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APPARATUS AND METHODS FOR DETECTING POSITION AND
MIGRATION OF NEUROSTIMULATION LEADS

BACKGROUND OF THE INVENTIONS
1. Field of Inventions

The present inventions relate generally to neurostimulation systems.
2. Description of the Related Art

Neurostimulation systems, such as spinal cord stimulation (SCS)
systems, deep brain stimulation systems and subcutaneous stimulation
systems, include electrodes that are positioned adjacent to neural elements
that are the stimulation target. The electrodes are commonly mounted on a
carrier and, in many instances, a plurality of electrodes are mounted on a
single carrier. These carrier/electrode devices are sometimes referred to as
“leads.” Because the proper placement of the electrodes is critical to the
success of neurostimulation therapy, the surgeon will carefully position one or
more leads such that the electrodes are adjacent to the target neural
elements. There will typically be 1 to 5 mm between adjacent leads.

Stimulation energy is delivered to the electrodes during and after the
placement process in order to verify that the electrodes are stimulating the
target neural elements. Stimulation energy is also delivered to the electrodes
at this time to formulate the most effective stimulus pattern (or regimen). The
pattern will dictate which of the electrodes are sourcing or returning current
pulses at any given time, as well as the magnitude and duration of the current
pulses. The stimulus pattern will typically be one that provides stimulation
energy to all of the target tissue that must be stimulated in order to provide the
therapeutic benefit (e.g. pain relief), yet minimizes the volume of non-target
tissue that is stimulated. Thus, neurostimulation leads are typically implanted
with the understanding that the stimulus pattern will require fewer than all of
the electrodes on the leads to achieve the desired “paresthesia,” i.e. a tingling
sensation that is effected by the electrical stimuli applied through the
electrodes.

A wide variety of leads have been introduced. One common type of

neurostimulation lead is the “in-line” lead, which includes a plurality of spaced
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electrodes on a small diameter carrier. In-line leads are relatively easy to
place because they can be inserted into the spinal canal through a
percutaneous needle in a small locally-anesthetized incision while the patient
is awake and able to provide feedback. In-line leads are also advantageous
because they can be removed reiatively easily. One of the disadvantages of
in-line leads is that they are prone to migrating in the epidural space, either
over time or as a result of a sudden flexion movement.

Lead migration can result in the targeted neural elements no longer
being appropriately stimulated and the patient no longer realizing the full
intended therapeutic benefit. Lead migration is, however, not the only reason
that the therapeutic effects of a previously effective neurostimulation regimen
will diminish or simply disappear, which can make diagnosis difficult.
Moreover, even after a physician has determined that lead migration has
occurred and that the system must be reprogrammed to accommodate the
new positions of the electrodes, conventional neurostimulation systems do not
provide the physician with information about the movement of an individual
lead, such as how far the lead has moved relative to the underlying tissue.
This makes reprogramming especially difficult because it relies on trial and
error and patient feedback to identify which of the lead electrodes are now
aligned with the target neural elements and which are not.

The present inventors have also determined that conventional methods
of detecting the relative positions of two or more neurostimulation leads at the
time of implantation, as well as at subsequent times, are susceptible to

improvement.

SUMMARY OF THE INVENTIONS

Apparatus and methods in accordance with one of the present
inventions measure artifactual data about tissue in the vicinity of an implanted
lead, such as a neurostimulation lead, to detect lead migration and, in some
implementations, to provide information about the lead migration. Such
artifactual tissue data includes tissue impedance data and physiologically
evoked potential data. Typically, the baseline artifactual data will be measured

when the system is providing the desired therapeutic result and the
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subsequent artifactual data will be measured thereafter. Variations from the
. baseline artifactual data may be used to indicate that the lead has migrated.

Such apparatus and methods are advantageous for a variety of
reasons. For example, the apparatus and methods provide a reliable
indication that a particular lead (or leads) in a neurostimulation system has
migrated. The present inventions also provide specific information about the
migration, such as the magnitude and direction of the migration relative to the
underlying tissue, which reduces the difficulty associated with system
reprogramming.

Apparatus and methods in accordance with one of the present
inventions determine the relative positions of neurostimulation leads by
measuring the impedance of tissue between each neurostimulation lead and
an electrode that is located in spaced relation to the neurostimulation leads.
The measurements may be compared to determine whether one of the
neurostimulation leads is a greater distance from the electrode than the other.

Such apparatus and methods are advantageous for a variety of
reasons. For example, the apparatus and methods provide a convenient way
to differentiate the leads from one another during the post-implantation
programming process.

The above described and many other features of the present
inventions will become apparent as the inventions become better understood
by reference to the following detailed description when considered in

conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Detailed description of exemplary embodiments of the inventions will be
made with reference to the accompanying drawings.

FIG. 1 is a side view of a neurostimulation system in accordance with
one embodiment of a present invention.

FIG. 1A is an end view of an implantable pulse generator in
accordance with one embodiment of a present invention.

FIG. 2 is a functional block diagram of an implantable pulse generator

in accordance with one embodiment of a present invention.
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FIG. 3 is an illustration of a stimulation pulse that may be produced by
the implantable pulse generator illustrated in FIG. 2.

FIG. 4 is a functional block diagram of an implantable pulse generator
in accordance with one embodiment of a present invention.

FIG. 5 is an illustration of a stimulation pulse that may be produced by
the implantable pulse generator illustrated in FIG. 4.

FIGS. 6A and 6B are plan views showing exemplary implantable leads
in baseline positions and subsequent positions.

FIG. 7 is a graph showing impedance measurements taken when the
implantable leads are in the positions illustrated in FIGS. 6A and 6B.

FIGS. 8A and 8B are plan views showing exemplary implantable leads
in baseline positions and subsequent positions.

FIG. 9A is a graph showing evoked potential measurements taken at
one of the implantable leads when the lead is in the positions illustrated in
FIGS. 8A and 8B.

FIG. 9B is a graph showing evoked potential measurements taken at
the other of the implantable leads when the lead is in the positions illustrated
in FIGS. 8A and 8B.

FIG. 10 is a flow chart summarizing various processes in accordance

with the present inventions.

DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS

The following is a detailed description of the best presently known modes
of carrying out the inventions. This description is not to be taken in a limiting
sense, but is made merely for the purpose of ililustrating the general principles of
the inventions. The detailed description is organized as follows:

I Exemplary Neurostimulation Systems

Il Exemplary Lead Migration Detection

. Exemplary Corrective Measures
The section titles and overall organization of the present detailed description are
for the purpose of convenience only and are not intended to limit the present
inventions.
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l. Exemplary Neurostimulation Systems

The present inventions have application in a wide variety of
neurostimulation systems. Although the present inventions are not so limited,
examples of such systems are illustrated in FIGS. 1-5. Referring first to FIGS. 1
and 1A, an exemplary implantable neurostimulation system 100 includes first
and second implantable leads 102 and 104. The exemplary leads 102 and 104
are in-line leads and, to that end, both of the leads consist of a plurality of in-line
electrodes 106 carried on a flexible body 108. In the illustrated embodiment,
there are eight (8) electrodes on lead 102, which are labeled E1-E8, and there
are eight (8) electrodes on lead 104, which are labeled E9-E16. The actual
number of leads and electrodes will, of course, vary according to the intended
application and the present inventions are not limited fo any particular numbers
of leads and electrodes. The leads 102 and 104 may be implanted into a desired
location, such as adjacent to the patient’s spinai column, through the use of an
insertion needle or other conventional techniques. Once in place, the
electrodes 106 may be used to supply stimulation energy to the target neural
elements or other target tissue.

The exemplary neurostimulation system 100 illustrated in FIGS. 1 and
1A also includes an implantable pulse generator (IPG) 110 that is capable of
directing tissue stimulation energy to each of the electrodes 106. To that end,
each of the electrodes 106 on the lead 102 is electrically connected to the IPG
110 by a respective signal wire 112 (some of which are not shown) that
extends through, or is imbedded in, the associated flexible body 108.
Similarly, the electrodes 106 on the lead 104 are electrically connected to the
PG 110 by respective signal wires 114 (some of which are not showh). The
signal wires 112 and 114 are connected to the IPG 110 by way of an interface
115. The interface 115 may be any suitable device that allows the leads 102
and 104 to be removably or permanently electrically connected to the IPG
110. Such an interface may, for example, be an electro-mechanical connector
arrangement including lead connectors 117a and 117b within the IPG 110 that
are configured to mate with corresponding connectors (only connector 119a is
shown) on the leads 102 and 104. Alternatively, the leads 102 and 104 can

share a single connector that mates with a corresponding connector on the
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IPG. Exemplary connector arrangements are disclosed in U.S. Patent Nos.
6,609,029 and 6,741,892.

The exemplary IPG 110 includes an outer case 116 that is formed from
an electrically conductive, biocompatible material such as titanium and, in
some instances, will function as an electrode. The IPG 110 is typically
programmed, or controlled, through the use of an external (non-implanted)
programmer 118. The external programmer 118 is coupled to the IPG 110
through a suitable communications link, which represented by the arrow 120,
that passes through the patient’s skin 122. Suitable links include, but are not
limited to, radio frequency (RF) links, inductive links, optical links and
magnetic links. The programmer 118 or other external device may also be
used to couple power into the IPG 110 for the purpose of operating the IPG or
replenishing a power source, such as a rechargeable battery, within the IPG.
Once the IPG 110 has been programmed, and its power source has been
charged or otherwise replenished, the IPG may function as programmed
without the external programmer 118 being present.

With respect to the stimulus patterns provided during operation of the
exemplary neurostimulation system 100, electrodes that are selected to
receive stimulation energy are referred to herein as “activated,” while
electrodes that are not selected to receive stimulation energy are referred to
herein as “non-activated.” Electrical stimulation will occur between two (or
more) electrades, one of which may be the IPG case, so that the electrical
current associated with the stimulus has a path through the tissue from one or
more electrodes configured as anodes to one or more electrodes configured '
as cathodes, or return electrodes. The return electrode(s) may be one or more
of the electrodes 106 on the leads 102 and 104 or may be the IPG case 116.
Stimulation energy may be transmitted to the tissue in monopolar or multipolar
fashion. Monopolar stimulation occurs when a selected one of the lead
electrodes 106 is activated along with the case 116. Bipolar stimulation occurs
when two of the lead electrodes 106 are activated. For example, electrode E3
on lead 102 may be activated as an anode at the same time that electrode
E11 on lead 104 is activated as a cathode. Tripolar stimulation occurs when
three of the lead electrodes 106 are activated. For example, electrodes E4
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and E5 on lead 102 may be activated as anodes at the same time that
electrode E13 on lead 104 is activated as a cathode. Generally speaking,
multipolar stimulation occurs when multiple lead electrodes 106 are activated.

Turning to FIG. 2, the exemplary IPG 110 has a plurality of dual current
sources 124. Each dual current source 124 includes a positive current source
that can function as an anode (+I1, +i2, +I3, ... +lcase) to “source” current to
a load, as well as a current source that can function as a cathode (-1, -12, -13,
... -lcase) to “sink” current from the load, through a common node 126. The
load is the tissue that resides between the activated electrodes 108, the wires
(and other conductive elements), and the coupling capacitor (C1, C2, C3, ...
Ccase) that connects the associated electrode to the common node 126 of
the dual current source 124.

The IPG programming will dictate which of the electrodes, i.e. the lead
electrodes 106 and the IPG case 116, will act as sources and sinks at any
particular time. To that end, the IPG 110 is provided with a programmable
current control circuit 128 that causes selected dual current sources 124 to
operate as an anode or a cathode, at specified times, to source or sink current
having predetermined amplitude. In the illustrated embodiment, where there
are eight (8) electrodes 106 on lead 102 (labeled E1-E8), eight (8) electrodes on
lead 104 (E9-E16), and an IPG case 116 that can function as an electrode
(labeled Ecase), there are seventeen individually operable dual current
sources 124. The control circuit 128, which typically operates in accordance
with stored control data that is received from the programmer 118, also turns
off the selected dual current sources 124 at specified times. Alternative
implementations may, however, employ fewer dual current sources than there
are electrodes. Here, at least some of the dual current sources will be
connected to more than one electrode through a suitable multiplexer circuit.
Alternative implementations may also be configured such that the IPG case
116 only functions as an anode, or such that the IPG case only functions as a
cathode

The control circuit 128 may, in addition, be used to perform various
measurement functions. For example, the control circuit 128 may be used to
measure the electrode voltage VE1, Vg, Vgs ... Vs at the output node 126 of
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each dual current source 124, whether the electrode is activated or non-
activated. This allows the electrode voltage at the electrode to be measured
which, in turn, facilitates impedance measurements.

The operation of the control circuit 128 may be explained in the context
of the following example. Referring to FIG. 2, the control circuit 128 may be
used fo simultaneously turn on (or enable) the positive current sources in the
dual current sources 124 connected to lead electrodes E1 and E2 during time
T1. The negative current source in the dual current source 124 connected to
lead electrode E9 is also turned on during time T1. All other current sources
are off (or disabled) during the time T1. This causes electrodes E1 and E2 to
be activated as anodes at the same time that electrode E9 is activated as a
cathode. Currents +I1 and +12 are sourced from electrodes E1 and E2 at the
same time that current —19 is sunk into electrode E9. The amplitudes of the
currents +11 and +12 may be any programmed values, and the amplitude of
the current —19 should be equal to - (11+12). That is, the current that is sourced
is equal to the current that is sunk. After time period T1, the control circuit 128
will typically switch the polarities of the electrodes E1, E2 and E9 during a
second time period T2 so that the electrodes E1 and E2 will be activated as
cathodes and the electrode E9 will be activated as an anode.

Operating the control circuit 128 in this manner produces the biphasic
stimulation pulse 130 illustrated in FIG. 3 that is characterized by a first phase
(period T1) of one polarity followed by a second phase immediately or shortly
thereafter (period T2) of the opposite polarity. The electrical charge
associated with the first phase should be equal to the charge associated with
the second phase to maintain charge balance during the stimulation, which is
generally considered an important component of stimulation regimes,
although this is not required by the present inventions. Charge balance of the
biphasic stimulation pulse 130 may be achieved by making the amplitudes of
the first and second phases, as well as the periods T1 and T2, substantially
equal. Charge balance may also be achieved using other combinations of
phase duration and amplitude. For example, the amplitude of the second
phase may be equal to one-half of the amplitude of the first phase and the
period T2 may be equal to twice the period T,
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Neurostimulation systems in accordance with the present inventions
may aiso employ the alternative IPG 110" illustrated in FIG. 4, which includes
a plurality of dual voltage sources 124’ that are respectively connected to the
lead electrodes E1-E16 and the IPG case electrode Ecase. Each dual voltage
source 124’ applies a programmed voltage to the associated electrode when
turned on by way of a node 126’ and a coupling capacitor (C1, C2, C3, ....
Ccase). Alternative implementations may, however, employ fewer dual
voltage sources than there are electrodes. Here, at least some of the dual
voltage sources will be connected to more than one electrode through a
suitable multiplexer circuit. A programmable voltage control circuit 128’
controls each of the dual voltage sources 124’ and specifies the amplitude,
polarity and duration of the voltage that is applied to the electrodes.

The dual voltage sources 124’ and control circuit 128’ may be used to
produce the biphasic stimulation pulse 130 illustrated in FIG. 5 that is
characterized by a first phase (period T1) of one polarity followed by a second
phase immediately or shortly thereafter (period T2) of the opposite polarity
applied between any two electrodes. Charge balance of the biphasic
stimulation pulse 130’ may be achieved by making the amplitudes of the first
and second phases, as well as the periods T1 and T2, equal. Charge balance
may also be achieved using other combinations of phase duration and
amplitude. For example, the amplitude of the second phase may be equal to
one-half of the amplitude of the first phase and the period T2 may be equal to
twice the period T1. The control circuit 128 may also be used to measure the
current flowing to or from each electrode, whether the electrode is activated or
not, as well as electrode voitage (Evi- Evi6) appearing at the common node
126’ of each non-activated dual voltage source 124’. These current and
voltage measurements also facilitate impedance measurements.

Additional details concerning the above-described and other IPGs may
be found in U.S. Patent No. 6,516,227 and U.S. Pub. App. 2003/0139781. It
also should be noted that the block diagrams illustrated in FIG. 2 and 4 are
functional diagrams, and are not intended to limit the present inventions to
any particular IPG circuitry.
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Il Exemplary Lead Migration Detection

As noted above, neurostimulation systems in accordance with the
present inventions are capable of detecting post-implantation migration of the
leads 102 and 104 (i.e. movement of the leads relative to the underlying
tissue) and, in some implementations, are also capable of providing
information about the migration. Generally speaking, the present migration
detection processes employ artifactual tissue measurements, such as tissue
impedance measurements or evoked potential measurements, to detect
migration of the leads 102 and 104. The data gleaned from the measurements
may be stored and processed by the IPG control circuit 128 (or 128'), by the
external programmer 118, by some combination thereof, or the like.
Additionally, the artifactual tissue measurements (e.g., tissue impedance
measurements and evoked potential measurements) allow lead migration to
be detected on an individual basis relative to the underlying tissue, as
opposed to detecting migration of one lead relative to the other. Accordingly,
the processes described herein may be employed in neurostimulation
systems with a single lead as well as neurostimulation systems, such as the
exemplary system 100, with a plurality of leads.

Turning first to tissue impedance, the impedance of tissue adjacent to
the lead electrodes 106 may be measured and monitored in order to provide
an indication that a lead has migrated. The tissue impedance measured at the
lead electrodes 106 depends on the tissue in vicinity of the electrode (i.e.
tissue within about 1 mm of the electrode) as opposed to all of the tissue
located between electrodes on adjacent leads. Such tissue includes fat,
collagen, bone, ligament, the white and gray matter of the spinal cord, and
dura. The measured impedance will also typically vary from electrode to
electrode along the length of a lead. ‘

Referring first to FIG. 6A, after the leads 102 and 104 have been
properly positioned within tissue T (“proper” positioning varies from patient to
patient), the impedance of the tissue adjacent to each of the electrodes 106
(individually identified as E1-E16) may be measured. This may be
accomplished in a variety of ways. For example, impedance may be
determined by sourcing current from the IPG outer case 116, which functions

10
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as electrode Ecase (FIG. 2), and sinking current at a selected one of the
electrodes E1-E16 at a predetermined voltage. Given that most of the drop

- will occur at the smaller electrode, and that the lead electrodes 106 are much

smaller than the IPG outer case 116, it can be assumed that the measured
impedance between the selected lead electrode and the outer case is
primarily due to the impedance of the tissue adjacent to the selected lead
electrode. It should be noted that the current used for impedance
measurements is a sub-threshold current pulse (e.g. 1 mA for 20 ps) that will
not cause stimulation or substantially drain the IPG battery. This process may
be repeated for each of the electrodes E1-E16. Alternatively, an electrode that
is sutured anywhere in or on the patient’s body and, preferably, that is larger
than the lead electrodes, may be used in place of the case IPG outer case for
these measurements.

Preferably, the impedances will be measured at each of the electrodes
E1-E16 immediately after the lead has been implanted and the
neurostimulation system IPG control circuit 128 (or 128’) has been
programmed to produce the desired therapeutic effect. Such an impedance
measurement, which is referred to herein as a “baseline impedance
measurement,” may consist of a single set of measurements at electrodes E1-
E16 or a number of sets of measurement at the electrodes that are averaged
together on an electrode-by-electrode basis. Exemplary piots of the
impedance at each electrode E1-E8 on lead 102 and each electrode E9-E16
on lead 104 are shown with solid lines in FIG. 7. Baseline impedance
measurements may also be trended in the manner described below.

Impedance measurements are also taken at each of the electrodes E1-
E16 at various times after the baseline impedance measurement has been
established. For example, impedance measurements may be taken at a
periodic check-up or in response to an indication from the patient that the
neurostimulation system is no longer providing the same level of therapeutic
effect that it did when the baseline impedance measurement was taken. Such
an impedance measurement is referred to herein as a “subsequent
impedance measurement” and may consist of a single set of measurements

at electrodes E1-E16 or a number of sets of measurements at the electrodes

1"
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that are averaged together on an electrode-by-electrode basis. The
subsequent impedance measurement is compared to the baseline impedance
measurement to determine whether or not the measurements have changed.
A change may indicate that the associated lead has migrated. A feature
comparison analysis, such as a peak comparison, a slope comparison, or the
like, may be used to determine the magnitude and direction of any detected
lead migration. One example of a mathematical technique that may be used
to implement the feature comparison analysis is a cross-correlation function.
Other suitable algorithms may also be used to implement the feature
comparison analysis.

Baseline impedance measurements include non-trended baseline
impedance measurements, where the baseline impedance values do not
change over time, and trended baseline impedance measurements, where the
baseline impedance values are adjusted so as to account for factors such as
tissue necrosis and fibrosis that cause the measured impedance to change
slowly over time, as compared to lead migration, which tends to produce
abrupt changes in impedance measurements. A trended baseline impedance
value may be established per the following examples. When a subsequent
impedance measurement is substantially similar to the baseline impedance
measurement (based on, for example, a feature comparison analysis), it may
be assumed that the differencé in the impedance measurement is not due to
lead migration. The substantially similar subsequent impedance measurement
may then be used to establish a new baseline impedance measurement
value. This may be accomplished by substituting the substantially similar
subsequent impedance measurement for the original baseline impedance
measurement or by averaging the two. Additionally, or alternatively, as
additional subsequent impedance measurements are taken over time, a
moving average process may be used to establish the trended baseline
impedance value.

Exemplary positions of the leads 102 and 104 at the time of a
subsequent impedance measurement are jllustrated in FIG. 6B and the
corresponding plots of the subsequent impedance measurement at each of
the electrode E1-E16 is shown with dashed lines in FIG. 7. Referring first to

12



10

15

20

25

30

WO 2006/107848 PCT/US2006/012258

lead 102, the plot of the subsequent impedance measurement is clearly
different than the plot of the baseline impedance measurement. This
difference provides an indication that the lead 102 may have moved relative to
the tissue in the vicinity of the lead. Additional information that can confirm
movement may be obtained by comparing the plots, or the before and after
tissue impedance measurements at each electrode E1-E8, to one another. In
the illustrated example, the subsequent tissue impedance measurements
taken at electrodes E2 and E3 are essentially the same as the baseline tissue
impedance measurements taken at electrodes E4 and E5, respectively. From
this, it may be inferred that the electrodes E2 and E3 have moved to the
locations originally occupied by electrodes E4 and E5, respectively, and that
the lead 102 has moved a distance corresponding to two electrodes 1086. If,
for example, there is a 4 mm electrode-to-electrode spacing, it could be
inferred that the lead 102 moved 8 mm.

Tuming to lead 104, the plot of the subsequent impedance
measurement is essentially the same as the plot of the baseline impedance
measurement. This provides an indication that the lead 104 has not moved
relative to the tissue.

Other information may also be gleaned from comparisons of the
subsequent impedance measurement and the baseline impedance
measurement. For example, in some instances, the lowest of the baseline
impedance measurements or an average of all of the baseline impedance
measurements may be used to establish a “nominal impedance value.” If the
nominal impedance value increases after the lead 102 has moved, it may be
inferred that the distance between the lead 102 and the IPG outer case 116
has increased. Similarly, if the nominal impedance value decreases after the
lead 102 has moved, it may be inferred that the distance between the lead
102 and the IPG outer case 116 has decreased.

Impedance measurements may also be used to determine information

" that is needed prior to programming or reprogramming. The mean impedance

value for each lead 102 and 104 (i.e. the average value of each of the
impedance measurements taken at the electrodes 106 on the lead) will
typically be greater for the lead that is the greatest distance from the IPG case

13
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116 (or 116’). As such, the mean impedance measurements may also be
used to determine the relative positions of the leads 102 and 104 with respect
to the IPG 110 (or 110’). This relative position determination will typically be
made when the leads 102 and 104 are initially implanted into the patient to
assist with the programming process, but may also be made at other times if
needed.

In the SCS context, the leads 102 and 104 may be implanted, for
example, anywhere from the cervical area down to the sacral area. The leads
may be positioned such that one lead is in one area and one lead is in a
different area, such that both leads are located in the same area and are
aligned with one another with respect to their distance from the IPG case 116
(or 116’), or such that both leads are located in the same area, but are
staggered with respect to their distance from the IPG case. As noted above, it
may be inferred that the lead which produces the largest mean impedance
value is the greatest distance from the case. If, for example, the IPG 110 (or
110’) is implanted in the upper region of a buttock, one lead is positioned in
the thoracic area and one lead is positioned in the cervical area, then it may
be inferred that the lead whiéh produces the larger mean impedance vaiue is
in the cervical area. If both of the leads are positioned within the same area
(e.g. the cervical area or the thoracic area), it may be inferred that the leads
are aligned with one another if the mean impedance values are substantially
equal, or it may bé inferred that the leads are staggered and that the lead with
the greater value is a greater distance from the IPG 110 (or 110’) if the mean
impedance values are substantially different.

Tissue impedance measurements may also be taken in essentially
continuous fashion after the baseline impedance measurement has been
established. For example, the therapeutic pulses in a SCS program are
typically 1 ms in duration and are supplied at a frequency of 50 Hz. There are,
therefore, 19 ms between each therapeutic pulse during which time sub-
therapeutic pulses may be provided for impedance measurement purposes.
The continuously-taken subsequent impedance measurements may be
compared to the baseline impedance measurement as they are taken in order

to provide a real time indication that a lead has moved. Once such a
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determination has been made, corrective measures such as those discussed
in Section Il below may be automatically undertaken or the patient may
simply be advised of the situation so that he or she can relay this information
to a physician.

Evoked potential measurements (also referred to herein as
“physiologically evoked potential measurements”), which generally involve
providing a stimulation pulse to nerves at one electrode and measuring the
generated action potential at another electrode, may also be used to
determine whether or not a lead has migrated relative to the underlying tissue
in the vicinity of the lead. Referring first to FIG. 8A, baseline evoked potential
measurements may be taken after the implantable leads 102 and 104 have
been properly positioned adjacent to the tissue T (“proper” positioning varies
from patient to patient). With respect to lead 102, a stimulation pulse will be
supplied by electrode E1 to the adjacent tissue and the resulting action
potential will generate a measurable deviation in the voltage that the
programmable controller 128 sees at electrode E2 for a finite time that can be
measured (or “read”). A suitable stimulation pulse for this purpose is, for
example, 4mA for 200 ps. Such stimulation is preferably supra-threshold, but
not uncomfortable. This process may be performed once, or many times and
averaged (e.g. 100 times), so that “baseline” stimulate-E1/evoked-potential-at-
E2 data may be generated and measured, and then plotted in the manner
illustrated for example in FIG. 9A (note the solid line). The deviation in voltage
caused by the evoked potential due to the stimulation pulse at electrode E1
could also be sequentially measured at electrodes E3-E8 (either once or
many times and averaged) in order to provide additional baseline data and
plots. Electrodes E2-E9 may also be used to supply stimulation pulses and
evoked potentials may be measured at one or more of the other electrodes on
lead 102.

Turning to lead 104, a stimulation pulse may be supplied by electrode
E9 to the adjacent tissue and the resulting evoked potential measured at
electrode E10 and, if desired, sequentially measured at electrodes E11-E186.
Again, this process may be performed once or many times and averaged. The

baseline stimulate E9-evoked potential at E10 data is shown with a solid line
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in FIG. 9B. Electrodes E10-E16 may also be used to supply stimulation pulses
and evoked potentials may be measured at one or more of the other
electrodes on lead 104.

It should be noted that evoked potentials may alsol/instead be
measured at additional or other electrodes 106 because the action potential
may propagate in a variety of directions depending on what nerves are
stimulated and where they go. For example, evoked potentials may be
measured at the elecirodes 106 on the non-stimulating lead in addition to (or
instead of) the electrodes on the stimulating lead. The deviation in voltage
caused by the evoked potential due to the stimulation pulse at an electrode
106 on lead 102 could, for example, also be measured at one or more of the
electrodes on lead 104 (either once or many times and averaged) in order to
provide additional baseline data and plots. Similarly, the deviation in voltage
caused by the evoked potential due to the stimulation pulse at an electrode
106 on lead 104 could also be measured at one or more of the electrodes on
lead 102 (either once or many times and averaged) in order to provide
additional baseline data and plots. There may also be instances where it is
desirable to measure the deviation in voltage caused by the evoked potential
at the stimulating electrode. For example, the deviation in voltage caused by
the evoked potential due to a stimulation pulse at electrode E1 could be
measured at electrode E1, and the deviation in voltage caused by the evoked
potential due to a stimulation pulse at electrode ES could be measured at
electrode E9.

Evoked potential measurements may also be taken at various times
after the baseline evoked potential measurements have been established for
each of the leads 102 and 104. For example, evoked potential measurements
may be taken at a periodic check-up or in response to an indication from the
patient that the neurostimulation system is no longer providing the same level
of therapeuitic effect that it did when the baseline measurements were taken.
Such evoked potential measurements are referred to herein as “subsequent”
evoked potential measurements. The same stimulation pulse or one that
provides a grossly equivalent intensity of stimulation effect (as identified by
the patient) that was supplied to tissue during the baseline measurement (e.g.

16



10

15

20

25

30

WO 2006/107848 PCT/US2006/012258

4mA for 200 ps) will be supplied by the same electrode and the deviation in
the voltage will be measured at the same electrode (or electrodes), either
once or many times and averaged, so that subsequent evoked potential data
may be generated, measured and plotted.

For example, subsequent stimulate-E1/evoked-potential-at-E2 data
may be generated, measured, and plotted to determine whether there has
been migration of lead 102, and subsequent stimulate E9-evoked potential at
E10 data may be generated, measured and plotted to determine whether
there has been migration of lead 104. If the data produces the same evoked
potential plots, or if the plots are within some acceptable deviation therefrom,
then it can be assumed that the leads have not moved (or have moved an
acceptably small amount). An unacceptable deviation may, for example, be
defined as an abrupt or significant short-term change from the baseline
evoked potential data. It is likely that changes in the evoked potential data due
to factors such as necrosis or fibrosis change relatively slowly, whereas
migration is more likely o cause an abrupt change in the data. Accordingly,
the baseline evoked potential measurements may include non-trended
baseline evoked potential measurements, where the baseline evoked
potential values do not change over time, and trended baseline evoked
potential measurements, where the baseline evoked potential values are
adjusted so as to account for factors such as tissue necrosis and fibrosis. The
subsequent evoked potential measurements may be used in the manner
described above in the context of impedance measurements to establish
trended baseline evoked potential values.

If, on the other hand, the subsequent evoked potential data is different
(e.g., exhibits an abrupt or significant short term change from the baseline
evoked potential data) for one or both of the leads, or if there is no
measurable evoked potential at the electrode where the evoked potential was
measured for one or both of the leads, it can be assumed that the lead (or
leads) associated with the different data has moved. For instance, if it is
assumed that lead 102 has moved, the assumption may be checked by
measuring the evoked potentials at electrodes E3-E8 on lead 102 (either once

or many times and averaged). If the subsequent plots associated with the
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evoked potentials at electrodes E3-E8 were the same as, or some acceptable
deviation from, the baseline plots, it may be assumed that the lead 102 has
not moved and that there has been a change in conditions at electrode E2.
The assumption may also be checked by measuring the evoked potentials at
electrode E1 on lead 102 and/or electrodes E9-E16 on lead 104 (either once
or many times and averaged) if these electrodes were used for the baseline
measurements taken with respect to stimulation at electrode E1. Here too, if
the subsequent plots are the same as, or some acceptable deviation from, the
baseline plots, it may be assumed that lead 102 has not moved. With respect
to the tissue adjacent to electrode E2, the difference in evoked potentials that
is not due to lead movement could be due to scarring, necrosis or fat build up.
Alternatively, there could be damage to electrode E2.

The same checking procedure may also be performed with respect to
lead 104. Specifically, the evoked potentials resulting from stimulation at
elecirode E9 on lead 104 may be measured at electrodes E11-E16.
Additionally or alternatively, if they were part of the baseline measurement
process, the evoked potentials may be measured at electrode E9 on lead 104
and/or electrodes E1-E8 on lead 102.

Referring to FIGS. 8B, 9A and 9B, lead 102 is shown having moved a
distance corresponding to one electrode and, accordingly, the subsequent
stimulate-E1/evoked-potential-at-E2 data is different. Lead 104, on the other
hand, has not moved and the subsequent stimulate E9-evoked potential at
E10 data is essentially the same.

Evoked potentials may also be used to determine the direction and
magnitude of the movement. For instance, a feature comparison analysis
(implemented by, for example, a cross-correlation technique) may be used to
determine the magnitude and direction of any shift. Here, stimulation energy is
individually provided to electrodes other than the originally stimulating
electrode on the lead that has moved, and the evoked potentials are
measured at the other electrodes. The object is to identify an electrode that
produces similar evoked potential data as was produced by an electrode used
in the baseline measurements. If such an electrode is identified, it may be

assumed that it now occupies the position of the electrode that was used to
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produce the baseline data. With respect to the movement of lead 102, and as
illustrated FIG. 8B and 9A, the stimulate-at-E2/evoked-potential-at-E3 plot
closely corresponds to the baseline stimulate-at-E1/evoked-potential-at-E2
plot (FIG. 9) because electrodes E2 and E3 are located in the positions
previously occupied by electrodes E1 and E2, respectively.

A flow chart that summarizes both of the methods described above is
presented in FIG. 10. In step 200, baseline artifactual tissue data, such as
tissue impedance data or evoked potential data, is measured with one of the
leads. Next, in step 210, artifactual tissue data is measured at one or more
subsequent times with the same lead. Finally, in step 220, the subsequent
artifactual tissue data is compared to the baseline artifactual data (which may
included non-trended baseline artifactual data and/or trended baseline
artifactual data) to determine whether the lead has moved. This process may
be repeated with each lead.

1. Exemplary Corrective Measures

The corrective action that may be taken after it has been determined
that one or more of the leads in a neurostimulation system (such as an SCS
system) has moved generally falls into two categories — (1) surgical removal
or repositioning and (2) reprogramming. Surgical removal or repositioning will
typically be employed when it has been determined that one or more of the
leads has moved too far to make reprogramming a viable option. If, for
example, the therapeutic regimen required that an electrode be located in the
baseline location of electrode E2 on lead 102 (FIG. BA), the therapeutic
regimen could not be performed once lead 102 migrated to the location shown
in FIG. 6B because there is no longer any electrode in that location. Surgical
removal may also be required if one or more of the electrodes are damaged
or fail.

With respect to reprogramming, individualized information concerning
the actual movement (or lack of movement) of each lead will allow the
reprogramming to proceed in a far more efficient manner than would be the
case if the entity tasked with reprogramming (i.e. a physician or the
neurostimulation system) merely knew that at least one of the leads has

moved because the relative positions of the leads has changed. Assuming for

19



10

15

20

25

30

WO 2006/107848 PCT/US2006/012258

example that the leads 102 and 104 illustrated in FIG. 6A were employed in a
therapeutic regimen that involve sourcing and sinking stimulation pulses from
electrodes E4, E5 and E6 on lead 102 and electrodes E13 and E14 on lead
104. After lead 102 moved to the position illustrated in FIG. 6B, and it was
determined by the present inventions that only lead 102 moved and that lead
102 moved toward the IPG 110 a distance corresponding to two electrodes,
the therapeutic regimen may reprogrammed by simply substituting electrodes
E2, E3 and E4, respectively, for electrodes E4, E5 and EB6.

Reprogramming may be performed automatically or by a clinician.
Automatic reprogramming, which is especially useful when lead migration is
being continuously monitored, could be truly automatic (i.e. it would happen
without the patient’'s knowledge). Alternatively, the IPG 110 could provide the
patient with an indication that at least one lead has moved and give the
patient the option of trying the automatically reprogrammed stimulation
regimen or simply reporting the lead migration to the clinician.
Reprogramming by the clinician, either in response to a notification from the
IPG 110 or patient complaint, would typically involve allowing the external
programmer 118 to modify (or simply suggest a modification of) the
therapeutic regimen based on the lead migration data from the IPG 110.
Alternatively, the lead repositioning is recorded for the clinician to review for
use during reprogramming, thereby reducing the amount of clinician time (and
expense) required to reprogram the therapeutic regimen as well as the
likelihood that an expensive fluoroscopic procedure will be required.

Although the inventions disclosed herein have been described in terms
of the preferred embodiments above, numerous modifications and/or
additions to the above-described preferred embodiments would be readily
apparent to one skilled in the art. By way of example, but not limitation, the
present inventions include neurostimulation systems that also comprise at
least one neurostimulation lead. It is intended that the scope of the present
inventions extend to all such modifications and/or additions and that the scope
of the bresent inventions is limited solely by the claims set forth below.
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We claim:

1. A method to determine whether a neurostimulation lead has

migrated, comprising:

measuring the impedance of tissue in the vicinity of an electrode
on the neurostimulation lead to establish a baseline impedance value;

measuring the impedance of the tissue in the vicinity of the
electrode at a subsequent time to establish a subsequent impedance value;
and

determining whether the neurostimulation lead has migrated by

comparing the subsequent impedance value to the baseline impedance value.

2. A method as claimed in claim 1, wherein

the neurostimulation lead includes a plurality of electrodes;

measuring the impedance of tissue to establish a baseline
impedance value comprises measuring the impedance of the tissue in the
vicinity of multiple electrodes to establish respective baseline impedance
values;

measuring the impedance of the tissue to establish a
subsequent impedance value comprises measuring the impedance of the
tissue in the vicinity of each of the muitiple electrodes at a subsequent time to
establish respective subsequent impedance values; and

determining whether the neurostimulation lead has migrated
comprises comparing the subsequent impedance values to the baseline
impedance values.

3. A method as claimed in claim 2, wherein determining whether
the neurostimulation lead has migrated further comprises determining the
direction and magnitude of the migration.

4. A method as claimed in claim 3, wherein' determining the

direction and magnitude of the migration comprises performing a feature
comparison analysis.
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5. A method as claimed in claim 1, wherein measuring the
impedance of tissue in the vicinity of an electrode comprises sourcing current
into tissue at an implantable pulse generator and sinking the current at the
electrode.

6. A method as claimed in claim 1, wherein measuring the
impedance of tissue in the vicinity of an electrode comprises sourcing current
into tissue at an implantable pulse generator and sinking the current at the
electrode in between therapeutic pulses supplied by the implantable pulse
generator to the electrode.

7. A method as claimed in claim 1, further comprising:
taking corrective action in response to a determination that the
neurostimulation lead has migrated.

8. A method as claimed in claim 7, wherein taking corrective action
comprises reprogramming a therapeutic regimen in response to a

determination that the neurostimulation lead has migrated.

9. A neurostimulation system for use with an implantable lead

including at least one lead electrode, the neurostimulation system comprising:

a pulse generator including a lead connector;

circuitry, operably connected to the lead connector, to measure
the impedance of tissue in the vicinity of the at least one lead electrode to
establish a baseline impedance value and measure the impedance of the
tissue in the vicinity of the at least one lead electrode at a subsequent time to
establish a subsequent impedance value; and

circuitry to determine whether the implantable lead has migrated
by comparing the subsequent impedance value to the baseline impedance
value.

10. A neurostimulation system as claimed in claim 9, wherein

the at least one lead electrode comprises a plurality of lead
electrodes;
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the circuitry to measure comprises circuitry to measure the
impedance of the tissue in the vicinity of multiple lead electrodes to establish
respective baseline impedance values and to measure the impedance of the
tissue in the vicinity of each of the multiple lead electrodes at a subsequent
time to establish subsequent impedance values; and

the circuitry fo determine comprises circuitry to determine
whether the implantable lead has migrated by comparing the subsequent
impedance values to the baseline impedance values.

11. A neurostimulation system as claimed in claim 9, wherein the
circuitry to determine comprises circuitry to determine the direction and

magnitude of the migration.

12. A neurostimulation system as claimed in claim 9, further
comprising:
an electrode associated with the pulse generator;
wherein the circuitry to measure comprises circuitry to source
current into tissue at the electrode associated with the pulse generator and

sink the current at the at least one lead electrode.

13. A neurostimulation system as claimed in claim 12, wherein the
electrode associated with the pulse generator comprises a pulse generator

case.

14. A neurostimulation system as claimed in claim 9, wherein the
pulse generator comprises an implantable pulse generator and the circuitry to

determine is located within the implantable pulse generator.

15. A neurostimulation system as claimed in claim 9, further
comprising:
at least one external device that communicates with the
implantable pulse generator;
wherein the circuitry to determine is located in the at least one

external device.
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16. A neurostimulation system as claimed in claim 9, further
comprising:
circuitry to supply therapeutic pulses in accordance with a
programmed therapeutic regimen and to adjust the programmed therapeutic
regimen in response to a determination that the implantable lead has
migrated.

17. A neurostimulation system as claimed in claim 16, wherein the
at least one lead electrode comprises a plurality of lead electrodes, the
neurostimulation system further comprising:

circuitry to adjust which of the plurality of lead electrodes
receives therapeutic pulses in response to a determination that the

implantable lead has migrated.

18. A method to determine the relative position of first and second
neurostimulation leads, comprising:
measuring the impedance of tissue between the first
neurostimulation lead and an electrode located in spaced relation to the first
and second neurostimulation leads;
measuring the impedance of tissue between the second
neurostimulation lead and the electrode located in spaced relation to the first
and second neurostimulation leads; and

comparing the impedance measurements.

19. A method as claimed in claim 18, wherein

measuring the impedance of tissue between the first
neurostimulation lead and an electrode comprises measuring the impedance
of tissue between the first neurostimulation lead and an electrode associated
with an implantable pulse generator located in spaced relation to the first and
second neurostimulation leads; and

measuring the impedance of tissue between the second
neurostimulation lead and the electrode comprises measuring the impedance

of tissue between the second neurostimulation lead and the electrode
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associated with the implantable puise generator located in spaced relation to
the first and second neurostimuiation leads.

20. A method as claimed in claim 18, wherein

measuring the impedance of tissue between the first
neurostimulation lead and an electrode comprises individually measuring the
impedance of tissue between a plurality of elecirodes on the first
neurostimulation lead and an electrode located in spaced relation to the first
and second neurostimulation leads; and

measuring the impedance of tissue between the second
neurostimulation lead and the electrode comprises individually measuring the
impedance of tissue between a plurality of electrodes on the second
neurostimulation lead and the electrode in spaced reiation to the first and

second neurostimulation leads.

21. A method as claimed in claim 20, wherein
comparing the impedance measurements comprises comparing
an average of the impedances between the plurality of electrodes on the first
neurostimulation lead and the electrode located in spaced relation to the first
and second neurostimulation leads to an average of the impedances between
the plurality of electrodes on the second neurostimulation lead and the
electrode located in spaced relation to the first and second neurostimulation

leads.

22. A method of monitoring the position of a neurostimulation lead
having at least one electrode, the method comprising:
taking a baseline evoked potential measurement by supplying a
stimulation pulse to tissue with a first electrode on the neurostimulation lead
and measuring the resulting evoked potential at a second electrode;

taking a subsequent evoked potential measurement supplying a

stimulation pulse to tissue with the first electrode at a subsequent time and

measuring the resulting evoked potential at the second electrode; and
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determining whether the neurostimulation lead has migrated by
comparing the subsequent evoked potential measurement fo the baseline
evoked potential measurement.

23. A method as claimed in claim 22, wherein

taking a baseline evoked potential measurement comprises
supplying a stimulation pulse to tissue with a first electrode on the
neurostimulation lead and measuring the resulting evoked potential at second
and third electrodes;

taking a subsequent evoked potential measurement comprises
supplying a stimulation pulse to tissue with the first electrode at a subsequent
time and measuring the resulting evoked potential at the second and third
electrodes; and

determining whether the neurostimulation lead has migrated
comprises comparing the subsequent evoked potential measurements at the
second and third electrodes to the baseline evoked potential measurements
at the second and third electrodes.

24. A method as claimed in claim 22, further comprising:
determining, in response to a determination that the
neurostimulation lead has migrated, whether there is another set of electrodes
on the neurostimulation lead that produces the baseline evoked potential

measurement.

25. A method as claimed in claim 22, further comprising:
taking corrective action in response to a determination that the
neurostimulation lead has migrated.

26. A method as claimed in claim 25, wherein taking corrective
action comprises reprogramming a therapeutic regimen in response to a
determination that the neurostimulation lead has migrated.

27. A method as claimed in claim 22, wherein the first and second
electrodes comprise the same electrode.
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28. A method as claimed in claim 22, wherein the second electrode
is on the neurostimulation lead.

29. A method as claimed in claim 22, wherein the second electrode

is on a second neurostimulation lead.

30. A neurostimulation system for use with an implantable lead

including at least one electrode, the neurostimulation system comprising:

a pulse generator including a lead connector;

circuitry, operably connected to the lead connector, to take a
baseline evoked potential measurement associated with a first electrode on
the implantable lead and a second electrode and take a subsequent evoked
potential measurement associated with the first and second electrodes; and

circuitry to determine whether the implantable lead has migrated
by comparing the subsequent evoked potential measurement to the baseline

evoked potential measurement.

31. A neurostimulation system as claimed in claim 30, wherein

the circuitry to take a baseline evoked potential measurement
further comprises circuitry to take a baseline evoked potential measurement
associated with the first electrode on the implantable lead and a third
electrode and take a subsequent evoked potential measurement associated
with the first and third electrodes; and

the circuitry to determine further comprises circuitry to determine
whether the implantable lead has migrated by comparing the subsequent
evoked potential measurement associated with the first and third electrodes to
the baseline evoked potential measurement associated with the first and third
electrodes.

32. A neurostimulation system as claimed in claim 30, wherein the
circuitry to determine comprises circuitry to determine, in response to a
determination that the implantable lead has migrated, whether there is
another set of electrodes that produces the baseline evoked potential

measurement associated with the first and second electrodes.
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33. A neurostimulation system as claimed in claim 30, wherein the

first and second electrode comprise the same electrode.

34. A neurostimulation system as claimed in claim 30, wherein the
second electrode is on the implantable lead.

35. A neurostimulation system as claimed in claim 30, wherein the

second electrode is on a second implantable lead.

36. A neurostimulation system as claimed in claim 30, further
comprising:
circuitry to supply therapeutic pulses in accordance with a
programmed therapeutic regimen; and
circuitry to adjust the programmed therapeutic regimen in
response to a determination that the implantable lead has migrated.

37. A neurostimulation system as claimed in claim 36, further

comprising:

at least one communications device that communicates with the
pulse generator, and wherein

the circuitry to adjust is located in the at least one
communications device, and

the circuitry to adjust includes circuitry to adjust which of the
plurality of electrodes receives therapeutic pulses in response to a
determination that the implantable lead has migrated.

38. A neurostimulation system as claimed in claim 37, wherein the
circuitry to adjust is located within the pulse generator.

39. A method of monitoring an individual implanted neurostimulation

lead, comprising:
measuring baseline artifactual data conceming tissue in the
vicinity of the individual neurostimulation lead using only the individual

neurostimulation lead and an implantable pulse generator;
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measuring subsequent artifactual data concerning the tissue in
the vicinity of the individual neurostimulation lead at a subsequent time with
only the individual neurostimulation lead and the implantable pulse generator;
and

determining whether the individual neurostimulation lead has
migrated from a baseline location by comparing the baseline artifactual data
to the subsequent artifactual data.

40. A method as claimed in claim 39, wherein the artifactual data
comprises tissue impedance data.

41. A method as claimed in claim 39, wherein the artifactual data
comprises evoked potential data.

42. A method as claimed in claim 39, further comprising:
taking corrective action in response to a determination that the

individual neurostimulation lead has migrated.

43. A method as claimed in claim 42, wherein taking corrective
action comprises reprogramming a therapeutic regimen in response to a

determination that the individual neurostimulation lead has migrated.
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