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This invention relates generally to Transcutaneous Electrical Nerve
Stimulation (TENS) devices that deliver electrical currents across the intact skin
of a user via electrodes so as to provide symptomatic relief of pain, and more
particularly to detecting “electrode peeling” where the electrodes of the TENS

device unintentionally separate from the skin of the user during use.

Backeround Of The Invention

Transcutaneous Electrical Nerve Stimulation (TENS) devices apply
electrical currents to a particular area of the human body in order to suppress pain.
The most common form of TENS is called conventional TENS. In conventional
TENS, electrodes are placed on the skin within, adjacent to, or proximal to, the
area of pain. Electrical stimulation is then delivered to the user through the
electrodes, with the electrical stimulation being in the form of low intensity
(typically less than 100 mA), short duration (typically 50-400 psec) pulses at
frequencies typically between about 10 and 200 Hz.

TENS electrodes typically utilize hydrogels to create a stable low-
impedance electrode-skin interface to facilitate the delivery of electrical current to
the user so as to stimulate peripheral sensory nerves. A minimum electrode-skin
contact area must be maintained in order to ensure that the stimulation current and
power densities (power intensity per unit contact area) remain below safe

thresholds so as to avoid skin irritation and, in the extreme, thermal burns.
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A significant safety concern for traditional TENS use is the potential for
“electrode peeling” (i.e., where the electrodes of the TENS device unintentionally
separate from the skin of the user) that results in an increased current and power
density due to decreased electrode-skin contact area. Increased current and power
density could lead to painful stimulation and, in the extreme, thermal burns. The
U.S. Food and Drug Administration (FDA) has published draft guidelines on
TENS devices that require a warning against the use of such devices during sleep
due to the risk of unintended electrode peeling [Food and Drug Administration,
Draft Guidance for Industry and Staff: Class 1l Special Controls Guidance
Document: Transcutaneous Electrical Nerve Stimulator for Pain Relief, April 5,
2010].

Poor sleep quality is one of the major causes of morbidity in patients
suffering from chronic pain [Fishbain DA, Hall J, Meyers AL, Gonzales J,
Mallinckrodt C. Does pain mediate the pain interference with sleep problem in
chronic pain? Findings from studies for management of diabetic peripheral
neuropathic pain with duloxetine. J Pain Symptom Manage. Dec 2008;36(6):639-
647]. It is, therefore, desirable that patients have the option of receiving TENS
therapy during sleep. In fact, several studies have shown that TENS therapy can
improve sleep quality (see, for example, Barbarisi M, Pace MC, Passavanti MB,
et al. Pregabalin and transcutaneous electrical nerve stimulation for postherpetic

neuralgia treatment. Clin J Pain. Sep 2010;26(7):567-572). For these reasons, it
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would be advantageous to provide automated means to measure electrode-skin
contact area in real-time so that TENS devices can be used during sleep for pain
relief while safeguarding users from unintended electrode peeling. In particular,
when a substantial reduction in electrode-skin area is detected, TENS stimulation
should be halted or reduced in order to prevent excessive current or power density
over the remaining electrode-skin contact area, thereby preventing painful

stimulation and, in the extreme, thermal burns.

Summary Of The Invention

The present invention comprises the provision and use of a novel TENS
device which consists of a stimulator designed to be placed on a user’s upper calf
and a pre-configured electrode array designed to provide circumferential
stimulation in the area of the upper calf. A key feature of the present invention is
that the TENS device is adapted to measure electrode-skin impedance
continuously for monitoring the electrode-skin contact area. The known
geometry of the pre-configured electrode array establishes the initial electrode-
skin contact area and the analysis of subsequent electrode-skin impedance
changes allows prediction of electrode-skin contact area (i.e., to detect electrode
peeling). When the electrode-skin impedance reaches a critical value
corresponding to a reduced contact area (i.e., as a result of unintended electrode

peeling) that may lead to excessive stimulation current or power density, the
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TENS device automatically terminates or reduces TENS stimulation in order to
avoid the risk of painful stimulation and, in the extreme, thermal burns.

In one preferred form of the present invention, there is provided apparatus
for transcutaneous electrical nerve stimulation in a user, the apparatus comprising:

stimulation means for electrically stimulating at least one nerve;

an electrode array connectable to said stimulation means, said electrode
array comprising a plurality of electrodes for electrical stimulation of the at least
one nerve, said electrodes having a pre-formed geometry and known electrode-
skin contact area size when in complete contact with the user’s skin;

monitoring means electrically connected to said stimulation means for
monitoring the impedance of the electrical stimulation through said electrode
array; and

analysis means for analyzing said impedance to estimate a change in the
electrode-skin contact area.

In another preferred form of the present invention, there is provided a
method for monitoring electrode-skin contact area while delivering
transcutaneous electrical nerve stimulation to at least one nerve of a user through
an electrode array comprising a plurality of electrodes, wherein each electrode has
a known geometry and size, the method comprising the steps of:

applying the electrode array to the surface of the user’s skin to allow a

complete contact between the plurality of electrodes and the skin;
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electrically stimulating said at least one nerve of the user with an electrical
stimulator connected to the electrode array;

monitoring the impedance of the electrode-skin interface; and

analyzing the monitored impedance to estimate electrode-skin contact area
size.

In another preferred form of the present invention, there is provided
apparatus for transcutaneous electrical nerve stimulation in a user, said apparatus
comprising:

an electrode array comprising a plurality of electrodes, said plurality of
electrodes having a pre-formed geometry and known electrode-skin contact area
when said plurality of electrodes are in complete contact with the skin of a user;

stimulation means connectable to said electrode array for providing
electrical stimulation to the skin of the user so as to stimulate at least one nerve of
the user;

monitoring means electrically connectable to said electrode array for
monitoring the electrode-skin impedance value; and

control means for controlling the electrical stimulation provided to the
skin of the user when the monitoring means determines that the electrode-skin

impedance value has changed by a predetermined value.
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In another preferred form of the present invention, there is provided a
method for applying transcutaneous electrical nerve stimulation to a user, said
method comprising:

applying a stimulation current to a user through an anode having an
electrode-skin interface and a cathode having an electrode-skin interface;

measuring (i) the stimulation current through, and (i1) the voltage
difference between, the anode and the cathode so as to determine electrode-skin
impedance; and

modifying the stimulation current when the electrode-skin impedance

changes in a predetermined manner.

Brief Description Of The Drawings

These and other objects and features of the present invention will be more
fully disclosed or rendered obvious by the following detailed description of the
preferred embodiments of the invention, which is to be considered together with
the accompanying drawings wherein like numbers refer to like parts, and further
wherein:

Fig. 1 is a schematic view showing a novel TENS device
formed in accordance with the present invention, with the novel

TENS device being mounted to the upper calf of a user;
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Fig. 2 is a schematic view showing the novel TENS device
of Fig. 1 in greater detail;

Fig. 3 is a schematic view showing the underside of the
electrode array of the novel TENS device shown in Figs. 1 and 2;

Fig. 4 is a schematic view showing the electrode array of
Fig. 3 being electrically and mechanically connected to the
stimulator of the novel TENS device shown in Figs 1 and 2;

Fig. 5 is a schematic view of the electrode-skin interface of
the novel TENS device shown in Figs. 1 and 2, and its equivalent
circuits for hydrogel electrodes placed against the skin;

Fig. 6 is a screen capture of an oscilloscope trace showing
that the current flow of the TENS device is mostly capacitive when
the pulse duration is short;

Fig. 7 is a schematic view showing the predicted
relationship between contact area and impedance ratio for different
Ovalues;

Fig. 8 is a schematic view showing, for a variety of
electrode peeling tests, the distribution of electrode contact area
(cm?) remaining at the point at which an “electrode peeling”

condition occurs, i.e., when the impedance ratio (present
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impedance divided by baseline impedance, updated if appropriate)
exceeds a threshold value; and
Fig. 9 is a schematic view showing the novel TENS device

of Figs. 1 and 2 and its “electrode peeling” detector.

Detailed Description Of The Preferred Embodiments

Fig. 1 illustrates a novel TENS device 100 formed in accordance with the
present invention, with the novel TENS device being shown worn on a user’s
upper calf 140. A user may wear TENS device 100 on one or both legs. TENS
device 100 is shown in greater detail in Fig. 2 and preferably comprises three
components: a stimulator 105, a strap 110, and an electrode array 120. Stimulator
105 preferably comprises three mechanically and electrically inter-connected
compartments 101, 102, and 103. Compartments 101, 102, 103 are inter-
connected by hinge mechanisms 104 (only one of which is shown in Fig. 2),
thereby allowing TENS device 100 to conform to the curved anatomy of a user’s
leg. In a preferred embodiment, compartment 102 contains the TENS stimulation
hardware (except for a battery) and user interface elements 106 and 108. In a
preferred embodiment, compartments 101 and 103 are smaller, auxiliary
compartments that house a battery for powering the TENS stimulation hardware
and other ancillary elements, such as a wireless interface unit for allowing TENS

device 100 to wirelessly communicate with other elements (e.g., a remote server).
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In another embodiment of the present invention, only one compartment 102 may
be used for housing all of the TENS stimulation hardware, battery, and other
ancillary elements without the need of side compartments 101 and 103.

Still looking at Fig. 2, interface element 106 comprises a push button for
user control of electrical stimulation, and interface element 108 comprises an
LED for indicating stimulation status and providing other feedback to the user.
Additional user interface elements (e.g., an LCD display, audio feedback through
a beeper or voice output, haptic devices such as a vibrating motor, etc.) are also
contemplated and are considered to be within the scope of the present invention.

The preferred embodiment of the invention is designed to be worn on the
user’s upper calf 140 as shown in Fig. 1. TENS device 100, comprising
stimulator 105, electrode array 120, and strap 110, is secured to upper calf 140 by
placing the apparatus in position and then tightening strap 110. More particularly,
electrode array 120 is deliberately sized and configured so that it will apply
appropriate electrical stimulation to the appropriate anatomy of the user regardless
of the specific rotational position of TENS device 100 on the leg of the user.
Although the preferred embodiment comprises placement of the TENS device on
the upper calf of the user, additional locations (such as above the knee, on the
lower back, and on an upper extremity) are contemplated and are considered

within the scope of the present invention.
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Fig. 3 shows a schematic view of one preferred embodiment of electrode
array 120. Electrode array 120 preferably comprises four discrete electrodes 202,
204, 206, 208, each with an equal or similar size (e.g., surface area). Electrodes
202, 204, 206, 208 are preferably connected in pairs so that electrodes 204 and
206 (representing the cathode) are electrically connected to one another (e.g., via
connector 205), and so that electrodes 202 and 208 (representing the anode) are
electrically connected to one another (e.g., via connector 207). It should be
appreciated that electrodes 202, 204, 206 and 208 are appropriately sized, and
connected in pairs, so as to ensure adequate skin coverage regardless of the
rotational position of electrode array 120 on the leg of a user. Furthermore, it
should be appreciated that electrodes 202, 204, 206 and 208 are not connected in
an interleaved fashion, but rather are connected so that the two inside electrodes
204 and 206 are connected to one another, and so that the two outside electrodes
202 and 208 are connected to one another. This electrode connection pattern
ensures that if the two outer electrodes 202 and 208 should inadvertently come
into contact with one another, an electrical short of the stimulation current
flowing directly from cathode to anode will not occur. Electrical current (i.e., for
electrical stimulation to the tissue) is provided to the electrode pairs 204, 206 and
202, 208 by connectors 210, 212 (see Figs. 3 and 4) which mate with
complementary connectors 130, 132 on stimulator 105. Connector 210 is

electrically connected with electrodes 204 and 206, and connector 212 is
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electrically connected with electrodes 202 and 208. Stimulator 105 generates
electrical currents that are passed through electrodes 204, 206 and electrodes 202,
208 via connectors 210, 212 respectively.

In a preferred embodiment, the skin-contacting conductive material is a
hydrogel material which is built into electrodes 202, 204, 206, 208. The function
of the hydrogel on the electrodes is to serve as an interface between the stimulator
and the portion of the user’s body in which the sensory nerves to be stimulated
reside. Other types of electrodes such as dry electrodes and non-contact
stimulation have also been contemplated and are considered within the scope of
the present invention.

Further details regarding the construction and use of the foregoing aspects
of TENS device 100 are disclosed in pending prior U.S. Patent Application Serial
No. 13/678,221, filed 11/15/2012 by Shai N. Gozani et al. for APPARATUS
AND METHOD FOR RELIEVING PAIN USING TRANSCUTANEOUS
ELECTRICAL NERVE STIMULATION (Attorney’s Docket No. NEURO-
5960), which patent application is hereby incorporated herein by reference.

In a preferred embodiment, electrode array 120 will create an electrode-
skin contact area of at least 28 cm” for each of the cathode and anode.

Unintended electrode peeling during a therapy session represents a
potential hazard to the user due to increased current and power density which may

cause user discomfort and, in the extreme, may pose a risk for thermal burns. The
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higher current and power density are caused by the same stimulation current
flowing through a smaller contact area between the electrode and the user’s skin
as electrode peeling occurs.

Ideally, the electrode-skin contact area would be directly monitored during
TENS stimulation and then the current and power density could be determined
and stimulation terminated or reduced if a threshold for either current or power
density was exceeded. However, from a practical perspective, the electrode-skin
contact area cannot be easily measured in real-time.

In view of the foregoing, the present invention discloses a method to
estimate electrode-skin contact area by monitoring changes in electrode-skin
impedance. The method is based on the bioelectrical principle that the contact
area is the dominant factor influencing changes in electrode-skin impedance
during transcutaneous electrical stimulation [Lykken DT. Properties of electrodes
used in electrodermal measurement. J Comp Physiol Psychol. Oct 1959;52:629-
634] [Lykken DT. Square-wave analysis of skin impedance. Psychophysiology.

Sep 1970;7(2):262-275].

Electrode-Skin Interface

The function of hydrogel electrodes is to serve as an interface between a
transcutaneous electrical nerve stimulator (i.e., a TENS device) and the user’s

body in which the superficial sensory nerves to be stimulated reside. Fig. 5Sisa
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schematic representation of the current flow between a TENS device and the user.
Fig. 5 also shows an equivalent circuit representation 350 of the interface between
the TENS device and the anatomy. As seen in Fig. 5, stimulation current 315
from a constant current source 310 flows into the user’s skin 330 via cathode
electrode 320. Cathode electrode 320 consists of conductive backing (e.g., silver
hatch) 342 and hydrogel 344. The electrode-skin interface components 320 and
330 (i.e., cathode 320 and skin 330) provide an impedance to current flow that is
included within the input impedance Z; 352 of the equivalent circuit 350. Once in
the body, the current is subject to further impedance from various tissue
components such as adipose tissue, muscle, nerve, and bone (not shown) that is
represented by body impedance Zp 354 of the equivalent circuit 350. Finally, the
current returns to current source 310 through another electrode-skin interface
consisting of skin 330 and anode electrode 332 (anode electrode 332 also
comprises a conductive backing 342 and hydrogel 344). The interface between
skin 330 and anode electrode 332 is represented by output impedance Zp 356 in
the equivalent circuit model 350. It should be appreciated that the designation of
anode and cathode electrodes (and similarly input and output impedance) is
purely notational. When the biphasic stimulation pulse reverses its polarity in its
second phase of the TENS stimulation, current will be flowing into the user body

via interface 332 and out of the body via interface 320.
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The behavior of the electrode-skin interface Z; 352 and the electrode-skin
interface Zp 356 of equivalent circuit 350 can be further modeled by the passive
electrical circuit 360 [van Boxtel A. Skin resistance during square-wave electrical
pulses of 1 to 10 mA. Med Biol Eng Comput. Nov 1977;15(6):679-687]. The
parallel capacitance Cp 362 and resistance Rp 364 of the passive electrical circuit
360 are associated with the stratum corneum. Component Rg 366 of the passive
electrical circuit 360 represents the aggregate series resistance and has
components associated with several skin structures, including the stratum
corneum.

The body impedance Zz 354 of equivalent circuit 350 depends on the type
of tissue through which the stimulation current flows (e.g., adipose, muscle,
nerve, bone, etc.). However, irrespective of the specific tissue path, Zg 354 of
equivalent circuit 350 is typically much smaller than the electrode-skin
impedances Z; 352 and Zp 356 of equivalent circuit 350. Because the three
impedances in the equivalent circuit 350 are in series, the total impedance, Z, is

the sum of individual impedances (Equation 1).

L=L,+7Z,+7, Eq. 1

Equation 1 can be simplified by dropping the body impedance Z, since

Zg<<(Zo+Z). Furthermore, since Zy and Z; have similar characteristics (e.g.,
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hydrogel type, surface area, application to similar skin type, etc.), then the overall
impedance, Z, can be simplified to Equation 2, where Z is the common electrode-

skin interface impedance.

Z=7,+7,=Z,+7Z, =27, Eq.2

In the preferred embodiment, to simplify the model and align the
impedances to practically measurable quantities, the electrode-skin impedance is
defined using a pseudo resistance. Specifically, the pseudo resistance is given by
the ratio of the voltage and current at the end of the stimulation pulse. In the case
of a bi-phasic stimulation pulse, the voltage and current at the end of the first
phase are used, although equivalent results are expected for the second phase.
This square-wave analysis approach is commonly used to describe and study the
behavior of the electrode-skin impedance. If the phase duration is long enough
relative to the electrode-skin charging time constant, then the pseudo resistance
approximates Rp+Rs (of the passive electrical circuit 360 of Fig. 5).

Fig. 6 shows sample oscilloscope traces of current 390 through the
impedance Z and the voltage 392 across the impedance Z. The pulse duration 394
is short in comparison to the electrode-skin charging time constant in this
example, which is also true for most TENS stimulation situations. As a result, the

pseudo resistance primarily represents charging (trace 398) of the capacitor Cp
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362 (of the passive electrical circuit 360 of Fig. 5) along with a small voltage drop
396 across the series resistance Rs 366 (of the passive electrical circuit 360 of Fig.
5) . Therefore, the pseudo resistance primarily represents the capacitive portion

of the electrode-skin impedance Z.

“Electrode Peeling” Model

Several factors influence the electrode-skin impedance (Zg), including
contact area between the skin and electrode, physical and bioelectrical
characteristics of the hydrogel, current density, and the skin condition [Lykken
DT. Square-wave analysis of skin impedance. Psychophysiology. Sep
1970;7(2):262-275] [van Boxtel A. Skin resistance during square-wave electrical
pulses of 1 to 10 mA. Med Biol Eng Comput. Nov 1977;15(6):679-687] [Keller T,
Kuhn A. Electrodes for transcutaneous (surface) electrical stimulation. J
Automatic Control, University of Belgrade. 2008;18(2):35-45]. In the “electrode
peeling” model developed here, the simplifying assumption is made that all the
factors influencing the electrode-skin impedance, with the exception of contact
area and current density, are stable during a TENS therapy session (a typical
TENS therapy session lasts between 30 to 60 minutes). Although this assumption
does not strictly hold, deviations from this idealized case are limited and can be

accounted for by incorporating a safety factor when setting the detection threshold
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(i.e., when identifying the change in electrode-skin impedance which represents
an unacceptable degree of “electrode peeling”).

The electrode peeling model will be developed first with consideration
only for contact area, and then the impact of current density will be addressed.

It is worth noting that the goal of this invention is to determine the relative
changes in electrode-skin contact area as determined by changes in electrode-skin
impedance. It is not the objective of this invention to estimate the precise contact
area at any given moment.

The relationship between contact area and electrode-skin impedance can
be modeled as an inverse linear one [Lykken DT. Square-wave analysis of skin
impedance. Psychophysiology. Sep 1970;7(2):262-275]. The relationship

between the impedance, Z, and contact area, A, is expressed by Equation 3
P

where p is a conversion constant from contact area to impedance that incorporates
the effects of various factors that are assumed to be stable during a therapy
session. If the contact area decreases such that the new contact area is a4 , where

0<a<1, then the impedance increases as shown in Equation 4.
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Although it is possible that both electrodes will peel (i.e., unintentionally
detach from the skin of the user) and therefore their respective contact areas will
decrease, it is more likely (and more conservative to assume) that only one
electrode peels. Under this condition, the overall impedance (originally Equation

2) is given by Equation 5.

Z:£+ :M EqS

P
A oA oA
The change in the overall impedance due to peeling of one electrode can
be expressed as a ratio between the impedance at the start of the therapy session
(Z,—¢) when the contact area is known to be the entire surface area A of the

electrode, and the impedance (Z,-7) at a later time, 7, when the contact area has

decreased to aA. The ratio is given in Equation 6.

Z_, (+a)
Z_ 20

Eq. 6



WO 2014/161000 PCT/US2014/032390

220 -

Thus far, only the impact of contact area on impedance has been
accounted for.

Given a constant electrode-skin contact area, prior research suggests that
the impedance will decrease with increased current density [Lykken DT. Square-
wave analysis of skin impedance. Psychophysiology. Sep 1970;7(2):262-275]
[van Boxtel A. Skin resistance during square-wave electrical pulses of 1 to 10
mA. Med Biol Eng Comput. Nov 1977;15(6):679-687] [Keller T, Kuhn A.
Electrodes for transcutaneous (surface) electrical stimulation. J Automatic
Control, University of Belgrade. 2008;18(2):35-45]. Current density is defined as
the current intensity per unit contact area. With a fixed overall current intensity, a
decrease in electrode-skin contact area would increase the effective current
density flowing through the remaining contact area, thus decreasing the
impedance per unit area. In essence, as a result of decreased contact area, the
impact of the escalating current density on impedance may partly offset the
impact of decreasing contact area on the impedance. The effect of current density
is modeled here as a multiplicative factor o’ with 8>0. Note that Jis inversely
related to the current intensity (i.e., Jis largest for low stimulation current). The
electrochemical properties of the conductive gel materials used in the electrodes
may also impact the value of ¢ and can be determined experimentally or
analytically. The complete “electrode peeling” model is shown in Equation 7

(note that the multiplicative factor is only applied to the peeling electrode).
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Z., 1+a“?®

Eq. 7

t=0

Square-wave analyses of skin impedance have demonstrated that the
aforementioned impact of current density on impedance is mediated (in the
context of the passive electrical circuit 360 of Fig. 5) primarily through the
parallel resistance, Rp, whereas Cp and Ry are mostly independent of current
density [Lykken DT. Square-wave analysis of skin impedance. Psychophysiology.
Sep 1970;7(2):262-275] [van Boxtel A. Skin resistance during square-wave
electrical pulses of 1 to 10 mA. Med Biol Eng Comput. Nov 1977;15(6):679-687]
[Kaczmarek KA, Webster JG, Bach-y-Rita P, Tompkins WJ. Electrotactile and
vibrotactile displays for sensory substitution systems. IEEE Trans Biomed Eng.
Jan 1991;38(1):1-16]. The impact of current density on electrode-skin impedance
with a typical TENS device and electrode is therefore expected to be low. Ina
preferred embodiment of the novel TENS device 100, the stimulation pulse phase
duration is 100 psec, which is small relative to the electrode-skin impedance time
constant (typically > 1 millisecond). As a result, the impedance of the TENS
stimulation is primarily capacitive rather than resistive, and thus the contribution

of Rp to the overall impedance, relative to Cp and Ry, is small (see Fig. 6).
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If &<1, then current density partially or completely offsets the impact of
decreasing contact area on impedance (see Fig. 6). At a low current intensity
(e.g., below 10 mA), and long stimulation pulses (e.g., > 1 millisecond) where Rp
is relevant, dmay be as high as 0.6-0.8 [van Boxtel A. Skin resistance during
square-wave electrical pulses of 1 to 10 mA. Med Biol Eng Comput. Nov
1977;15(6):679-687] [Keller T, Kuhn A. Electrodes for transcutaneous (surface)
electrical stimulation. J Automatic Control, University of Belgrade.
2008;18(2):35-45]. However, given the higher current intensity typically used
with conventional TENS devices and the fact that the impedance of the TENS
stimulation is mostly capacitive (i.e., current mostly flows through Cp rather than
Rpwhen considered in the context of the passive electrical circuit 360 of Fig. 5),
the expected value for dis small. In support, experimental data obtained with at
least one TENS device suggests that the impact of current density on impedance
is small, and therefore for purposes of this model, d1is set to 0.1 in the following
analysis.

Three curves in Fig. 7 show the effects of the parameter value J. curve
410 corresponds to &=0.0, curve 412 corresponds to ¢=0.1, and curve 414
corresponds to =0.7. X-axis 405 denotes the electrode-skin contact area in both
absolute unit (cm®) and relative percentage of the initial area of 28cm®. Y-axis

407 is the impedance ratio between present impedance (i.e., Z-r) and baseline



WO 2014/161000 PCT/US2014/032390

_23 -

impedance (i.e., Zo). As shown, the impedance ratio changes rapidly when the
size of the contact area decreases to below 7 to 10 cm®. This non-linearity in the
area-impedance relationship provides a safety mechanism by making the
electrode peeling detector highly sensitive to large reductions in electrode-skin
contact area.

Because the electrode-skin impedance typically decreases with the
duration of time the electrode is on the skin [van Boxtel A. Skin resistance during
square-wave electrical pulses of 1 to 10 mA. Med Biol Eng Comput. Nov
1977;15(6):679-687], which is not specifically modeled in Equation 7, we replace
Z,-o with Z,.7, where Z, 7 is the minimum impedance for all time <7 Thus, the

final electrode peeling detector is given in Equation 8.

Z_, 1+a®?
If —=L > 5 then halt stimulation Eq. 8

t<T

In a preferred embodiment, TENS device 100 comprises an “electrode
peeling” detector which comprises the circuitry and/or software for monitoring
the electrode-skin impedance continuously during TENS stimulation by
measuring the stimulation current 315 delivered by constant current stimulator
310 and by measuring the voltage difference between cathode 320 and anode 332

of the constant current stimulator 310. The total equivalent impedance “seen” by
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the stimulator 310 can be calculated by dividing the voltage difference by the
current. The total impedance is dominated by the impedance Z; and Z (of
equivalent circuit 350) associated with the electrode-skin interface 320 and 332,
which in turn is largely determined by the inverse of the contact area size. The
initial total impedance is saved in memory and is referred to as the “baseline”
impedance. The total impedance measured at each subsequent sample time T will
update the baseline impedance Z;.y = min(Z,<7.;, Z7). In other words, since the
electrode-skin impedance typically decreases as a function of the length of time
that the electrode is on the skin, the baseline impedance is preferably continuously
updated so that it is set at the minimum impedance measured during the duration
of that therapy session. The total impedance Zr is then compared against the
baseline impedance value Z,.7. If the electrode is peeling off the skin (i.e., if the
electrode is unintentionally detaching from the skin), the electrode-skin contact
area will decrease and the electrode-skin impedance will increase accordingly.
The total impedance will also increase. Therefore, when the total impedance
value exceeds a certain multiple of the baseline impedance value, one can infer
that the electrode-skin contact area has fallen below a critical percentage of the
full contact area. The transcutaneous electrical stimulation should then be
stopped (or reduced) immediately in order to avoid excessive discomfort for the

user and/or thermal burns due to high current and power density.
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See, for example, Fig. 9, which shows a TENS device 100 which
comprises an “electrode peeling” detector 500, wherein electrode peeling detector
500 comprises means 505 for determining the stimulation current (e.g., a current
sensor of the sort well known in the art), means 510 for determining the voltage
difference between anode 320 and cathode 332 (e.g., a voltage sensor of the sort
well known in the art), means 515 for calculating the electrode-skin impedance
during transcutaneous electrical stimulation (e.g., a microprocessor of the sort
well known in the art, with appropriate programming to provide the functionality
disclosed herein), and means 520 for interrupting the stimulation current when the
electrode-skin impedance exceeds a pre-determined threshold (e.g., a switch of
the sort well known in the art, controlled by the aforementioned microprocessor
so as to provide the functionality disclosed herein).

The use of the preferred embodiment of the present invention is
straightforward. The user snaps an electrode array 120 into stimulator 105 as
shown in Fig. 4, thereby establishing a secure mechanical and electrical contact
between the two components. Using strap 110, this assembly is then placed on
the upper calf of the user with full electrode and skin contact (Fig. 1). Current
stimulation for delivering TENS therapy is initiated by a pressing the push-button
106. The “electrode peeling” detector of the novel TENS device 100 will
monitor the electrode-skin impedance throughout the therapy session by

measuring voltage and current across anode and cathode terminals 210 and 212 of
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the stimulator 105. The baseline impedance is updated when a smaller impedance
value is measured during the therapy session. When the ratio between the present
electrode-skin impedance value and the baseline impedance value exceeds a pre-
determined threshold, the “electrode peeling” detector of the TENS device will
then cause the TENS device to stop stimulation. The LED 108 will blink red to
indicate this condition, i.e., that the TENS device has stopped stimulation because

the electrode-skin contact area has fallen below a critical value.

Application Of The Electrode Peeling Model To TENS Therapy

The utility of the present invention was demonstrated in an experiment
using a TENS device equipped with the “electrode peeling” detector as described
below. The TENS device is designed to deliver stimulating current with intensity
up to 100mA. The biphasic stimulation pulse has a duration of 230usec (each
phase is 100usec in duration, with 30usec gap between the two phases) and a
random frequency of between 60Hz and 100Hz. The anode and cathode
electrodes create an electrode-skin contact area of at least 28cm? when the
electrode array 120 is properly placed on the skin. Accordingly, the maximum
average current density and power density are 0.5mA/cm® and 3.6mW/cm®
respectively. Maximum average current density is the root mean square value of
the biphasic current pulse with maximum intensity of 100mA and maximum pulse

frequency of 100Hz. Power density is calculated under the same condition with a
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resistive load of 500€2 per FDA draft guidance [Food and Drug Administration,
Draft Guidance for Industry and Staff: Class 1l Special Controls Guidance
Document: Transcutaneous Electrical Nerve Stimulator for Pain Relief, April 5,
2010]. The “electrode peeling” detector of the TENS device is designed to detect
an electrode peeling event that results in a reduction of electrode-skin contact area
by more than 87.5% (i.e., when the remaining electrode-skin contact area falls
below one-eighth of the original electrode-skin contact area). When the
electrode-skin contact area is at one-eighth of the original electrode-skin contact
area size of 28cm’, the resulting maximum average power density is
28.5mW/cm?, still substantially below the 250 mW/cm? threshold identified as
increasing the risk of thermal burns stated in the FDA draft guidance [Food and
Drug Administration, Draft Guidance for Industry and Staff: Class Il Special
Controls Guidance Document: Transcutaneous Electrical Nerve Stimulator for
FPain Relief, April 5, 2010].

The impedance ratio between the impedance at present time and the
baseline impedance is given by Equation 8. Experimental data obtained with the
TENS device yield a value of 0.1 for parameterd To increase the safety margin
and account for unrepresented factors and sources of variations, a 50% safety
adjustment factor is incorporated in determining the impedance ratio threshold.
Detecting a reduction of electrode-skin contact area by seven-eighths of the

original size (0=0.125) leads to an impedance ratio threshold value of
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0.5%[1.0 + 0.125*""%1/2 = 1.87. The final detection threshold value
programmed into the “electrode peeling” detector of the TENS device was
rounded down to 1.80. Thus, the “electrode peeling” detector of the TENS device
will halt stimulation once it determines the present impedance is 180% or more of
the baseline impedance.

A reduction in electrode-skin contact area is the primary cause for an
impedance increase in TENS stimulation. In this experiment, reduction in
electrode-skin contact area is accomplished through a controlled peeling process.
The controlled peeling process is characterized by a pre-peel time and a peel rate.
Pre-peel time refers to the duration of time that the electrode is on a subject’s skin
before electrode-skin contact area is reduced with controlled peeling. The peeling
rate is the reduction of the electrode-skin contact area per minute. Peeling is
accomplished by gradually lifting the electrode from the skin of the subject. For
each study subject, one leg was randomly assigned to the 10 minute pre-peel time
and the other to the 40 minute pre-peel time. The peel rate is randomly chosen
between 1.5 and 60 cm*/min for each test. This represents complete peeling of
the outer electrodes 202 and 208 in approximately 30 seconds to 20 minutes.

Sixty-six subjects (37 females) participated in the experiment. The mean
subject age was 51.3 with a standard deviation of 15.0 years and a range of 19 to
85 years (minimum to maximum). A different electrode was used in each leg. A

total of 132 electrode peeling tests were conducted.
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At the beginning of each test, an electrode 120 was placed on the selected
leg of the subject and a TENS therapy session was initiated at an intensity of 5
mA. After the pre-peel time elapsed, one of the outer electrode pads 202 or 208
was peeled away from the skin at the designated peel rate. If necessary, the other
outer pad was peeled away from the skin at the same peeling rate if the first pad
was completely off the skin. The total outer electrode area remaining on the skin
at the instant when stimulation automatically halted was logged.

The distribution of remaining electrode contact areas 422 (in cm®)
triggering the electrode peeling condition is shown in Fig. 8. In other words, Fig.
8 shows a distribution, for the 132 electrode peeling tests conducted, of the
electrode contact area (in cm®) remaining at the point at which the electrode
peeling condition occurs, i.e., the impedance ratio (present impedance divided by
baseline impedance, updated if appropriate) exceeds the threshold value of 1.80.
The minimum remaining electrode-skin contact area 424 was 6.9 cm?, about twice
as large as the target minimum contact area of 3.5 cm®. Stimulation was halted by
the TENS device for all 132 tests before the electrode-skin contact area fell below
the minimum contact area of 3.5 cm”. The average electrode-skin contact area at
the time when electrode peeling was detected was 10.2 +2.1 cm” and 10.1 + 1.7
cm?, respectively for the 10 and 40 min pre-peeling time groups. The difference
between the mean electrode-skin contact area for the two groups was not

statistically significant (p>0.035, paired t-test). The average contact area was 10.1
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+ 1.9 cm® when all 132 tests were combined. The relationships between the
remaining contact area and demographic factors, as well as between the remaining
contact area and electrode peeling rate, were evaluated by univariate linear
regression in the case of continuous variables (peel-rate, age, height, weight, and
body mass index) and two-group t-test for categorical variables (gender). Neither
peel-rate nor any demographic variable was predictive of remaining contact area
(all p>0.05).

The experimental results demonstrated that electrode peeling can be
reliably detected via real-time monitoring of the electrode-skin impedance. The
fact that the contact area has no statistically significant correlation with test
subject demographics and pre-peel time suggests that the detection of electrode
peeling based on impedance monitoring is robust. As such, the “electrode
peeling” detector should operate consistently in the face of variations in user and

electrode characteristics.

Modifications of the Preferred Embodiments

In another embodiment of the present invention, the baseline impedance is
the initial impedance value, instead of being the running minimum impedance
value of all impedance values acquired up to that time instance.

In another embodiment of the present invention, instead of halting

stimulation when the impedance ratio exceeds a pre-determined threshold, the
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TENS stimulation current intensity may be decreased proportionally to the
estimated reduction in electrode-skin contact area. This approach will allow
therapy to continue while maintaining the current and power density at a level
below the safety threshold.

Each therapy session normally lasts about one hour. In one preferred
embodiment, each therapy session is initiated when the user actuates the push
button 106. In another preferred embodiment, a timer is used to initiate
subsequent therapy sessions without further user intervention. This approach is
especially useful when more than one therapy session is desired during sleep at
night. When the first therapy session manually initiated by the user is completed,
a timer starts automatically with a pre-set time period and the baseline impedance
is saved for subsequent therapy sessions. In one embodiment, the timer period is
the same as the duration of the prior therapy session. Expiration of the timer
starts a new therapy session and the final baseline impedance from the prior
session is used as the initial value of the baseline impedance for the present
therapy session.

In a preferred embodiment of the present invention, the stimulation current
intensity may increase or decrease as a therapy session progresses. For example,
an increase may be necessitated by nerve habituation compensation. Therefore,
the stimulation current intensity used to estimate the total impedance may be

different within a therapy session or across multiple sessions.
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In another embodiment, the total impedance is assessed by a dedicated
probing current with fixed characteristics (e.g., stimulation current intensity and
pulse duration). The intensity can be set to a level below the electrotactile
sensation threshold intensity so that the probing current will not interfere with
therapeutic electrical stimulation. The probing current pulse can have a duration
much longer than therapeutic current pulse so that both resistive and capacitive
components of the impedance can be evaluated.

In another embodiment of the invention, electrode-skin contact area is
monitored during both TENS therapy sessions and the period between therapy
sessions. The same probing current with stimulation intensity below the sensation
threshold intensity is used during the off period to monitor the electrode-skin
impedance.

Finally, it should be understood that additional changes in the details,
materials, steps and arrangements of parts, which have been herein described and
illustrated in order to explain the nature of the present invention, may be made by
those skilled in the art while still remaining within the principles and scope of the

invention.
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What Is Claimed Is:

1. Apparatus for transcutaneous electrical nerve stimulation in a user,
the apparatus comprising:

stimulation means for electrically stimulating at least one nerve;

an electrode array connectable to said stimulation means, said electrode
array comprising a plurality of electrodes for electrical stimulation of the at least
one nerve, said electrodes having a pre-formed geometry and known electrode-
skin contact area size when in complete contact with the user’s skin;

monitoring means electrically connected to said stimulation means for
monitoring the impedance of the electrical stimulation through said electrode
array; and

analysis means for analyzing said impedance to estimate a change in the

electrode-skin contact area.

2. Apparatus according to claim 1 wherein said monitoring of the
impedance is accomplished with the same electrical stimulation as that used to

stimulate said at least one nerve.
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3. Apparatus according to claim 1 wherein said monitoring of the
impedance is accomplished with different electrical stimulation than that used to

stimulate said at least one nerve.

4. Apparatus according to claim 3 wherein the electrical stimulation
used for monitoring of the impedance has an intensity that is below the

electrotactile sensation threshold of the user.

5. Apparatus according to claim 1 wherein said impedance is defined
as the anode-cathode voltage difference divided by the stimulation current of the
electrical stimulation of said monitoring means at a particular time in the

electrical stimulation.

6. Apparatus according to claim 1 wherein a history of the electrode-

skin impedance values is stored by said monitoring means.

7. Apparatus according to claim 1 wherein said stimulation means
alters the electrical stimulation of said stimulation means when said analysis
means determines that the monitored electrode-skin impedance value has changed

significantly.
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8. Apparatus according to claim 7 wherein the change in the
impedance value at a given time is quantified by an impedance ratio between the

impedance value at that time and a baseline impedance value.

9. Apparatus according to claim 8 wherein the baseline impedance

value is the first available impedance value from the impedance history.

10. Apparatus according to claim 8 wherein the baseline impedance

value is the minimum among all available impedance values.

11. Apparatus according to claim 7 wherein said significant change is

defined as that where the impedance ratio exceeds an impedance ratio threshold.

12. Apparatus according to claim 7 wherein the alteration to the

electrical stimulation is to terminate stimulation.

13. Apparatus according to claim 7 wherein the alteration to the
electrical stimulation is to inversely scale the electrical stimulation intensity by

the impedance ratio.
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14. Apparatus according to claim 1 wherein the geometry and size of

said electrodes can be identified by said monitoring means.

15. Apparatus according to claim 11 wherein the impedance ratio

threshold depends upon the identified electrode geometry and size.

16. A method for monitoring electrode-skin contact area while
delivering transcutaneous electrical nerve stimulation to at least one nerve of a
user through an electrode array comprising a plurality of electrodes, wherein each
electrode has a known geometry and size, the method comprising the steps of:

applying the electrode array to the surface of the user’s skin to allow a
complete contact between the plurality of electrodes and the skin;

electrically stimulating said at least one nerve of the user with an electrical
stimulator connected to the electrode array;

monitoring the impedance of the electrode-skin interface; and

analyzing the monitored impedance to estimate electrode-skin contact area

size.

17. A method according to claim 16 wherein monitoring of the
impedance is accomplished with the same electrical stimulation as that used to

stimulate the at least one nerve of the user.
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18. A method according to claim 16 wherein monitoring of the
impedance is accomplished with different electrical stimulation than that used to

stimulate the at least one nerve.

19. A method according to claim 18 wherein the electrical stimulation
used for monitoring of the impedance has an intensity that is below the

electrotactile sensation threshold of the user.

20. A method according to claim 18 wherein the electrical stimulation
used for monitoring of the impedance is continuously active regardless the status

of the electrical stimulation used to stimulate the at least one nerve.

21. A method according to claim 16 wherein the impedance is
monitored by dividing the anode-cathode voltage difference by the stimulation
current of the electrical stimulation used for monitoring at a particular time in the

electrical stimulation.

22. A method according to claim 16 wherein the impedance is derived
by fitting the anode-cathode voltage difference curve using a parametric model of

electrode-skin interface impedance.
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23. A method according to claim 22 wherein the model is a capacitor-
resistor network.
24. A method according to claim 16 wherein a history of monitored

electrode-skin impedance values is stored for analysis.

25. A method according to claim 16 wherein the electrical stimulation
applied to the at least one nerve is altered when the electrode-skin contact area

size is estimated to be reduced significantly.

26. A method according to claim 25 wherein changes in the electrode-
skin contact area size is quantified by an impedance ratio between a currently

monitored impedance value and a baseline impedance value.

27. A method according to claim 26 wherein the baseline impedance

value is the first available impedance value from the impedance history.

28. A method according to claim 26 wherein the baseline impedance
value is a percentile of all available impedance values from the impedance

history.
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29. A method according to claim 28 wherein the percentile is zero-th
percentile.
30. A method according to claim 25 wherein a significant reduction in

electrode-skin contact area size is defined to occur when the impedance ratio

exceeds an impedance ratio threshold.

31. A method according to claim 25 wherein the alteration to the

electrical stimulation applied to the at least one nerve is to terminate stimulation.

32. A method according to claim 25 wherein the alteration to the
electrical stimulation applied to the at least one nerve is to inversely scale the

stimulation intensity by the impedance ratio.

33. A method according to claim 30 wherein the impedance ratio
threshold depends upon the geometry and size of the electrodes in the electrode

array.

34. A method according to claim 30 wherein the impedance ratio

threshold is a function of the targeted minimum electrode-skin contact area



WO 2014/161000 PCT/US2014/032390

- 40 -

expressed as a fraction of the total electrode-skin contact area created with a

compete contact between the electrodes and skin of the user.

35. Apparatus for transcutaneous electrical nerve stimulation in a user,
said apparatus comprising:

an electrode array comprising a plurality of electrodes, said plurality of
electrodes having a pre-formed geometry and known electrode-skin contact area
when said plurality of electrodes are in complete contact with the skin of a user;

stimulation means connectable to said electrode array for providing
electrical stimulation to the skin of the user so as to stimulate at least one nerve of
the user;

monitoring means electrically connectable to said electrode array for
monitoring the electrode-skin impedance value; and

control means for controlling the electrical stimulation provided to the
skin of the user when the monitoring means determines that the electrode-skin

impedance value has changed by a predetermined value.

36. A method for applying transcutaneous electrical nerve stimulation
to a user, said method comprising:
applying a stimulation current to a user through an anode having an

electrode-skin interface and a cathode having an electrode-skin interface;
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measuring (i) the stimulation current through, and (i1) the voltage
difference between, the anode and the cathode so as to determine electrode-skin
impedance; and

modifying the stimulation current when the electrode-skin impedance

changes in a predetermined manner.
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