying drawings in which:
[0079]

Figs. 1 illustrate how a cooling element can affect electrical current paths through

tissue.
[0080]

Fig. 2 illustrates an exemplary NMES system.

[0081]

Figs. 3 illustrate the affect that cooling superficial tissue has on the paths that current

take through tissue.
[0082]

Figs. 4 show exemplary cooling elements.

[0083]

Fig. 5 shows discrete electrodes and a cooling element.

[0084]

Fig. 6 illustrates a stimulation pad with a cooling element comprises a fluid lumen.

[0085]

Fig. 7 shows a stimulation pad and a separate cooling element.

[0086]

Fig. 8 shows discrete electrodes and a cooling element with a fluid lumen.

[0087]

Fig. 9 shows a stimulation pad with an ice pack incorporated therein.

[0088]

Figs. 10A-10C show chemical cooling packs.

[0089]

Fig. 11 shows an exemplary method of using a NMES therapy system.

[0090]

Figs. 12A-12C show exemplary cooling element with multiple cooling zones.

[0091]

Fig. 13 shows a muscle stimulation system with cooling elements placed over surface

electrodes.
[0092]

Figs. 14A-14C show embodiments that allow for a cooling element to be held firmly

in place in the region of stimulation.
[0093]

Fig. 15 shows an embodiment with an optional heating element disposed on a

posterior portion of a leg.
[0094]

Figs. 16A-16C show an embodiment with an ultrasound transducer.

[0095]

Fig. 17 shows empirical data from a human volunteer.

[0096]

Fig. 18 shows empirical muscle stimulation data from a critically ill patient.

DETAILED DESCRIPTION OF THE INVENTION
[0097]

The disclosure provides systems and methods of improving NMES therapy by

providing a more efficient transfer of electrical energy to muscle tissue, and in some
embodiments to deep-lying muscle tissue. The improved NMES therapies described herein may
be used to replace current NMES therapies, can be used to treat edematous as well as non
edematous patients, and may be beneficial for treating critically-ill, immobilized patients. In
-12-
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general, the disclosure relates to electrical muscle stimulation coupled with an energy guidance
field that drives electrical energy towards muscle tissue, and in some instances towards deep
lying muscle tissue.
[0098]

In the applications of NMES herein, electrical energy is applied to muscle tissue

transcutaneously by surface electrodes that are secured to a person's skin. The disclosure herein
may provide ways to increase the amount of electrical energy that is delivered to the muscle
without increasing the amount of electrical energy delivered to the patient. That is, a greater
percentage of the electrical energy delivered to the subject is delivered to muscle tissue (as
opposed to other tissue), which provides for more efficient muscle stimulation. A greater
percentage of the electrical energy is delivered to muscle tissue by creating an energy guidance
field to drive the energy towards muscle tissue.
[0099]

Figures 1A-ID illustrate side-views of an exemplary embodiment that increase the

efficiency of muscle stimulation using NMES. Figure 1A shows a lateral cross-sectional view of
limb 102 of a generally healthy patient with two surface electrodes 101 attached thereto.
Electrodes 101 are in communication with a stimulation unit (not shown) which is adapted to
deliver current to the electrodes and thereby deliver current through the patient's tissue. Figure
1A illustrates the direction that the current is traveling (indicated by the arrows) and indicates the
percentage of the energy that is reaching a given region of tissue within limb 102. As shown,
only a relatively small percentage of the electrical current entering limb 102 reaches deep-lying
muscle tissue 103 (shown as 10%).
[00100]

Figure lB illustrates limb 102 from Figure 1A but includes a surface cooling element

105 placed in contact with the surface of the skin, and is disposed on the skin at a location
between stimulation electrodes 101.

Cooling element 105 generally creates an energy guidance

field to drive energy deeper towards muscle tissue. In this embodiment, cooling element 105
creates a temperature gradient from the surface of the skin to a location below the surface of the
skin. The surface of the skin can be considered the low temperature end of the temperature
gradient. The frequencies of electrical energy utilized by muscle stimulators are generally lower
(generally lower than about 10 kHz) than those used in ablative or cosmetic applications
(generally greater than about 300 kHz for RF and greater than about 3 GHz for microwave), and
thus typically do not generate significant tissue heating, especially in deep tissue regions.
Additionally, the use of muscle stimulators typically does not produce tissue temperatures
greater than about 40 'C (consistent with many regulatory and governing body guidelines - see
Prausnitz 2006 above). For tissue temperatures below 40 'C, the effect of temperature on tissue
impedance is generally opposite that found at the higher temperatures used during ablative and
cosmetic procedures, with tissue impedance increasing by about 2% / 'C (see Miklavcic et al,
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ElectricalPropertiesof Tissues, Wiley Encyclopedia of Biomedical Engineering, 2006, which is
incorporated herein by reference). When the tissue nearest the surface of the skin is cooled due
to the application of cooling element 105, a three-dimensional temperature gradient will be
created in the tissue, which will essentially create a 3-dimensional impedance gradient where the
impedance of a tissue will increase in proportion to the degree to which it is cooled. The amount
of tissue impedance increase from body temperature impedance level is therefore at least
partially dependent on the distance between cooling element 105 and the tissue. Tissues nearest
the surface where cooling element 105 is disposed are cooled the most and will experience the
largest impedance increases relative to body temperature impedance levels. The impedance at
depths near muscle tissue 103 will increase less (if at all) than the impedance of the tissue
directly under cooling element 105. NMES coupled with surface cooling therefore has the
opposite effect that superficial cooling has when used with higher temperature applications such
as ablation or cosmetic procedures described above.
[00101]

In some embodiments the cooling element lowers the skin temperature in the region

of cooling to be in the range from about 30 to about 40 'F. Maintaining surface temperatures in
this range may create a thermal gradient sufficient to change local tissue impedance and increase
the efficiency of energy transfer during NMES. Accordingly, the degree of muscle contraction
achievable with a given amount of stimulation energy may be increased. Alternatively, surface
temperatures cooler than 30 'F and warmer than 40 'F may also be used to increase NMES
efficiency, depending upon the local anatomical, physiological, and electrical properties of
tissues in the stimulation region and the treatment goals of the NMES therapy session.
[00102]

As shown, the percentage of electrical energy that travels through muscle tissue is

greater in Figure 1B than in Figure 1A (due to the energy guidance field created by cooling
element 105), while the percentage of electrical energy that travels through the superficial tissue
is less in Figure 1B than it is in Figure 1A. The increase in the amount of energy that stimulates
the muscle tissue, or which stimulates the nerves innervating the muscle tissue, will increase the
amount of muscle contraction. The muscle therefore contracts to a greater degree in Figure lB
than in Figure 1A. Figure lB illustrates the concept of altering the relative impedance of
superficial and muscle tissue in the region between the stimulation electrodes in a way that will
cause a greater percentage of the electrical current delivered to the body to travel along a tissue
pathway that will produce, or result in, muscle contraction.
[00103]

Figure IC illustrates a cross-section of an edematous limb 104 with significant tissue

swelling. Limb 104 has electrodes 101 positioned similarly to the embodiment shown in Figures
1A and 1B. As shown, the distance between the skin surface and muscle 103 is greater than the
same distance in the generally healthy limb shown in Figure 1A. Additionally, short-circuit
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effects due to excessive ionic fluid may affect the very little (if any) electrical current reaching
the deep muscle tissue. As shown, only 1% of the electrical current which is delivered to the
limb reaches the muscle. Figure ID, compared to Figure IC, illustrates the effect that cooling
element 105 on the surface of the skin has on the percentage of the electrical current delivered to
the body that travels along a tissue pathway that will produce, or result in, muscle contraction.
The amount of muscle contraction is greater in Figure ID than it is in Figure IC. All
quantitative information shown in Figures 1A-ID is for illustrative purposes and does not
necessarily reflect actual functionality of a NMES device applied to a limb surface.
[00104]

Figure 1E illustrates a two dimensional temperature gradient on the skin of a portion

of leg 150 after a cooling element was placed on the leg for about 7 minutes. The cooling
element was placed generally horizontally on the leg, and had a width generally larger than its
height, and approximated the shaping of cooling element 204 shown in Figure 3B. The cooling
element was placed substantially in the region indicated as 140 in Figure 1E. Electrodes 152 are
also shown positioned on the leg. The temperature of the skin on the leg was measured after the
cooling element was removed. The sizes of the zones indicated are approximations. In zone 140
the temperature of the skin was about 37 OF. In zone 142 the temperature was about 42 OF. In
zone 144 the temperature of the skin was about 57 OF. In zone 146 the temperature of the skin
was about 72 OF. In zone 148 the temperature of the skin was about 85 OF. In zone 150 the
temperature of the skin was about 87 OF. Figure 1E represents an exemplary temperature
gradient after a generally rectangularly-shaped cooling element is placed horizontally between
electrodes. Cooling elements with alternative shapes will likely create different temperature
gradients, and may in some instances cool the skin that is closer to the electrodes more than that
which is discussed in reference to Figure 1E. For example, one or more of electrodes 152 could
be in region 148, 146, 144, or perhaps in some embodiments could even be in zones 142 or 140.
While not shown in Figure 1E, it is understood that the cooling element also creates a
temperature gradient through the depth of the leg.
[00105]

For the NMES therapy systems and methods herein, there is generally no or little

cooling effect at the anatomical locations where energy enters or exits the body (i.e., skin upon
which the skin electrodes are disposed and closely adjacent thereto), and therefore impedance
changes in these regions are minimal or negligible. Energy delivery to and from the body should
therefore not be altered significantly because, for example, the impedance in the skin directly
adjacent the surface electrodes will not substantially increase. Also, because cooling occurs in
precise locations that assist energy transfer to non-superficial muscles, the total path impedance
is increased much less than it would be if cooling were applied to the skin over larger anatomical
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regions (i.e., those that include the electrode locations). Additionally, excessive heat will not
generated in the surface electrodes, and thus drying of hydrogel layers should not be accelerated.
[00106]

Figures 1B and ID illustrate an exemplary embodiment which does not significantly

increase skin temperature or tissue impedance on the locations where energy enters or exits the
body. As illustrated in Figures 1B and ID, the cooling element is positioned at a location on the
skin that substantially avoids a cooling effect at the location of the skin where the electrodes are
positioned. Because there is substantially no or very little cooling in the skin to which the
electrodes are attached, there is a negligible change in impedance at that location. Electrodes
101 are shown positioned on the skin at a location that is different than the location cooling
element 105 is positioned. In particular, in Figures 1B and ID, cooling element 105 is
positioned between electrodes 101. By positioning the cooling element between the electrodes,
energy transfer in and out of the body remains substantially unaffected.
[00107]

While the systems and methods of use herein are described as not markedly

increasing skin or superficial tissue impedance in the locations where energy enters or exits into
the body, in some alternative embodiments the temperature at tissue where energy enters or exits
the body can be decreased. The tissue impedance in this region would therefore increase and the
energy transfer through the tissue will likely not be as efficient as in embodiments where cooling
does not occur where energy enters or exits the body. For example, in Figures 1B and ID, the
cooling element could extend over one or both electrodes 101.
[00108]

As shown in Figures IC and ID, the application of NMES with tissue cooling can be

particularly useful in edematous patients whose tissues may exhibit properties such as the 'short
circuit' condition described herein. The systems can, however, also have significant value for
healthy or non-edematous persons as well. The systems will allow for more efficient muscle
stimulation, which decreases the amount of energy that needs to be to be delivered to the body to
produce a given amount of muscle contraction. The reduction in required energy may increase
patient tolerance of NMES therapy, in part by reducing the current amplitude reaching
superficial nerves (i.e., reduction of the 'pins and needles' discomfort phenomenon). This
reduction in energy will also reduce the risk for bums, nerve and/or muscle damage, and other
potential complications. The therapies described herein may also be immensely helpful in the
NMES treatment of overweight or obese persons (who may be defined by body-mass index), or
other persons who require large stimulation energy amplitude to elicit significant muscle
contraction. These individuals typically require large stimulation energies to combat the
capacitive effect created by excessive adipose located superficial to muscle tissue. For these
individuals, the highest energy amplitude allowed by regulatory and/or overseeing body safety
standards are frequently required to induce even minimal muscle contraction. As further energy
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amplitude increases are not an option for these individuals, a more efficient use of the energy
that is delivered is imperative to induce effective muscle contraction. Additionally, by reducing
inter-patient performance variability, there can be more widespread adoption of the therapies
described herein in critical care, skilled nursing facilities, and long-term rehabilitation care
settings.
[00109]

Figure 2 illustrates an exemplary schematic representation of a NNIES therapy system

120 including stimulation control unit 122, surface electrodes 124, and cooling element 126.
Stimulation control unit 122 creates stimulation energy pulses and delivers them to surface
electrodes 124, which deliver electrical energy into and out of the body. Cooling element 126 is
adapted to apply thermal energy to the body in a region between and/or surrounding surface
electrodes 124. Control unit 120 communicates with surface electrodes 124 in a manner suitable
for transmitting and receiving electrical signals, such as with a standard cable connection, a
wireless connection such as Blue-tooth, WiFi, RF, infrared, optical, acoustic, or other suitable
type of connection. In some embodiments the control unit is in communication with cooling
element 126. Control unit 122 is a housing separate from electrodes 124, and can be positioned a
distance from the person receiving therapy on whom the electrodes are positioned. In alternate
embodiments, the control unit may be integrated into a housing unit which includes the
stimulating electrodes and/or cooling element. In some embodiments the stimulation electrodes
are housed in a custom stimulation pad such that the electrode layout and configuration is
optimized for a particular region of the body.
[00110]

An exemplary method of using NNIES therapy systems referred to generally in

Figures 1 and 2 will now be described. Methods of using the systems described herein may
include one or more of the following steps, and may perform them at any suitable time during
the therapy procedure. The order of the following steps is in no way intended to be limiting. The
exemplary method provides for a more efficient transfer of electrical energy to deep-lying
muscle tissues while minimizing the increase in the degree of heat generated in skin electrodes.
At least two electrodes are placed on the surface of the skin in the vicinity of a muscle to be
stimulated. Cooling energy is applied to skin tissue in a region between and/or surrounding the
stimulation electrodes. The application of the cooling energy creates a temperature gradient in
which the temperature of the skin and superficial tissue is lowered from their normal temperature
to a greater extent than the temperature of deeper-lying tissue (e.g., muscle) is lowered from its
normal temperature. Stimulation energy is then applied through the subject by applying
stimulation energy to the surface electrodes. The stimulation energy is generated and delivered
by a stimulation control unit in communication with the electrodes.
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[00111]

In some methods of therapy, it is not required to simultaneously apply surface cooling

and electrical stimulation. For example, superficial tissue may first be pre-cooled by a
predetermined temperature or for a predetermined amount of time, after which the thermal
stimulus is removed. The temperature gradient will begin to decay at a given rate once the
thermal stimulus is removed. Experience suggests that the re-warming rate of the body part is
relatively slow, and it could take as long as about 30 minutes or more for a large body part such
as the thigh to regain its pre-cooled temperature distribution. During the re-warming period, the
NMES performance would be improved by some degree without the need for simultaneous
cooling. This particular embodiment of the method is a further example of how known therapies
have not recognized the benefit of combining temperature gradients with muscle stimulation.
[00112]

In some methods cooling is administered intermittently. In these embodiments,

surface cooling has "on" periods and "off' periods. For example, during a 60 minute NMES
session, cooling energy can be applied every 10 minutes for 5 minutes. One advantage of
intermittent cooling is that after superficial tissue temperatures are lowered enough to cause
effective changes in tissue impedance, surface cooling can be discontinued, which can prevent
skin temperatures from cooling to the extent that the thermal stimulus becomes uncomfortable,
intolerable, or unsafe to the person receiving NMES.
[00113]

In general, the surface tissue is cooled to increase the impedance of the surface tissue

and superficial tissue in order to divert a greater percentage of the electrical energy entering the
body to non-superficial muscle tissue (e.g., deep-lying muscle). One goal is therefore to increase
the amount of energy that travels along a deeper path and decrease the amount of energy that
travels along a shallow path (i.e., a path closer to the surface). As current travels from one
electrode to another, however, a large percentage of the energy (or a larger percentage of energy
than that which is desired) may travel along or in close proximity to the surface of the skin if the
cooling effect is limited to a small region of skin, or if the cooling does not adequately reduce the
temperature of the surface of the skin. Figure 3A illustrates an example of this by illustrating a
top-view of low impedance superficial current pathways between two surface electrodes during
NMES. In Figure 3A electrodes 202 are positioned on the surface of skin 206 in stimulation
region 201. A distribution of energy pathways 203 illustrate the path current may take when
flowing between electrodes 202 under normal conditions. In Figure 3B cooling element 204 is
positioned between electrodes 202. Cooling element 204 has a width "CW" that is similar to a
width that electrodes 204 span, "EW." Cooling element 204 eliminates many of the low
impedance superficial energy pathways, although some may remain. Figure 3B shows current
paths 208 that exist where low impedance superficial tissue pathways were not eliminated
because the cooling effect from cooling element 104 does not sufficiently cool the superficial
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tissue to increase the impedance sufficiently. Current paths 208 arc around the cooler tissue
region. Figure 3C illustrates cooling element 205 width "CW" that is wider than the width the
electrodes span, "EW."

The region of superficial cooling is wider (along the transverse plane)

than the width of the stimulation electrode distribution. Width CW increases tissue electrical
impedance over a large area and thus eliminates nearly all of the low impedance superficial
energy pathways. In Figure 3C current pathways exist below the surface of the skin (not shown).
In Figure 3C, the region of cooling-induced impedance change is sufficient to minimize or even
eliminate the existence of superficial low-impedance electrical pathways that arc around the
cooled region of tissue.
[00114]

The size, shape, configuration, etc., of the cooling element can therefore have an

affect on the temperature gradient and the degree to which superficial tissue impedance in the
stimulation area is altered.
[00115]

In some embodiments, however, the cooled tissue region may have a width that is

similar to the width of the electrode distribution, or even less than the width of the electrode
distribution. The width of the cooled tissue region can depend on the local electrical
characteristics of the tissue and/or the treatment goals of the NMES therapy session.
[00116]

Figures 4A-4D show alternative configurations of exemplary cooling elements which

are positioned between and at least partially surrounding the electrodes. In the figures, the
electrodes have reference numbers 212, 222, 232, and 242 respectively. In Figure 4A, cooling
element 214 is substantially "H-shaped" and placed on skin 210 to minimize the superficial low
impedance electrical pathways. In Figure 4b, cooling element 224 with a shape which mimics
two integrated "U" shapes is positioned between and partially surrounding electrodes 224 on
skin 220. Cooling element 224 could alternatively be two distinct cooling elements positioned
on the skin in the configuration shown in Figure 4B. In Figure 4C, cooling element 324 has a
substantial figure 8 configuration and is positioned on skin 230 between and surrounding
electrodes 232. Cooling element 234 could alternatively be two "0" shaped cooling elements
positioned on the skin in the configuration shown in Figure 4C. Figure 4D shows the "H
shaped" cooling element in Figure 4A as three discrete cooling elements, 244, 246, and 248
positioned on skin 240 between electrodes 242. Alternative configurations, shapes, and sizes of
cooling elements may also be used.
[00117]

In some embodiments the system includes a plurality of electrodes and a cooling

element that are discrete elements and not coupled to one another. The electrodes and cooling
elements are, in these embodiments, secured to the skin as separate elements. Figures 3 and 4
show such embodiments. The electrodes themselves may also be uncoupled from one or more
other electrodes. Figure 5 shows a plurality of discrete electrodes 264 placed on skin 260.
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Electrodes 264 are in electrical communication with control unit 262 by leads. Cooling element
264 is not coupled to electrodes 264. Electrodes which are not coupled to the cooling element
and/or each other can be useful in patients with abnormal pathology or who have other
simultaneous medical interventions that would prevent the use of a pre-manufactured stimulation
pad as described below. For example, electrodes 264 and cooling element 266 can be positioned
on skin 260 to avoid a broken region of skin 268 (although broken skin is not a contraindication
to NMES therapy in general). The use of discrete surface electrodes and cooling element(s)
enables an NMES operator to place the stimulation system components in safe and effective
locations that are tailored to the needs of the individual.
[00118]

In some embodiments one or more electrodes are coupled together in a single

housing, or pad (and may also be referred to herein as a patch), while in some embodiments one
or more electrodes are housed with one or more cooling elements in a single housing, or pad. In
some embodiments the systems include custom stimulation pads that have surface electrodes
placed in predetermined configurations on the pad. Any number of electrodes can be included in
the stimulation pad. A custom stimulation pad can also be configured with a built-in cooling
element, or it can be configured such that a detachable cooling element can be easily attached,
connected, or used in conjunction with the stimulation pad. These embodiments can assist the
NMES operator in applying the surface cooling in the optimal location to increase the efficiency
of energy delivery to deep muscle tissues. A stimulation pad can also be configured such that
individual electrodes can be detached from the pad.
[00119]

In some embodiments the stimulation pad is comprised of a thin and flexible housing

with an adhesive hydrogel backing to facilitate maintenance of skin contact. The hydrogel
backing will also enhance the coupling of electrical energy and signals between stimulation
electrodes and the person's body.
[00120]

In an exemplary embodiment of a system with a stimulation pad, the stimulation

electrodes are arranged in a configurable array. The array is configurable such that, at any given
time, only a subset of the electrodes in the array are actively delivering energy to a person
receiving NMES. However, electrodes inactive for energy delivery may still be configured to
deliver relevant information (such as the electrical impedance between it and a second electrode
in the array) to the control unit, described in more detail below.
[00121]

Figure 6 illustrates an exemplary embodiment of an NMES system including a

stimulation pad positioned on a thigh region of leg 401. Surface electrodes 403 and cooling
element 404 are integrated into stimulation pad 402, which is thermally conductive, soft, and
flexible. Control unit 405 communicates with the stimulation electrodes via a wired connection
to deliver electrical energy to the leg. Cooling element 404 includes a lumen 408 within the pad
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which is in fluid communication with pump 406. Pump 406 (e.g., a peristaltic pump) is
connected via inflow and outflow tubes to the cooling element lumen, and is used to circulate
chilled fluid, such as water, saline, air, etc., through the lumen. The fluid can be continuously
pumped or it can be intermittently pumped through the cooling element. Although three
stimulation electrodes are shown, any number of electrodes greater than or equal to two could be
incorporated into the pad. Muscle groups other than those in the leg can be stimulated using the
systems and methods described herein.
[00122]

Figure 7 shows an exemplary embodiment in which the system includes a stimulation

pad with a cooling element which is not housed in the stimulation pad. In this embodiment, the
cooling pad is a separate component that is placed on a person independently of the stimulation
pad or stimulation electrodes. Stimulation pad 432 includes a flexible housing that includes
stimulation electrodes 424. Electrodes 424 are in electrical communication with stimulation
control unit 422. Cooling element 426 is not attached to simulation pad 432, but has lumen 430
that is in fluid communication with pump 428. Pump 428 can be, for example without
limitation, a peristaltic pump. As shown, cooling element 426 is positioned between electrodes
424 thereby cooling superficial tissues and creating a temperature gradient as described herein.
[00123]

Figure 8 illustrates an exemplary embodiment in which the electrodes are discrete

from one another as well as from the cooling element. Stimulation electrodes 702 are positioned
independently on leg 701 (although the system can be used on other body parts). Cooling
element 703 includes hollow lumen 709 that is in fluid communication with pump 705. Cooling
element 703 is used to achieve surface cooling in the region between stimulation electrodes 702.
Cooling element 703 is placed on the skin independently of the stimulation electrodes. Pump
can pump a chilled fluid through lumen 709, either continuously or non-continuously, and can
also include a fluid reservoir.
[00124]

Figure 9 illustrates an alternative embodiment of a NMES therapy system which

includes an ice bath incorporated into a stimulation pad. The system includes pad 802 which
includes a fluid-tight and flexible ice water bath 804 in contact with the skin on partial portion of
leg 801. Control unit 805 is in wired connection with stimulation electrodes 803, which are also
incorporated into pad 802. Both the flexible ice bath and surface electrodes are part of a
stimulation pad 802, which fixes the relative positions of the two components of the system in an
optimized configuration. The ice bath can alternatively be housed in its own pad, while the
electrodes are housed in a separate pad. By using an ice bath, the temperature of the cooling
agent (i.e., the ice) will naturally decrease over time as heat is transferred from the patient to the
ice. Ice may therefore act as a time-dependent cooling mechanism and may help reduce the
"pins and needles" sensation.
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[00125]

Figure 10A-10C illustrate exemplary embodiments of activation mechanisms for a

chemical cooling pack to be incorporated with NMES therapy. In Figure 1OA(1), chemical
cooling pack 900 is squeezed, thereby breaking an inner lumen to mix chemicals and provide a
cold source. In Figure 1OA(2), cold source 901 is placed in the region of muscle stimulation in a
location between stimulation electrodes 902. In Figure 1OB, stimulation pad 906 includes
stimulation electrodes 902, chemical cooling pack 904, and strap and hook mechanism 905.
After positioning the cooling pack in the desired location on the skin, the strap is pulled tight
around pivot point 907. Pulling the strap exerts force on the chemical pack 904, breaking an
inner lumen and mixing chemicals to create a cold source. The strap is then secured to itself
using, for example, a Velcro strap, snap, or other securing mechanism. The cold source is
thereafter held in place. In Figure 10C, the stimulation pad is in electrical communication with
control unit 908. A cross-sectional view of the chemical cooling pack is shown. Wires 909 from
control unit 908 extend through outer compartment 910 of the cooling pack and connect to
resistive heating components 912 secured to inner lumen 911 of the cooling pack. At a desired
time, control unit 908 sends electrical signals to resisting heating components 912 via wires 909,
which melts portions of the inner lumen, causing the chemicals to mix and thereby create a cold
source which can then be applied to the skin.
[00126]

Alternative embodiments utilize a chemical mechanism to achieve superficial

cooling. For example, the stimulation pad may have an open center portion such that the surface
between the stimulation electrodes is exposed. After placement of the stimulation pad (or, in
some embodiments, after placement of discrete electrodes), a chemical agent is applied on to the
exposed surface, reducing the temperature of superficial tissues. The agent can be an agent that
can be sprayed or wiped onto the exposed surface. Alternatively, a chemical mechanism may be
part of a separate component (e.g., an instant cooling pack), that may be positioned in contact
with superficial tissue.
[00127]

In some embodiments the cooling element can be a thermoelectric element, such as a

Peltier device. Peltier devices used for cooling are known. The thermoelectric element can be
used to cool the tissue as described herein.
[00128]

In some embodiments the cooling mechanism can include the use of gas expansion.

By decreasing the pressure of gas in a fixed volume, the temperature of the gas decreases and can
be used to cool the superficial tissues. In some embodiments the use of gas expansion is
incorporated with one or more different cooling mechanisms, such as a circulating fluid, a
chemical cooling mechanism, and/or a thermoelectric cooling mechanism.
[00129]

Figure 11 illustrates a merely exemplary embodiment of a method using a system for

NMES therapy. The order of the steps is not intended to be limiting, and some steps need not be
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performed. Other steps not shown can be included at any suitable time during the procedure.
First, stimulation electrodes and a cooling element are applied to the surface of the skin at step
502. The electrodes can be discrete or they can be incorporated into a pad, and perhaps with the
cooling element. In embodiments which include a cooling pump, the pump is turned on in step
504 which cools the area between the electrodes for a given period of time. Electrical energy is
then delivered to the patient through the electrodes at step 506. After a set period of time (e.g.,
30 minutes) the cooling mechanism and NMES energy delivery are discontinued as shown in
step 508. Finally, the inflow/outflow hoses are disconnected from the stimulation pad and the
control unit is disconnected from the stimulation pad. Any of these steps may be optional or
may be interchanged with other steps, or the order of the steps may be varied.
[00130]

Application of the surface cooling can begin several minutes (e.g., about 5 to about

10 minutes) before NMES energy delivery begins. Depending upon the embodiment of the
devices and systems used to apply NMES, surface electrodes are applied to the body either
before or after the cooling is initiated. Surface cooling continues during NMES energy delivery.
During this period, the temperature of superficial tissues may be held constant, or, in an some
embodiments, superficial temperature may continue to decrease during NMES. In some
embodiments, surface cooling may be used intermittently during the NMES therapy session.
Surface cooling may alternatively be implemented only prior to initiating NMES energy
delivery. Surface cooling may alternatively be applied to the stimulation region after NMES
energy has begun. For example, a 10 minute NMES warm-up period may precede a period of
cooling with NMES therapy and/or a period of cooling followed by NMES therapy.
[00131]

Figures 12A-12C illustrate embodiments in which the system includes a cooling

element with a plurality of zones, or regions, of cooling. Figure 12A shows a partial portion of a
leg with cooling element 1200 which includes first cooling zone 1201 and second cooling zone
1202. Each of the zones is positioned between stimulation electrodes 1203. Each cooling zone
may be controlled independently or dependently of the other zones. That is, the zones can be
active or inactive independent of the other zone(s). The zones can be independent or dependently
controlled by a control unit (not shown). In Figure 12B control unit 1206 communicate with
electrodes 1203. Pump 1205, driven either by control unit 1206 or independently controlled,
circulates a cooled fluid through two or more separate zone housings 1204. The plurality of
housings are not in fluid communication with each other. Valves or similar mechanisms can also
be used to allow fluid to be directed to each housing individually or through multiple housings
simultaneously. The embodiment in Figure 12C utilizes a chemical cooling pack with multiple
cooling zones. Outside compartment 1207 of the cooling pack houses more than one inner
lumen 1208 that are sealed, or chemically isolated, from one another by compartmentalization
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elements 1210 (only one of four is identified). Each inner lumen may be broken by melting a
portion of it by delivering energy from control unit 1206 to resistive heating elements 1209.
Chemicals in the different zone of the cooling pack can be mixed at any time individually based
upon instructions from the control unit.
[00132]

For NMES therapy sessions expected to last for more than about 15 to about 30

minutes, there may be a concern of skin damage due to extended cold exposure. In some
embodiments a first superficial region of tissue is cooled, and then a second, different, superficial
region of tissue is cooled. By shifting the cooling regions, some risk of skin damage due to
extended cold exposure may be reduced. In some embodiments the second region overlaps the
first region. Given the relatively long re-warming time for tissue (after exposure to a cooling
element has been discontinued) and extended period of increased NMES efficiency after cooling
is removed from an area, adjusting the region of thermal transfer may allow for maintenance of
an effective thermal gradient in tissues slightly deeper than the skin while avoiding potential low
impedance electrical pathways on the skin surface. In embodiments that use a circulating cooled
fluid as the cooling mechanism, the region of cooling may be alternated or changed by
selectively opening and closing valves that control the flow of the fluid to certain regions of the
cooling element. In embodiments that use a chemical instant cool pack as the cooling
mechanism, a cold pack with a two-stage lumen may be used such that chemicals only mix in
specific regions at specific times. Initially, the first stage inner lumen of the pack is broken to
mix chemicals and cool one area. As the chemical reaction (and thus the cold source) ends in
one area, the second stage of the lumen is broken to extend the thermal stimulus to a second area
of skin. Variations may be provided using lumens with any number of stages to provide the
desired amount and/or timing of thermal stimulus to one or more desired areas of skin. In
embodiments that include thermoelectric devices as the cooling mechanism, the control unit may
selectively activate specific zones of thermoelectric elements (independently or dependently of
one another) by selectively sending energy or signals to each zone. For example, in Figure 12A
cooling zones 1201 and 1202 can be discrete (two or more) thermoelectric devices. The zones
can be in communication with a cooling control unit, which is either housed with the stimulation
control unit or is in a separate housing. The cooling control unit can be adapted to control the
thermoelectric devices such that cooling zones 1201 and 1202 can be set to different
temperatures, can be activated for different cooling times, etc. The thermoelectric devices can
also have different sizes and shapes.
[00133]

In some embodiments different regions, or zones can be subject to different degrees

of cooling, which allows for different regions of skin to be subjected to different temperatures.
As described herein, it is generally not desirable to excessively cool tissue in the location where
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energy enters and exits the body (i.e., the location of the surface electrodes) because this
increases local impedance and impairs electrode performance and sustainability without
enhancing energy delivery to deep-lying muscle and/or nervous tissues. However, in some
instances, it may be desirable to mildly cool (for example, on the order of about 1 to about 5 C)
tissue regions in the electrode location (or the electrodes themselves) to provide additional
protection against the risk of burns. This mild cooling may provide additional bum protection
without substantially raising tissue impedance in the region where energy enters or exits the
body. In one or more other spatial zones located between the electrodes used for stimulation,
more appreciable superficial cooling (for example, on the order of about 20 to about 30 C) may
be implemented to increase the efficiency of energy transfer to deep-lying muscle and/or nervous
tissues. Any of the suitable embodiments described herein which describe a plurality of cooling
regions, or zones, can be adapted to provide a plurality of different cooling zones, each of which
(or some of which) can have a different thermal effect of different regions of tissue. For
example, Figure 13 illustrates an exemplary embodiment of a system which includes control unit
466 in communication with electrodes 460 (shown in phantom). The cooling element includes
first cooling element 462 and second cooling element 464. Pump 468 is in fluid communication
with both of the cooling elements. First cooling element 462 includes two discrete cooling
elements positioned over electrodes 460. Second cooling element 464 cools the region between
electrodes 460 more than first cooling element 462 cools the region (or also the electrodes) near
the electrodes. This allows for a milder decrease in temperature in the region where energy
enters and exist the body, but provides for a greater degree of cooling between the electrodes.
[00134]

It may be desirable to maintain a relatively constant cooling temperature during the

entire duration of the therapy. In these instances, a circulating cooled fluid, a chemical approach,
or a thermoelectric approach may be more beneficial than using a cooling element such as an ice
bag or ice bath, as ice will melt be unable to sustain the skin at a constant temperature. There
may be additional advantages of the cooled fluid and chemical mechanisms of cooling that are
related to workflow. For example, a cooling pump or instant chemical cooling pack can be kept
conveniently in a storage area by a patient's bedside, and be activated when needed without
requiring time associated with setup and storage that an ice bag or ice pack may require.
Additionally, ice bag and/or ice baths may be prone to moisture creation and/or leakage.
Different types of cooling elements can therefore be used to adjust the temperature of the cooling
element over time.
[00135]

The cooling element (or at least portions of it) is preferably held in secured contact

with the skin. Movement of the region of stimulation caused by voluntary or involuntary muscle
contraction or by other sources of motion could shift the position of or dislodge the cooling
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element from direct and efficacious thermal contact with superficial tissues. Some embodiments
of the system therefore maintain desired thermal contact between the cooling element and the
superficial tissues, even when such motion occurs.
[00136]

Figures 14A-14C illustrate embodiments of tightly securing the cooling element to

the skin. In figure 14A stimulation pad 301 includes three stimulation electrodes 302, cooling
element 303, and weight 304. In one embodiment the weight is flexible and is similar in mass
and flexibility to a sandbag. Cooling element 303 is positioned on the desired region of the skin
and weight 304 is positioned atop the cooling element. Weight 304 secures cooling element 303
in place against the desired region of skin. In figure 14B, weight 306 sits atop cooling element
305 and is attached thereto using connectors 307, which are in the form of snap connectors.
Other types of connecting elements may be used. In figure 14C, stimulation pad 309 comprises
built-in stimulation electrodes 308 and a built-in cooling element 310. Weight 311, which can be
flexible, sits atop cooling element 310 to exert downward pressure, and is held in place with the
use of straps 312 that are adapted to couple to the stimulation pad on either side of the
weight/cooling mechanism assembly. Alternative mechanisms of applying pressure to the
cooling element may be used to maintain the cooling element is secured contact with the skin.
[00137]

Tightly securing the cooling element to the skin may both maintain the cooling

mechanism in a desired position as well as provide a tight seal between the cooling mechanism
and the skin surface to minimize the build-up of moisture in the stimulation region. Alternative
embodiments may include the use of mild adhesives or circumferential straps for maintaining the
placement of the cooling element.
[00138]

In some embodiments the NNIES therapy system includes a way to prevent or

minimize moisture from forming on the surface of the skin. When warm air comes in contact
with a colder surface, moisture from the air may condense on the colder surface. Moisture on the
skin surface may decrease the electrical impedance of the skin and also may pose a safety hazard
during energy delivery. In some embodiments the pad on the skin includes several layers to
avoid excess skin moisture during NMES with surface cooling. For example, in one
embodiment the cold source is an inner layer contained within a compartment that is surrounded
by a middle absorptive layer that may be thin enough so as not to serve as a thermal insulator.
The middle layer can be a material similar to a paper towel, foam, or other suitable material. A
thin outer layer that makes contact with the skin is comprised of non-absorptive material and
surrounds the middle layer. The outer layer prevents moisture from forming on the surface of
the skin.
[00139]

In alternative embodiments, moisture build-up in the region of stimulation may be

reduced by preventing warm air from reaching the cold source/skin interface, which can be
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accomplished by reducing or eliminating the air between the cooling element and the skin.
Suction and/or vacuum pumps can be used remove the air. Applying sufficient pressure on the
cooling element can also reduce the amount of air for circulation. Weights, straps, or other
devices can be used to apply pressure to the cooling element.
[00140]

In general, the NMES therapy systems have a stimulation control unit in

communication with the surface electrodes that generates electrical energy and delivers it to
surface electrodes. In general, the control unit has a power source (e.g., a battery or isolation
transformer for use with mains power), and can include any of the following: hardware
components, software components, a voltage/current amplifier, a microcontroller, FGPA, timing
circuitry, waveform generation circuitry, signal processing circuitry, and memory. In some
embodiments the primary operation of the control unit can be provided by a microprocessor,
field programmable gate array (FPGA), application specific integrated circuit, some combination
of these mechanisms, or other suitable mechanism. When activated, the control unit generates
electrical stimulation signals that are transmitted to the surface electrodes, which couple the
energy into the body to stimulate muscle tissue.
[00141]

Parameters of the electrical stimulation can be established prior to stimulation, and

the control unit can be adapted to allow stimulation parameters to be adjusted at any time before,
during, or after stimulation therapy. Parameters can be adjusted manually or the control unit can
be configured such that parameters are adjusted automatically, which can occur according to a
pre-established therapy protocol, or based on feedback signals monitored and sensed from the
patient, discussed more below. Exemplary electrical stimulation parameters include, without
limitation, the duration of therapy, stimulation pulse energy amplitude, etc.
[00142]

In some embodiments the control unit includes a user interface to allow medical

personnel to control the parameters of electrical energy delivery to the patient. The control unit
can be adapted to allow a user to manually set (i.e., establish) the parameters of electrical
stimulation, or it can be adapted to allow a user to adjust the parameters of electrical stimulation
at any point during or after the therapy. The user interface can be housed in the control unit, or it
can be a separate device similar to a remote control that is in communication with the control
unit. The user interface can include buttons, knobs, dials, switches, etc., to control the
parameters of energy delivery. The user interface may also include functionality to allow the
user to test the operation of the control unit or any other component of the system to detect any
errors or malfunctioning components.
[00143]

In some embodiments the control unit is configured to automatically adjust

stimulation parameters based on optimization software in the control unit.
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[00144]

In some embodiments the control unit is configured to receive sensed patient signals

that are generally sensed using one or more sensors positioned on or within the patient. One or
more sensors can be used to sense parameters from the subject and provide feedback to the
control unit.
[00145]

In some embodiments the sensor can include a temperature sensor configured to

monitor the temperature on the skin of the patient. The control unit can be configured to
continuously or periodically receive the sensed temperature and a control algorithm can compare
the sensed temperature with a reference temperature to determine if the sensed temperature is
higher or lower than the reference temperature. Based on the comparison, the therapy may
require that the cooling element be activated, deactivated, or adjusted to increase or decrease the
temperature of the skin. The degree of cooling can be adjusted manually, or the control unit can
have software built-in to modify the cooling protocol to control the skin temperature.
Monitoring the skin temperature can provide an indication of the temperature gradient created in
the tissue and therefore provide an indication if the gradient is sufficient to deliver a sufficient
percentage of energy entering the patient to deep-lying muscle tissue. Thus, temperature is an
exemplary patient parameter than can be sensed to control the amount of surface cooling by the
cooling element, examples of which are described herein
[00146]

In some embodiments the sensor includes a sensor to sense the degree of muscle

stimulation, or contraction. Sensing muscle contraction can be performed with, for example
without limitation, an EMG. When the sensor is adapted to sense muscle contraction, the sensed
parameter can be any parameter indicative of the amount of muscle contraction. The control
unit can be adapted to receive the sensed parameter indicative of muscle contraction and use this
information to control the operation of the cooling element or to control the electrical
stimulation. For example, if the sensed parameter indicative of muscle contraction indicates an
insufficient amount of contraction, it may be desirable to either increase the cooling effect on the
surface of the skin (to increase the superficial skin impedance) or to increase the amount of
electrical stimulation, or a combination of the two. The response to the sensed parameter can be
a manually adjusted (e.g., via a user interface) or it can be automatically controlled by the control
unit. Some exemplary muscle sensor that can be incorporated into the NMES therapies
described herein can be found in Application No. 12/497,230, filed 7/2/09, which is incorporated
by reference herein.
[00147]

In some embodiments one or more sensors are coupled to the person receiving NMES

and are adapted to record data indicative of muscle contraction, and feedback control systems
within the control unit are used for closed-loop optimization of stimulation energy waveforms.
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[00148]

The control unit can be configured to activate a cooling element. In one exemplary

embodiment, local tissue cooling in the stimulation region is initiated after several minutes of
"warm-up" stimulation energy is applied to the subject. It may be beneficial if the system does
not require a care provider to return and make adjustments after the "warm-up" stimulation
energy such that cooling is automatically initiated at a pre-established time during a therapy
procedure.
[00149]

In embodiments that use a circulating cooled fluid (examples of which are described

herein) to create a temperature gradient, the control unit can be in communication with a
pumping element that controls the flow of fluid to the cooling element. The control unit
therefore controls the skin temperature of the patient. The control unit can be adapted to activate
the cooling mechanism at a predetermined time or at a feedback determined time.
[00150]

Other embodiments use an instant chemical cooling pack (such as urea-based or

ammonium-nitrate/water packs that are commercially available) that activates when an inner
lumen is broken, causing two substances to mix and chemically react. Examples of such
embodiments are described herein. Electrical current generated in the control unit can be used to
melt or break predetermined regions of the inner lumen of the cooling pack, causing the
substances to mix.
[00151]

The control unit can also include one or more memory units to store, for example

without limitation, algorithms used to carry out the functionality of the NMES therapy, therapy
protocols, sensed patient parameters, stimulation parameters, and/or cooling parameters. The
memory can be in any of the following forms: RAM, ROM, EEPROM, volatile memory, non
volatile memory, or any combination thereof. The memory units can be in communication with
a processor to carry out the NMES therapy.
[00152]

One or more processors in the control unit can be coupled to a clock for timing and

synchronizing various aspects of the therapy.
[00153]

The control unit can also include a communication interface adapted to communicate

with a remote device such as, for example without limitation, a personal computer or a network
to provide for communication of data, programming commands, etc. Communication can be
carried out using conventional wireless protocols, such as telemetry, inductive coil links, RF
links, other electromagnetic links, magnetic links, infrared links, optical links, ultrasound links,
etc. The communication interface can include both a receiver and a transmitter to allow for two
way communication so as to allow for providing software updates to the control unit, transmit
stored or real-time data, transmit inputs from medical personnel, etc.
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[00154]

The control unit can be used to control various aspects of the therapy even if not

specified described herein. The control unit may be a single housing or it may be more than one
housing, any number of which are in communication.
[00155]

In some embodiments the systems include a heating element in addition to a cooling

element. While the cooling element is used to decrease the temperature of tissue, the heating
element is used to increase the temperature of issue. In Figure 15 heating element 107 is
positioned on the posterior side of leg 1001 (or the leg presses against the heating element when
the patient is lying on a table), while stimulation pad 1002 is positioned on the anterior portion of
leg 1001. Stimulation pad 1002 includes cooling element 1004 and stimulation electrodes 1003.
Control unit 1005, as well as and pump and fluid reserve 1006 are also incorporated into
stimulation pad 1002. Surface cooling is applied by cooling element 1004 as described herein.
Heating element 1007 is positioned to apply surface warming near the hamstrings and/or
gluteals, although the system can be applied to other muscles. The posterior warming acts
synergistically with the anterior surface cooling to increase the temperature gradient between
deep-lying muscle tissue and superficial tissues on the anterior side of the leg, increasing the
efficiency of electrical current deposition to muscle tissues. Secondly, the warming can help
maintain core body temperature within normal levels. Prolonged surface cooling may change
temperatures near large blood vessels, which may in turn cool blood and thus lower internal core
temperature. A posterior heating element may help offset any cooling induced changes in core
temperature by warming tissues near large vessels, without decreasing the temperature gradient
on the anterior portion of the leg. The warming element can be coupled to its own control unit to
control the temperature of the heating element. The warming element can be similar to a heating
pad.
[00156]

Figures 16A-C illustrate alternate embodiments which comprise an ultrasound

transducer. In Figure 16A, control unit 1101 is in electrical communication with stimulation pad
1105, which includes stimulation electrodes 1102, cooling element 1103, and two ultrasound
transducers 1104. Figure 16B shows the acoustic energy distribution from focused ultrasound
transducer 1105, with the peak spatial distribution of energy in the beam occurring in the focal
region 1106. Tissue heating may occur primarily in the focal region, as in other regions the
energy is too spread out spatially to significantly raise temperatures. Figure 16C is a cross
sectional side view of limb 1107 being treated with NMES therapy. Ultrasound transducers
1104 transmit acoustic energy from the surface of the skin through superficial tissues, with a
focus in deeper regions of tissue 1108.
[00157]

Operated by the control unit or other control device, transducers may use relatively

low frequency ultrasound energy (e.g., from about 1 to about 4 IHz) with an electronic and/or
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concave lens focus to a depth appropriate for the muscle group being stimulated. Ultrasound
energy may be partially absorbed by tissue through which it propagates, and this energy may be
converted to heat. Due to the focal nature of ultrasound, it is possible to deposit the
overwhelming majority of the energy in the focal region while depositing minimal energy in
more superficial regions of tissue. Accordingly, deeper tissues in the focal region may be
warmed without significant warming of superficial regions. This method may strengthen the
thermal gradient that is produced by the superficial cooling mechanism, as well as help ensure
that the core body temperature does not drop too low.
EXAMPLE:
[00158]

A research study has investigated the NMES therapy with skin cooling disclosed

herein. Twenty healthy volunteers were recruited. The first group (Group 1) of ten volunteers
included all-comers (median age 44 years, range 22 - 70 years, median BMI 25.0, range 22.0
38.3). The second group (Group 2) of volunteers consisted entirely of clinically obese (BMI >
30.0) individuals (median age 53 years, range 25 - 75 years, median BMI 32.4, range 30.1
39.6). An additional research study that recruits critically ill patients is underway, and
preliminary results are available.
[00159]

In the first study, volunteers had their posture stabilized and muscle stimulation

electrodes were applied in a mirror image configuration on each thigh in the region of the
quadriceps. A medical dynamometer was placed over each ankle. During muscle stimulation,
the quadriceps contracts, causing the leg to extend. The medical dynamometer reads this leg
extension force. Leg extension force for a fixed (constant) amount of stimulation energy is a
proxy for the number of muscle motor units recruited during stimulation with that amount of
energy, and thus serves as a good descriptor of muscle stimulation efficiency. After baseline
measurements of muscle strength in each leg were made, one leg was randomly chosen to
receive an ice bag placed on it in the region between stimulation electrodes, while on the other
leg a room-temperature control bag was placed. Measurements of leg extension force were made
in each leg at 3 minute intervals. After 20 - 30 minutes of cooling, both ice and control bags were
removed from the legs, and measurements were continued during the re-warming period.
[00160]

In the study, muscle stimulation was provided as a pulse train composed of a series of

asymmetric, biphasic square waves with pulse durations of 300 microseconds and at repetition
rates of 40 Hz. Pulse trains lasted for 5 seconds with 1 second energy ramp up and ramp down
times (i.e., 3 seconds of maximum energy delivery), and were followed by resting periods of at
least 10 seconds. The maximum current delivered by each stimulator channel to each individual
ranged from about 30 to about 80 mA.
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[00161]

In some embodiments the frequency content of the individual pulses is about 10 kHz

or lower. In some embodiments it may be about 5 kHz, while in some embodiments it may be
about 1 kHz. In some embodiments the pulse repetition rates are about 30 Hz or greater. In
some embodiments the pulse repetition rates are between about 30 Hz to about 50 Hz. In some
embodiments the energy is delivered with an alternating series of on (during which pulses are
applied at a given repetition rate) and off times (during which no pulses are applied). In some
embodiments the on times last for about 5 seconds to about 10 seconds. In some embodiments
the off times last for about 10 seconds to about 20 seconds.
[00162]

This study showed the immense usefulness of the systems and methods described

herein. Leg extension force (and thus muscle stimulation efficiency) increased in the
experimental leg during the cooling period in all 20 volunteers. The average peak increase in
extension force from baseline achieved with superficial cooling in the experimental leg was
69.9% in Group 1 and 94.8% in Group2. This larger increase in the clinically-obese group
shows the extreme efficacy of the NMES therapy with cooling for improving results in
challenging stimulation cases (i.e., persons who generally require the maximum energy allowed
by regulatory and/or overseeing body safety standards is required to achieve even mild muscle
contraction). The large increase in Group 2 is especially significant because it allows for muscle
contraction to go from a level that is not strong enough to prevent atrophy, to one that is useful
for preserving muscle strength and improving functional outcomes. Accordingly, the presently
disclosed devices, systems, and methods will enable this group of individuals to receive
significant or improved benefit from NMES therapy.
[00163]

Relative to the control leg, the mean 9-minute average increase in extension force

achieved with superficial cooling in the experimental leg was 52.6% relative to baseline,
indicating that increases in stimulation efficiency are sustainable over a significant period of
time. Overall, muscle contraction strength increases achieved with superficial cooling were
determined to be extremely statistically significant (p < 0.0001) with a paired t-test analysis.
[00164]

Figure 17 shows empirical data from a human volunteer from the first study. The

ordinate axis shows the maximum leg-extension force produced (as measured at the ankle by a
dynamometer) by stimulation of the quadriceps muscle, normalized by baseline measurements
for each leg. The electrical current settings on the NMES device were held constant throughout
the measurement period. Time is shown on the abscissa. The measurements at time t
were taken as baseline readings. At time t

=

=

0 - 6 min

6 min (solid vertical line), a waterproof bag

containing ice cubes was used to cool superficial tissues on the experimental leg (upper data
trace) in the location between the stimulation electrodes, while a room temperature bag was
placed on the control leg (lower data trace). Both ice and room temperature bags were removed
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at time t = 29 min (dotted vertical line). As shown, the improved efficiency of electrical current
transfer to the quadriceps muscles (as evidenced by force of leg extension) is still evident more
than 20 min following removal of the thermal stimulus. In addition to showing increased muscle
stimulation (and increased contraction) Figure 17 supports the functionality of cooling applied to
superficial tissues intermittently during NMES or only prior to NMES.
[00165]

Figure 18 shows empirical muscle stimulation data from a critically ill patient, which

is part of the preliminary results from the second study. During stimulation, accelerometers
placed on the patient's legs measured movement during stimulation of the quadriceps muscles.
The amount of movement recorded is an adequate proxy for the degree to which a given amount
of energy produces muscle contraction. After a series of baseline measurements acquired with
both legs at body temperature were made (the set of columns on the far left), a temperature
gradient was induced superficially on one leg with an ice bag while the other leg remained the
body-temperature control. As shown by the center set of columns, muscle contraction strength
improved during time periods when thermal stimuli were applied to the investigational leg but
declined in the control leg. The decline in the control leg was likely due to fatigue. Relative to
the control leg, muscle contraction was improved by 46%. Following the period of cooling,
additional measurements were taken while the investigational leg was in the process of re
warming. As shown in the set of columns on the far right, contraction strength in both legs is
once again similar, and dramatically less than at baseline. The decrease is again likely due to
fatigue. The same energy was applied to both legs of the patient during pre-cooling, tissue
cooling, and post-cool re-warming periods.
[00166]

The disclosure herein generally describes muscle stimulation with an applied energy

guidance field. In the embodiments herein the energy guidance field alters the electrical
impedance in surface tissues and tissue proximate thereto. While one mechanism to generate the
energy the guidance field is cooling the skin, other mechanisms may be used. For example, any
of the following can theoretically be used, alone or in combination with other mechanisms, to
generate the energy guidance field: 1) pulses or static electromagnetic fields, or magnet-based
approaches in general; 2) applying a chemical agent topically or injecting a chemical agent to
change conductive properties of local superficial tissues; 3) selective regional vasodilation (i.e.,
controlling how much blood vessels are constricted); 4) multiple energy source interference
patterns to set up pathways of optimal transmission; and 5) injection of a temporary solution or
material at depth to reduce the impedance of deep tissue.
[00167]

The devices and methods described herein can be configured to be used on tissue

surfaces inside the body as opposed to skin surfaces. In one example embodiment, surface
electrodes are configured to stimulate the heart with trans-esophageal access. By applying a
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surface cooling device to the esophagus in a location between active stimulation electrodes, the
efficiency of energy transfer to the heart may be improved. In one implementation of this
embodiment, the cooling element is a compact pad with a hollow lumen, with a chilled fluid
circulating through the lumen by way of small-sized inflow and outflow tubes. A variation of
this embodiment with a slightly different configuration can be used in the application of
diaphragmatic stimulation.
[00168]

The methods described herein can be utilized effectively with any of the

embodiments or variations of the devices and systems described above, as well as with other
embodiments and variations not described explicitly in this document. The features of any of the
systems or system components described in any of the embodiments herein can be used in any
other suitable embodiment of a system or system component.
[00169]

Various aspects of the invention described herein may be applied to any of the

particular applications set forth below or for any other types of electrical stimulation and sensing
systems or methods. The invention may be applied as a standalone system or method, or as part
of an integrated medical treatment system. It shall be understood that different aspects of the
invention can be appreciated individually, collectively, or in combination with each other.
[00170]

The NMES system may be applied to any anatomical region of a subject, which may

include a quadriceps region, or any other leg region. The NMES system may also be applicable
to other anatomical regions as well. For example, the NMES system may target muscle tissue
provided in the calves. In another example, the NMES system may target muscle tissue in the
upper or lower arms. The NMES system may also target muscle tissue in the torso of a subject.
For example, the system may provide stimulation to a subject's waist, or may provide
stimulation to the subject's upper torso, and may use anatomical features such as armpits as a
guide. The NMES system may target any other muscle tissue in a subject's body.
[00171]

Any of the devices, systems, and methods described herein may incorporate suitable

aspects, features, or steps used in other NMES applications. For example, the disclosure of U.S.
Patent Application No. 12/497,230 filed July 2, 2009 is hereby incorporated by reference in its
entirety.
[00172]

It should be understood from the foregoing that, while particular implementations

have been illustrated and described, various modifications can be made thereto and are
contemplated herein. It is also not intended that the disclosure be limited by the specific
examples provided within the specification. Furthermore, it shall be understood that all aspects
of the disclosure are not limited to the specific depictions, configurations or relative proportions
set forth herein which depend upon a variety of conditions and variables. Various modifications
in form and detail of the embodiments of the disclosure will be apparent to a person skilled in the
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art. It is therefore contemplated that the disclosure shall also cover any such modifications,
variations and equivalents.
[00173]

Throughout this specification and the claims which follow, unless the context

requires otherwise, the word "comprise", and variations such as "comprises" and "comprising",
will be understood to imply the inclusion of a stated integer or step or group of integers or steps
but not the exclusion of any other integer or step or group of integers or steps.
[00174]

The reference in this specification to any prior publication (or information derived

from it), or to any matter which is known, is not, and should not be taken as an acknowledgment
or admission or any form of suggestion that that prior publication (or information derived from
it) or known matter forms part of the common general knowledge in the field of endeavour to
which this specification relates.
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CLAIMS

WHAT IS CLAIMED IS:

1. A muscle stimulation system, comprising:
a stimulation pad comprising a plurality of electrodes, wherein the stimulation pad is
adapted to be positioned on the patient such that the electrodes are in position to provide
stimulating energy to muscle tissue;
a cooling element between the plurality of electrodes and at a location that is different
than the location on which the electrodes are positioned, and wherein the cooling element is
configured to cool one or more superficial tissues to increase the impedance of the one or more
superficial tissues, wherein the cooling increases the impedance of the one or more superficial
tissue and drives a greater percentage of the stimulating energy deeper into the muscle tissue;
and
a stimulation control unit in communication with the plurality of electrodes and
configured to deliver the stimulating energy to the electrodes to stimulate the contraction of
muscle tissue.

2. The system of claim 1 wherein the cooling element is configured to substantially avoid
cooling of superficial tissue where the electrodes are positioned.

3. The system of claim 1 wherein the cooling element is adapted to substantially eliminate
superficial current paths.

4. The system of claim 1 wherein the stimulation pad comprises the cooling element.

5. The system of claim 1 wherein the cooling element has a width and the plurality of
electrodes span a width, and the width of the cooling element is greater than the width of the
plurality of electrodes.

6. The system of claim 5 wherein the width of the cooling element is configured to
substantially prevent superficial arcing around the cooling element.
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7. The system of claim 1 further comprising a cooling element control unit which is
adapted to control the operation of the cooling element.

8. The system of claim 7 wherein the cooling element control unit in is fluid
communication with the cooling element and is configured to control the flow of a fluid through
the cooling element.

9. The system of claim 8 wherein the cooling element control unit comprises a pump
configured to pump the fluid through the cooling element.

10.

The system of claim 7 wherein the cooling element comprises an internal lumen

in fluid communication with the cooling element control unit.

11.

The system of claim 7 wherein the cooling element control unit is configured to

control a thermoelectric element.

12.

A muscle stimulation system, comprising:

a stimulation pad comprising a plurality of stimulation electrodes, wherein the
stimulation pad is adapted to be disposed relative to the patient such that the electrodes are in
position to provide stimulating energy to muscle tissue;
a cooling element configured to cool one or more superficial tissues, wherein the cooling
element is disposed between the plurality of stimulation electrodes such that it cools superficial
tissue between the plurality of electrodes, wherein the cooling increases the impedance of the
one or more superficial tissue and drives a greater percentage of the stimulating energy deeper
into the muscle tissue; and
a stimulation control unit in communication with the plurality of stimulation electrodes
and configured to deliver the stimulating energy to the plurality of stimulation electrodes to
stimulate the contraction of muscle tissue.

13.

The system of claim 12 wherein the stimulation pad is secured to the cooling

element.

-37-

H:\stp\Interwoven\NRPortbl\DCC\STP\13085427_1.doc-7/02/2017

14.

The system of claim 12 wherein the cooling element has a width and the plurality

of electrodes span a width, and the width of the cooling element is greater than the spanning
width of the plurality of stimulation electrodes.

15.

The system of claim 12 wherein the cooling element is disposed such that it does

not completely overlap the plurality of stimulation electrodes.

16.

The system of claim 12 wherein the cooling element is disposed relative to the

plurality of stimulation electrodes such that it substantially avoids cooling of superficial tissue
where the plurality of stimulation electrodes are positioned.

17.

The system of claim 12 further comprising a cooling element control unit that is

adapted to control the operation of the cooling element.

-38-

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

2015207844

28 Jul 2015

