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(57) Abstract: The disclosure is directed to techniques for shifting between two electrode combinations. An amplitude of a first
electrode combination is incrementally decreased while an amplitude of a second, or subsequent, electrode combination is concur-
rently incrementally increased. Alternatively, an amplitude of the first electrode combination is maintained at a target amplitude level
& while the amplitude of the second electrode combination is incrementally increased. The stimulation pulses of the electrode combi-
& nations are delivered to the patient interleaved in time. In this manner, the invention provides for a smooth, gradual shift from a first
electrode combination to a second electrode combination, allowing the patient to maintain a continual perception of stimulation. The
shifting techniques described herein may be used during programming to shift between different electrode combinations to find an
efficacious electrode combination. Additionally, the techniques may be used for shifting between different electrode combinations

associated with different stimulation programs or program sets.
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SHIFTING BETWEEN ELECTRODE COMBINATIONS
IN ELECTRICAL STIMULATION DEVICE

TECHNICAL FIELD
[0001] The invention relates to neurostimulation therapy and, more particularly, to
selection of electrode combinations for delivery of neurostimulation therapy to a

patient.

BACKGROUND
[0002] Implantable neurostimulators may be used to deliver neurostimulation
therapy to patients to treat a variety of symptoms or conditions such as chronic
pain, tremor, Parkinson’s disease, epilepsy, urinary or fecal incontinence, sexual
dysfunction, obesity, or gastroparesis. An implantable medical device may deliver
neurostimulation therapy via leads that include electrodes located proximate to the
spinal cord, pelvic nerves, stomach, or within the brain of a patient. In general, the
implantable medical device delivers neurostimulation therapy in the form of
electrical pulses.
[0003] A clinician selects values for a number of programmable parameters in
order to define the neurostimulation therapy to be delivered to a patient. For
example, the clinician selects an amplitude, which may be a current or voltage
amplitude, and pulse width for a stimulation waveform to be delivered to the
patient, as well as a rate at which the pulses are to be delivered to the patient. The
clinician may also select particular electrodes within an electrode set to be used to
deliver the pulses and the polarities of the selected electrodes. A group of
parameter values may be referred to as a program in the sense that they drive the
neurostimulation therapy to be delivered to the patient.
[0004] The process of selecting values for the parameters can be time consuming,
and may require a great deal of trial and error before a therapeutic program is
discovered. The “best” program may be a program that best balances greater
clinical efficacy and minimal side effects experienced by the patient. In addition,
some programs may consume less power during therapy. The clinician typically
needs to test a large number of possible electrode combinations within the
electrode set iinplanted in the patient, in order to identify an optimal combination
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of electrodes and associated polarities. An electrode combination is a selected
subset of one or more electrodes located on one or more implantable leads coupled
to an implantable neurostimulator. As a portion of the overall parameter selection
process, the process of selecting electrodes and the polarities of the electrodes can
be particularly time-consuming and tedious.

[0005] In some cases, the clinician may test electrode combinations by manually
specifying each combination based on intuition or some idiosyncratic
methodology. The clinician may then record notes on the efficacy and side effects
of each combination after delivery of stimulation via that combination. In this
manner, the clinician is able to later compare and select from the tested
combinations. As an example of the magnitude of the task, an implantable
neurostimulator commonly delivers spinal cord stimulation therapy (SCS) to a
patient via two leads that include eight electrodes per lead, which equates to over
43 million potential electrode combinations.

[0006] In order to improve the efficacy of neurostimulation therapy,
neurostimulators have grown in capability and complexity. Modern
neurostimulators tend to have larger numbers of electrode combinations, larger
parameter ranges, and the ability to simultaneously deliver multiple therapy
configurations by interleaving stimulation pulses in time. Although these factors
increase the clinician’s ability to adjust therapy for a particular patient or disease
state, the burden involved in optimizing the device parameters has similarly
increased. Unfortunately, fixed reimbursement schedules and scarce clinic time

present challenges to effective programming of neurostimulator therapy.

SUMMARY
[0007] In general, the disclosure is directed to techniques for shifting stimulation
energy between electrode combinations in an implantable neurostimulator. An
electrode combination is a selected subset of one or more electrodes located on one
or more implantable leads coupled to an implantable neurostimulator. The
electrode combination also refers to the polarities of the electrodes in the selected
subset. In the implantable neurostimulator, neurostimulation energy is delivered to

different electrode combinations on a time-interleaved basis.
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[0008] The techniques described herein may be used during a test or evaluation
mode to shift between different electrode combinations in an effort to identify
efficacious electrode combinations. Additionally, the techniques may be used for
shifting between different electrode combinations associated with different
stimulation programs or program sets during an operational mode. In either case,
the neurostimulator gradually transitions from a first electrode combination to a
second electrode combination in incremental steps.

[0009] For example, the neurostimulator or programmer may incrementally
decrease an amplitude of a first electrode combination over a series of time slots
while concurrently increasing an amplitude of a second electrode combination over
a series of alternating time slots. Alternatively, the amplitude of the first electrode
combination may be maintained at a target level while the amplitude of the second
electrode combination is incrementally increased. Then, the amplitude of the first
electrode combination may be incrementally decreased after the amplitude of the
second electrode combination has reached the target level. In either case, the
stimulator interleaves the stimulation pulses provided by the first and second
electrode combinations in time at a sufficiently high frequency so that the patient
perceives the physiological effects of the stimulation energy as smooth, or nearly
simultaneous or overlapping in time. Each time slot may include a single pulse or
multiple pulses from a given electrode combination.

[0010] In this manner, the time-interleaved stimulation energy is effective in
simulating a continuous shifting of voltage or current amplitude from one electrode
combination to another. The amplitudes of the first and second electrode
combinations are ramped downward and upward, respectively, in incremental steps
until the amplitude of the second electrode combination reaches a target amplitude.
Alternatively, the second electrode combination may be ramped upward while the
first electrode combination is held constant, followed by ramping the first electrode
combination downward while the second electrode combination is held constant.
The incremental steps may be different between ramping downward or ramping
upward. The incremental steps in amplitude can be of a fixed size or may vary,

e.g., according to an exponential, logarithmic or other algorithmic change. When
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the second electrode combination reaches its target amplitude, or possibly before,
the first electrode combination can be shut off.

[0011] In a test mode, the shifting process between successive electrode
combinations may proceed under user control. In one embodiment, each
incremental step in the transition may be contingent on input from a user, such as a
physician or the patient. For example, the programmer may perform each
incremental step in the shift in response to user input. In another embodiment, the
programmer may proceed through all of the incremental steps automatically unless
it receives input from the user. During the test mode, the user may mark
stimulation parameters and electrode combinations that are found to be particularly
efficacious.

[0012] User control may proceed in a time- or sequence-domain, with the user
advancing and reversing the shift progression in terms of the time of an increment
over a course of time, or the position of an increment within a sequence of defined
increments. For example, the user controls may present a time-domain metaphor,
such as that found within compact disc players, or audio or video tape players,
where the user has access to input controls similar to play, stop, pause, rewind, and
fast forward. Alternatively, user control may proceed in a planar domain, with the
user selecting steps up, down, left or right.

[0013] In one embodiment, the disclosure provides a method comprising
delivering electrical stimulation to a patient via a first electrode combination,
delivering electrical stimulation to the patient via a second electrode combinatién
on a time-interleaved basis with the electrical stimulation delivered via the first
electrode combination, incrementally increasing an amplitude of the electrical
stimulation delivered via the second electrode combination while the electrical
stimulation delivered via the second electrode combination is delivered on a time-
interleaved basis with the electrical stimulation delivered via the first electrode
combination, and incrementally decreasing an amplitude of the electrical
stimulation delivered via the first electrode combination while the electrical
stimulation delivered via the second electrode combination is delivered on a time-
interleaved basis with the electrical stimulation delivered via the first electrode

combination.
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[0014] The amplitude of the electrical stimulation delivered via the first electrode
combination may be maintained, e.g., at a target level, while the amplitude of the
electrical stimulation delivered via the second electrode combination is
incrementally increased. Alternatively, the amplitude of the electrical stimulation
delivered via the first electrode combination may be incrementally decreased while
the amplitude of the stimulation delivered via the second electrode combination is
incrementally increased.

[0015] In another embodiment, the disclosure provides a system comprising a
medical device that includes one or more electrodes, a pulse generator to deliver
electrical stimulation via the electrodes, and a switch device to couple the
stimulation to selected electrodes. The system also comprises a programmer that
programs the medical device, wherein the programmer controls the medical device
to deliver electrical stimulation to a patient via a first electrode combination,
deliver electrical stimulation to the patient via a second electrode combination on a
time-interleaved basis with the electrical stimulation delivered via the first
electrode combination, incrementally increase an amplitude of the electrical
stimulation delivered via the second electrode combination while the electrical
stimulation delivered via the second electrode combination is delivered on a time-
interleaved basis with the electrical stimulation delivered via the first electrode
combination, and incrementally decrease an amplitude of the electrical stimulation
delivered via the first electrode combination while the electrical stimulation
delivered via the second electrode combination is delivered on a time-interleaved
basis with the electrical stimulation delivered via the first electrode combination.
[0016] In an additional embodiment, the disclosure provides a medical device
comprising one or more implantable leads that include a plurality of electrodes,
and a pulse generator to deliver stimulation energy, a switch device to couple the
stimulation energy to selected electrodes. The medical device further comprises a
processor to control the pulse generator and the switch device to deliver
stimulation to the patient in accordance with a plurality of programs. The
processor controls the pulse generator and the switch device to deliver electrical
stimulation to a patient via a first electrode combination, deliver electrical

stimulation to the patient via a second electrode combination on a time-interleaved
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basis with the electrical stimulation delivered via the first electrode combination,
incrementally increase an amplitude of the electrical stimulation delivered via the
second electrode combination while the electrical stimulation delivered via the
second electrode combination is delivered on a time-interleaved basis with the
electrical stimulation delivered via the first electrode combination, and
incrementally decrease an amplitude of the electrical stimulation delivered via the
first electrode combination while the electrical stimulation delivered via the second
electrode combination is delivered on a time-interleaved basis with the electrical
stimulation delivered via the first electrode combination.

[0017] In another embodiment, the disclosure provides a programmer comprising a
processor that generates instructions to control an implantable pulse generator and
deliver stimulation to a patient in accordance with a plurality of program. The
instructions direct delivery of electrical stimulation to a patient via a first electrode
combination, delivery of electrical stimulation to the patient via a second electrode
combination on a time-interleaved basis with the electrical stimulation delivered
via the first electrode combination, incremental increases in an amplitude of the
clectrical stimulation delivered via the second electrode combination while the
electrical stimulation delivered via the second electrode combination is delivered
on a time-interleaved basis with the electrical stimulation delivered via the first
electrode combination, and incremental decreases in an amplitude of the electrical
stimulation delivered via the first electrode combination while the electrical
stimulation delivered via the second electrode combination is delivered on a time-
interleaved basis with the electrical stimulation delivered via the first electrode
combination, The programmer further comprises a telemetry interface to transmit
the instructions to the implantable pulse generator.

[0018] In another embodiment, the disclosure provides a system comprising an
medical device that includes one or more implantable leads that include a plurality
of electrodes, a pulse generator to deliver electrical stimulation, and a switch
device to couple the stimulation to selected electrodes. The system further
comprises a programmer that programs the medical device, wherein the
programmer controls the medical device to deliver electrical stimulation to a

patient via a first electrode combination, deliver electrical stimulation to the patient
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via a second electrode combination on a time-interleaved basis with the stimulation
delivered via the first electrode combination, and incrementally shift the delivery
of stimulation from the first electrode combination to the second electrode
combination.

[0019] In an additional embodiment, the disclosure provides a medical device
comprising one or more implantable leads that include a plurality of electrodes, a
pulse generator to deliver stimulation energy, a switch device to couple the
stimulation energy to selected electrodes, and a processor to control the pulse
generator and the switch device to deliver stimulation to the patient in accordance
with a plurality of programs, wherein the processor controls the pulse generator
and the switch device to deliver stimulation to the patient via a first electrode
combination and to deliver electrical stimulation to the patient via a second
electrode combination on a time-interleaved basis with the stimulation delivered
via the first electrode combination, and wherein the processor incrementally shifts
the delivery of stimulation from the first electrode combination to the second
electrode combination.

[0020] In another embodiment, the disclosure provides a programmer comprising a
memory that stores a first electrode combination and a second electrode
combination, and a processor that controls delivery of electrical stimulation to a
patient via the first electrode combination, delivery of electrical stimulation to the
patient via the second electrode combination on a time-interleaved basis with the
electrical stimulation via the first electrode combination, and incremental shifting
of the delivery of electrical stimulation from the first electrode combination to the
second electrode combination.

[0021] In a further embodiment, the disclosure provides computer-readable media
comprising instructions that cause a processor to perform any of the techniques

described in this disclosure.

BRIEF DESCRIPTION OF DRAWINGS
[0022] FIG. 1 is a schematic diagram illustrating an exemplary system for delivery

and programming of neurostimulation therapy.
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[0023] FIG. 2 is a schematic diagram illustrating an exemplary programmer for
controlling an implantable neurostimulator to test electrode combinations for
generating neurostimulation therapy programs.

[0024] FIG. 3 is a schematic diagram illustrating an exemplary programmer to
search stimulation programs for controlling an implantable neurostimulator to test
electrode combinations.

[0025] FIG. 4 is a schematic diagram illustrating an exemplary programmer with a
dead-man switch for controlling an implantable neurostimulator to test electrode
combinations.

[0026] FIG. 5 is a schematic diagram illustrating an exemplary programmer with a
directional device for controlling an implantable neurostimulator to test electrode
combinations.

[0027] FIG. 6 is a block diagram iltustrating exemplary components of a
programmer.

[0028] FIG. 7 is a block diagram illustrating exemplary components of an
implantable neurostimulator.

[0029] FIG. 8 is a flow diagram illustrating exemplary operation of a programmer
programming an impldntable neurostimulator.

[0030] FIG. 9 is a flow diagram illustrating exemplary operation of a programmer
testing electrode combinations.

[0031] FIG. 10 is a flow diagram illustrating another exemplary operation of a
programmer testing electrode combinations.

[0032] FIG. 11 is a flow diagram illustrating exemplary operation of programmer
that receives input from a user to shift between electrode combinations in
accordance with the techniques of the invention.

[0033] FIG. 12 is a flow diagram illustrating exemplary operation of a
neurostimulator shifting between electrode combinations while switching
neurostimulation therapy programs.

[0034] FIG. 13 is an exemplary timing diagram illustrating the shifting process
between successive electrode combinations.

[0035] FIG. 14 depicts another exemplary timing diagram illustrating the

interleaving of stimulation energy to subsequent electrode combinations in order to
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provide a smooth shift from a first electrode combination to a second electrode
combination.
[0036] FIG. 15 is a screen illustration showing an exemplary user interface for
configuring a programmer for electrode combination testing.
[0037] FIG. 16 is a screen illustration showing an exemplary user interface for
interacting with a user to calibrate detection and target amplitudes.
[0038] FIG. 17 is a screen illustration showing an exemplary user interface for
interacting with a user to control the shift between a first and second electrode
combination.
[0039] FIG. 18 is a screen illustration showing a series of exemplary user
interfaces for configuring a programmer for electrode combination testing.
[0040] FIG. 19-22 are schematic diagrams illustrating another exemplary
programmer to search stimulation programs for controlling an implantable

_ neurostimulator to test electrode combinations.
[0041] FIG. 23 is an exemplary timing diagram illustrating an alternative process
for shifting stimulation energy between successive electrode combinations.
[0042] FIG. 24 is an exemplary timing diagram illustrating a gradual increase in
stimulation energy delivered via a selected electrode combination in accordance
with the alternative shifting process of FIG. 23.
[0043] FIG. 25 is an exemplary graph illustrating a process for shifting stimulation
energy from a first electrode combination to a second electrode combination in
accordance with the alternative shifting process of FIG. 23.
[0044] FIG. 26 is an exemplary graph illustrating rescaling of the shifting process
of FIG. 25 when a target stimulation amplitude is increased or decreased in
accordance with the alternative shifting process of FIG. 23.
[0045] FIG. 27 is an exemplary graph illustrating the interleaving of stimulation
energy to subsequent electrode combinations in order to provide a smooth shift
from a first electrode combination to a second electrode combination in accordance
with the alternative process of FIG. 23.
[0046] FIG. 28 is a flow diagram illustrating exemplary operation of a programmer
testing electrode combinations in accordance with the alternative process of FIG.
23.



WO 2006/110690 PCT/US2006/013379

[0047] FIG. 29 is a flow diagram illustrating exemplary operation of programmer
that receives input from a user to shift between electrode combinations in
accordance with the alternative process of FIG. 23. .
[0048] FIG. 30 is a flow diagram illustrating exemplary operation of programmer
that receives input from a user to shift between electrode combinations in
accordance with the alternative process of FIG. 23.

[0049] FIG. 31 is a flow diagram illustrating exemplary operation of a
neurostimulator shifting between electrode combinations while switching
neurostimulation therapy programs in accordance with the alternative process of
FIG. 23.

[0050] FIGS. 32-39 are graphs illustrating a shifting process in accordance with
the alternative process of FIG. 23 in conjunction with an exemplary screen shot of
a programmer illustrating a corresponding electrode diagram and stimulation

parameters.

DETAILED DESCRIPTION
[0051] In general, the invention is directed to techniques for shifting between two
electrode combinations during delivery of neurostimulation energy on a time-
interleaved basis. An electrode combination is a selected subset of one or more
electrodes located on one or more implantable leads coupled to an implantable
neurostimulator. The electrode combination also refers to the polarities of the
electrodes in the selected subset. As an illustration, if two leads are provided, and
one lead carries electrodes 0 through 7, and another lead carries electrodes 8-15,
one simple electrode combination is a combination of electrodes 6 and 7, with
electrode 6 as a cathode and electrode 7 as an anode. Another example electrode
combination is electrodes 6, 7 and 14, with electrodes 6 and 7 as anodes and
electrode 14 as a cathode. Any number and polarity of electrodes may be selected
as an electrode combination, provided there is at least one anode and at least one
cathode.
[0052] The techniques described herein may be used during a programming test -
mode, e.g., within a clinic, to shift between different electrode combinations in an

effort to identify efficacious electrode combinations for a patient who has been
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selected as a candidate for stimulation therapy. Also, the techniques may be used
in a screening mode in which the patient is evaluated for chronic implantation of a
stimulator. Additionally, the techniques may. be used for shifting between different
electrode combinations associated with different stimulation programs or program
sets in an operational mode, i.e., in normal usage by the patient after programming
of an implanted stimulator. In each case, the implanted stimulator gradually shifts
from a first electrode combination to a second electrode combination, and so forth,
in incremental steps. ‘

[0053] As will be described, in accordance with some embodiments, a stimulator
incrementally shifts voltage or current amplitude between electrode combinations
in alternating time intervals, i.e., time slots, delivered on a time-interleaved basis.
Each time slot may include one or more pulses of stimulation energy delivered via
one electrode combination. Hence, in a first time slot, one or more stimulation
pulses are delivered via a first electrode combination and, in a second time slot,
one or more stimulation pulses are delivered via a second electrode combination.
Depending on the length of the time slot, and the pulse width and pulse rate of the
stimulation energy, a time'slot may contain one pulse or many pulses. The testing
of programming of electrode combinations can be accelerated to improve the
chances of identifying an electrode combination and parameter settings that yield
efficacious therapy. For SCS involving two leads with eight electrodes each, the
number of electrode combination possibilities is well over 43 million. By directing
the stimulator through a series of incremental voltage or current amplitude shifts,
the speed and ease with which electrode combinations may be tried is increased.
[0054] The incremental shifting of voltage or current amplitude may be controlled
automatically or in response to user input. The user input may specify incremental
forward advancement or reversal of amplitude shifting among a series of
successive electrode combinations. Alternatively, or additionally, the user input
may specify a directional transition from one electrode combination to another. In
each case, the incremental shifting of voltage or current amplitude is simulated by
delivering stimulation energy to different electrode combinations in alternating,
time-interleaved time slots. For example, individual stimulation pulses may be

applied to different electrode combinations on an alternating, time-interleaved
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basis. Alternatively, groups of stimulation pulses may be applied to different
electrode combinations in alternating, time-interleaved time slots. In this manner, a
single stimulation pulse generator may be, in effect, multiplexed across the
electrode combinations. However, the use of multiple stimulation pulse generators
to deliver stimulation energy to different electrode combinations is also possible.
[0055] The amplitude shifting techniques described in this disclosure may provide
arapid way to scan electrode combinations across a lead or set of leads, allowing
the therapeutic effects of the lead to be quickly evaluated. As an example, a
clinician may start with a bipolar electrode combination at the distal end of a lead
and then direct the stimulator to incrementally select other bipolar electrode
combinations along the length of the lead, e.g., from the distal end to the proximal
end. In this manner, the clinician does not need to reset the amplitude and
electrode combination for every step of the process.

[0056] In addition, the amplitude shifting techniques may provide an efficient way
to explore the electrode space defined by a given lead or lead set, allowing many
neighboring therapy options to be tried in quick succession. For example, the
clinician may select a combination of electrodes and then shift the chosen
combination up or down a lead, or left and right between adjacent leads, while the
patient reports perceived efficacy of the combinations, including side effects, if
applicable. Again, a voltage or current amplitude is applied to electrode
combinations in alternating, time-interleaved time slots to simulate gradual
amplitude shifting between the successive electrode combinations. Notably, the
shifting may proceed in forward or reverse so that the clinician may quickly revisit
an electrode combination, if desired.

[0057] The simulation of gradual shifting over a series of time-interleaved time
slots avoids a sudden, full-amplitude jump from one electrode combination to
another, which could be disconcerting to the patient. Instead, amplitudes applied
to electrode combinations during transition from one electrode to another are
incrementally adjusted to produce a sensation of gradual transition for the patient.
In this manner, a programming clinician can rapidly scan through an electrode
combination space during programming. Also, during ordinary operation of the

stimulator, similar technique can be applied to transition between electrode
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combinations associated with programs manually selected by the patient or
automatically selected by the stimulator.

[0058] FIG. 1 is a schematic diagram illustrating an exemplary system 10 for
programming neurostimulation therapy and for delivering neurostimulation therapy
to a patient 12. System 10 includes an implantable neurostimulator 14 that delivers
neurostimulation therapy to patient 12 and a programmer 11 for programming
implantable neurostimulator 14. Neurostimulator 14 delivers neurostimulation
therapy to patient 12 via leads 16A and 16B (collectively “leads 16”). Leads 16
may, as shown in FIG. 1, be implanted proximate to spinal cord 18 of patient 12 to
deliver spinal cord stimulation (SCS) therapy to patient 12. Spinal cord
stimulation may be used, for example, to reduce pain experienced by patient 12.
Although an implantable neurostimulator 14 is described for purposes of
illustration, various embodiments of this disclosure also may be applicable to
external neurostimulators that reside outside the patient’s body, and deliver
stimulation therapy using one of more implanted leads deployed via a percutaneous
port. Leads 16 may also be located at other nerve or tissue sites within patient 12.
In addition, system 10 is not limited to spinal cord stimulation, and may be
applicable to other electrical stimulation applications including pelvic floor
stimulation, deep brain stimulation, cortical surface stimulation, neuronal ganglion
stimulation, gastric stimulation, peripheral nerve stimulation, or subcutaneous
stimulation. Such therapy applications may be targeted to a variety of disorders
such as chronic pain, peripheral vascular disease, angina, headache, tremor,
Parkinson’s disease, epilepsy, urinary or fecal incontinence, sexual dysfunction,
obesity, or gastroparesis.

[0059] Neurostimulator 14 delivers neurostimulation therapy to patient 12
according to one or more neurostimulation therapy programs. A neurostimulation
therapy program may specify an electrode combination and values for a number of
parameters associated with neurostimulation therapy delivered via the electrode
combination. The parameters may include stimulation pulse voltage or current
amplitudes, pulse widths, pulse rates, and other appropriate parameters such as
duration or duty cycle. Leads 16 each include one or more electrodes (not shown

in FIG. 1). The program further specifies an electrode combination in terms of
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electrodes that have been selected to deliver pulses according to the program and
the polarities of the selected electrodes.

[0060] Two parameters for optimization of therapy are the electrode combination
and the stimulation amplitude. The selection of electrodes determines which
tissues are stimulated and, therefore, which physiological effects are perceived.
Stimulation voltage or current amplitude determines the intensity and the extent of
those effects. These electrode combination and stimulation amplitude settings are
tightly coupled. A comfortable stimulation amplitude for one electrode
combination might be uncomfortable or imperceptible for a second electrode
combination.

[0061] Programmer 11 provides a programming interface that simulates the
shifting of stimulation parameters smoothly from one electrode combination to a
second electrode combination in a manner gradual enough to allow adjustments of
amplitude should the sensation become uncomfortable or imperceptible to the
patient during the shifting process. This gradual shifting is accomplished by the
adjustment of stimulation voltage or current amplitudes of two or more electrode
combinations having output pulses or pulse groups that are interleaved in time.
[0062] Neurostimulator 14 may deliver neurostimulation therapy to patient 12
according to a plurality of programs for a single symptom area, such as a number
of leg pain programs. Neurostimulator 14 may have different program parameters
for each of the leg pain programs based on a position of patient 12, an activity rate
of patient 12, or other patient parameters. For example, neurostimulator 14 may
deliver neurostimulation therapy to patient 12 during a first leg pain program using
a first electrode combination when patient 12 is lying down and deliver
neurostimulation therapy to patient 12 using a second leg pain program via a
second electrode combination when patient 12 is standing. In some embodiments,
patient 12 may use programmer 11 to input parameters to indicate posture changes,
such as sitting, standing, or lying down. In other embodiments, neurostimulator 14
may include an orientation device to automatically determine the position of

patient 12. The orientation device may be similar to an accelerometer or

gyroscope.
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[0063] In accordance with this disclosure, neurostimulator 14 is programmed to
simulate a gradual shift between different electrode combinations, either for
program transitions during clinician programming or during normal operation after
programming has been completed. Neurostimulator 14 may shift between different
program electrode combinations using incremental steps. For example, an
amplitude of an initial electrode combination associated with the first program is
incrementally decreased over a series of pulses or time slots, while an amplitude of
the next electrode combination associated with the second program is
incrementally increased over a series of alternating pulses or time slots. In
alternative embodiments, e.g., as described later in this disclosure with respect to
FIGS. 23-39, the first electrode combination may be maintained at a constant target
amplitude until the second electrode combination reaches the target amplitude, at
which time the amplitude of the first electrode combination may be incrementally
decreased while the second electrode combination is maintained at the constant
target amplitude. The first and second programs deliver one or more stimulation
pulses in assigned time slots, such that stimulation energy is delivered by the
electrode combinations on a time-interleaved basis.

[0064] An embodiment in which the amplitudes-of stimulation energy delivered
via the first and second electrode combinations are ramped downward and upward,
respectively, will be described first. Specifically, the amplitudes of the first and
second electrode combinations are ramped downward and upward, respectively, in
incremental steps until the amplitude of the second electrode combination reaches
a target amplitude. The incremental steps can be of fixed size or may vary
according to an exponential, logarithmic or algorithmic change in accordance with
the particular stimulation program. The incremental steps may also vary by a
linear function, power law, or other function. The incremental steps may be taken
automatically or under user control. In addition, the beginning amplitude of any
electrode combination may be a non-zero amplitude. When the second electrode
combination reaches its target amplitude, the first electrode combination associated
with the first neurostimulation therapy program is shut off. These incremental
adjustment techniques support perception of a smooth shift between programs.

The techniques of the invention may further be used to shift between electrode
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combinations associated with program sets. A program set refers to a plurality of
programs for treating different symptom areas that are provided to the patient
virtually simultaneously using time-division multiplexing.

[0065] A programmer user, such as the clinician or patient 12, may use
programmer 11 to program neurostimulation therapy for patient 12. In particular,
the user may use programmer 11 to create neurostimulation therapy programs and
update the neurostimulation therapy programs delivered by neurostimulator 14. As
part of the program creation process, programmer 11 allows the user to evaluate
electrode combinations that enable neurostimulator 14 to deliver neurostimulation
therapy that is desirable in terms of, for example, symptom relief, coverage area
relative to symptom area, and lack of side effects. Programmer 11 may also allow
the user to evaluate electrode combinations that enable neurostimulator 14 to
deliver effective neurostimulation therapy with desirable device performance
characteristics, e.g., low battery consumption.

[0066] Programmer 11 controls neurostimulator 14, e.g., by instructions delivered
via wireless telemetry, to test electrode combinations in order to allow a user to
identify desirable combinations. Programmer 11 controls neurostimulator 14 to
test a number of electrode combinations and allows the user to select particular
electrode combinations that provide efficacious results. Programmer 11 may, for
example, test a pre-defined sequence of electrode combinations, automatically
identify the sequence of electrode combinations to test as the testing process
progresses, or test electrode combinations in respond user input. In each case,
neurostimulator 14 gradually shifts between different electrode combinations, as
described herein.

[0067] As will be described in greater detail below, programmer 11 gradually
shifts stimulation from a first electrode combination to a second electrode
combination by incrementally adjusting stimulation amplitudes of the two
electrode combinations and interleaving one or more output pulses in time.
Although the electrode combinations do not deliver stimulation energy at the same
time, the rate at which pulses or pulse groups in the time slots are interleaved
serves to simulate a smooth shift of stimulation energy between electrode

combinations. In other words, stimulation is delivered on a time-interleaved basis
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in time slots via respective electrode combinations at a sufficiently high frequency
so that the patient perceives an overlap in the physiological effects of the
interleaved time slots.

[0068] Programmer 11 initially programs neurostimulator 14 to gradually shift
from a first electrode combination to a second electrode combination, then from
the second electrode combination to a third electrode combination and so forth,
through an nth electrode combination. The process may continue until an entire or
partial set of electrode combinations is tested, or the physician or patient identifies
a particularly efficacious electrode combination. In either case, the user may
return to electrode combinations that were niarked as particularly efficacious and
optimize the parameter settings for those electrode combinations.

[0069] The shifting feature described herein may be embedded as a single function
within a full featured programmer, which includes the option to program
parameters incorporating traditional programming tools, as well as the diagnostic,
measurement, and other features necessary to manage an implantable
neurostimulator. Alternatively, the shifting feature could be deployed as a stand
alone tool in a clinician programmer or patient programmer. Moreover, the shifting
process may be executed by neurostimulator 14 in response to instructions from a
clinician programmer during programming at a clinic, in response to instructions
from a patient programmer during ordinary, chronic usage of the neurostimulator
by a patient, or in response to instructions generated by a processor within the
neurostimulator itself.

[0070] In some embodiments, the instructions generated by the clinician
programmer or patient programmer may specify each shift increment in the
transition from one electrode combination to another. In other cases, the
instructions generated by clinician programmer or patient programmer may simply
specify movement from one electrode combination to another electrode
combination, or specify selection of a new program that requires such movement.
In this latter case, neurostimulator 14 may execute the full shifting of amplitude
from one electrode combination to another, as instructed by a clinician
programmer or patient programmer, as a series of incremental shifting steps. Asa

further alternative, neurostimulator 14 may execute an electrode combination shift
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automatically, without receiving external instructions, e.g., in response to timing,
patient activity or patient posture triggers that specify program changes in response
to various sensed or tracked events.

[0071] During clinic evaluation of different electrode combinations for
programming of neurostimulator 14, the shift process between subsequent
electrode combinations proceeds under user control. In one embodiment, each
incremental step in the shift may be contingent on input from the user. For
example, programmer 11 may wait for the user to actuate an input device before
performing the next incremental step in the shift. In another embodiment,
programmer 11 may proceed through the incremental steps automatically unless it
receives input from the user. For example, the user may control a dead man
switch, and programmer 11 may cease the incremental steps upon deactivation of
the dead man switch.

[0072] The user may control the sequence of electrode combinations using a time-
domain metaphor, such as that found within compact disc players, or audio or
video tape players. For example, in some embodiments, programmer 11 may
provide input controls similar to play, stop, pause, rewind, and fast forward. These
controls may permit the user to shift forward and backward between electrode
combinations, as well as between incremental amplitude adjustments during
shifting from one electrode combination to another.

[0073] Such controls may be in addition to amplitude, pulse width and rate
adjustment controls, and may be operated by a physician or patient 12.
Alternatively, the user may be able to control the sequence of electrode
combinations using a directional input mechanism, such as a joystick, and a
mapping program that maps the joystick movement to a particular electrode
combination. In either case, programmer 11 shifts between each of the electrode
combinations using shifting techniques described herein.

[0074] Additionally, programmer 11 may provide the user with the ability to
control the overall intensity of the stimulations. Programmer 11 may, for example,
include an input mechanism that allows the user to increase or decrease the
intensity of the stimulations at any point during the shifting process to maintain

comfortable sensations. In response to receiving input to increase or decrease the
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intensity of the stimulation, programmer 11 may adjust the intensity of one or both
of the currently active programs as well as the target amplitude towards which the
stimulation amplitude is progressing.

[0075] Programmer 11 may perform the same process to develop programs for
other symptom areas. After developing a neurostimulation therapy program for all
of the symptom areas of patient 12, programmer 11 assembles the individual
programs into a program set and communicates the program set to neurostimulator
14. The program set may be delivered on a time-interleaved basis. For example,
each program in the program set may be applied at a particular time, followed by
each other program in succession, such that different stimulation parameters, and
potentially different electrode combinations, are activated at different times, on a
time-interleaved basis.

[0076] In order to control neurostimulator 14 to test electrode combinations,
programmer 11 may communicate with neurostimulator 14 via wireless telemetry
techniques known in the art. For example, programmer 11 may communicate with
neurostimulator 14 via an RF telemetry head (not shown) or by local area
telemetry. Information identifying desirable combinations of electrodes identified
by the clinician may be stored as part of the neurostimulation therapy pfo grams.
Neurostimulation therapy programs created by the clinician using programmer 11
may be transmitted to neurostimulator 14 via telemetry, and/or may be transmitted
to another programmer (not shown), e.g., a patient programmer, that is used by
patient 12 to control the delivery of neurostimulation therapy by neurostimulator
14 during daily use.

[0077] Programmer 11 may include different programming modes. In one
programming mode, programmer 11 supports testing of different electrode
combinations and stimulation parameters. In this test mode, programmer 11 may
receive user input and transmit programming signals to neurostimulator 14 to
repeatedly change the electrode combinations, stimulation parameters, or both,
based on the user input. The test mode makes use of the shifting techniques
described herein. In another programming mode, programmer 11 transmits one or
more program groups to neurostimulator 14 for operation. The program groups

specify electrode combinations and stimulation parameters selected based on the
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results obtained during the test mode. Neurostimulator 14 stores the program
groups within internal memory.

[0078] The invention is not limited to the combination of leads 16 shown in FIG.
1. For example, system 10 may include only a single lead or more than two leads
implanted proximate spinal cord 18. Furthermore, the invention is not limited to
the delivery of SCS therapy. For example, one or more leads 16 may extend from
neurostimulator 14 to the brain (not shown) of patient 12, and neurostimulator 14
may deliver deep brain stimulation (DBS) therapy to patient 12 to treat tremor or
epilepsy. As further examples, one or more leads 16 may be implanted proximate
to the pelvic nerves (not shown) or stomach (not shown), and neurostimulator 14
may deliver neurostimulation therapy to treat incontinence or gastroparesis.
[0079] In some embodiments, electrode combination testing may be a continuing
process throughout stimulation therapy. As patient 12 becomes accustomed to the
therapy, the current stimulation programs may become less effective while other
stimulation programs previously deemed ineffective may offer more effective
therapy. To overcome these physiological changes, patient 12 may repeat
electrode combination testing when the current therapy no longer provides relief.
Alternatively, neurostimulator 14 may prompt patient 12 to repeat electrode
combination testing upon unusual stimulation activity or a programmed schedule.
[0080] While programmer 20 of FIG. 1 and other programmers described herein
are described as individual units, a programmer may instead be shown on a touch
screen, or other display, of a larger computer. In other words, programmer 20, or
other programmers, may be virtual programmers that allow a user to interact with
them through the touch screen or other pointing device. Operation of a virtual
programmer may be substantially similar to an individual, or standalone,
programmer.

[0081] FIG. 2 is a schematic diagram illustrating an exemplary programmer 20 for
controlling neurostimulator 14 to test electrode combinations for generating
neurostimulation therapy programs. Programmer 20 includes a display 22 to
display information to a program user (not shown in FIG. 2). Display 22 may, for
example, comprise an LCD or LED display. Programmer 20 also includes a

keypad 24, which may be used by the user to interact with programmer 20.
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[0082] Keypad 24 includes shift control buttons 26, amplitude adjustment buttons
28A and 28B (“amplitude adjustment buttons 28”), and a mark button 29. The
user interacts with programmer 20 via keypad 24 to test electrode combinations in
accordance with the techniques of the invention. In addition to shift control A
buttons 26, amplitude adjustment buttons 28, and a mark button 29, keypad 24 may
include an alphanumeric keypad or additional keys associated with particular
functions.

[0083] Although programmer 20 of FIG. 2 includes a keypad 24, a keypad is not
required. In some embodiments, for example, display 22 may be a touch screen
display, and the user may interact with programmer 20 via the touch screen display
22. The user may also interact with programmer 20 using peripheral pointing
devices, such as a stylus, scroll wheel, mouse, or any combination of such devices,
as well as hard keys or soft keys.

[0084] Programmer 20 controls neurostimulator 14 to test a number of electrode
combinations, and allows the user to identify particular electrode combinations that
provide efficacious results. Programmer 20 may, for example, control
neurostimulator 14 to test a pre-defined sequence of electrode combinations or
include a program for automatically identifying the sequence of electrode
combinations to test. Programmer 20 controls neurostimulator 14 to shift between
each of the electrode combinations by shifting stimulation energy from a first
electrode combination to a second electrode combination in incremental steps on a
time-interleaved basis. Specifically, programmer 20 gradually increases the
amplitude of stimulation of the second electrode combination over a series of
pulses or time slots while concurrently decreasing the amplitude of stimulation of
the first electrode combination over a series of alternating pulses or time slots.
[0085] As described briefly above, the shifting process may be responsive to input
from the user. For example, programmer 20 may require that the user actuate one
of shift control buttons 26 between incremental steps (up/down) in the shift. If the
user does not actuate one of shift control buttons 26, programmer 20 does not
further adjust the amplitudes of the pulses. This feature helps to ensure that patient
12 remains comfortable during the incremental shifting process. If an incremental

shift does result in discomfort to patient 12, a further incremental step would likely
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increase that discomfort. Therefore, requiring the user to actuate shift control
buttons 26 reduces the likelihood of an incremental step being performed to the
further discomfort of patient 12.

[0086] The amplitudes of the first and second electrode combinations are ramped
downward and upward, respectively, until the amplitude of the second electrode
combination reaches a target amplitude. The target amplitude may, for example,
be a strong but comfortable (SBC) level measured during a calibration stage. An
SBC level is a stimulation level at which patient 12 notices a therapeutic
stimulation effect without the therapy inducing pain or discomfort. The first
electrode combination is shut off upon the second electrode combination reaching
the target amplitude, and a subsequent (e.g., third) electrode combination is turned
on.

[0087] The subsequent electrode combination is the next electrode combination of
the pre-defined or calculated electrode combination sequence. The subsequent
electrode combination of the sequence may be an adjacent electrode combination.
Adjacent electrode combinations include electrode combinations generated by
shifting an electrode combination pattern upward or downward on a lead or by
shifting left or right across columns in an array of leads or electrodes. For
example, in a single lead numbered 0 — 7, the bipoles at 0-1 and 2-3 would be
adjacent to the bipole at 1-2. For an array of electrodes or the parallel implant of
linear leads, the bipole at 1-2 in a first column (or first linear lead) would be
considered adjacent to the bipole in the second column at level 1-2.

[0088] The subsequent electrode combinations of the sequence, however, need not
be adjacent electrode combinations. Although shifting between adjacent electrodes
is the most likely use of this shifting feature, this feature could also be used to shift
stimulation gradually between non-adjacent or unrelated combinations. This may
be desirable in the case where the ‘adjacency’ in sensation does not directly
correlate with adjacency on the lead, which may be due to nerve branching or other
anatomical structure. Nonadjacent shifting may simply prove more pleasing to the
patient than the traditional method of stopping one group of settings prior to

beginning stimulation on a second group.
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[0089] When the shifting process is finished, a subset of marked points, i.e.,
electrode combinations and parameters, may be further refined using optimization
tools similar to those described in U.S. Published Patent Application No.
2004/0215288, entitled “Identifying combinations of electrodes for
neurostimulation therapy,” to Lee et al. For example, a number of neighboring
electrode combinations may be selected and evaluated.
[0090] Programmer 20 shifts from the second electrode combination to the third in
the same manner described above. Programmer 20 continues to shift between
subsequent electrode combinations until all of the electrode combinations of the
sequence have been tested. The “up” shift control button 26 serves to shift the
process forward from a first electrode combination to a second electrode
combination in an incremental step.
[0091] For example, upon one actuation of the “up” shift control button 26, the
stimulation amplitude on the first electrode combination decreases by one step,
while the stimulation amplitude on the second electrode combination increases by
one step. In this case, the shift sequence moves forward. Likewise, the “down”
shift control button 26 serves to shift the process backward from the second
electrode combination to the first electrode combination. Upon one actuation of the
“down” shift control button 26, the stimulation amplitude on the first electrode
combination increases by one step, while the stimulation amplitude on the second
electrode combination decreases by one step. In this case, the shift sequence
moves backward.
[0092] In the example of FIG. 2, the user interacts with programmer 20 via mark
button 29 to indicate points at which the parameters of stimulation yield
efficacious results. The user may actuate mark button 29 at any time throughout
the electrode testing sequence. Furthermore, the user may actuate mark button 29
numerous times throughout the electrode testing sequence. Programmer 20 stores
the current parameter values of the stimulations upon actuation of mark button 29.
For example, the programmer 20 may store the amplitude values for each of the
electrode combinations, the current target amplitude, i.e., the SBC level, and other
- parameter values necessary to generate a program in memory. After programmer

20 completes the electrode testing sequence, the user may return to the marked
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settings to optimize the parameters. The user may, for example, switch between
two or more marked settings for the purpose of comparison.

[0093] The user may also interact with programmer 20 via amplitude adjustment
buttons 28 to control the overall intensity of the stimulation. The user may adjust
the overall intensity of the stimulations at any point during the electrode testing
sequence using amplitude adjustment buttons 28. The user may, for example,
actuate the “~” amplitude adjustment button 28B to decrease the overall intensity of
stimulations when the stimulations become uncomfortable. Likewise, the user may
actuate the “+” amplitude adjustment button 28A to increase the overall intensity
of the stimulations when patient 12 can no longer perceive the stimulation or
desires more therapy. In response to actuation of one of amplitude adjustment
buttons 28, programmer 20 adjusts the amplitudes of one or both of the electrode
combinations as well as the target amplitude towards which it is working.
Programmer 20 also may include inputs for pulse width and pulse rate adjustments.
[0094] FIG. 3 is a schematic diagram illustrating another exemplary programmer
30 for controlling neurostimulator 14 to test electrode combinations for generating
neurostimulation therapy programs. Programmer 30 conforms substantially to
programmer 20 illustrated in FIG. 2, but programmer 20 incorporates a different set
of shift control buttons. Shift control buttons 31 include a play button 32, stop
button 34, fast forward button 36, rewind button 38, and pause button 37. Also
included are amplitude adjustment buttons 35A and 35B and mark button 39. With
programmer 30, the user input may be obtained using a time-domain metaphor,
such as that found within compact disc players, or audio or video tape players.
Other input devices with similar forward/rewind functionality, such as a scroll
wheel, may also be used. An example of a scroll wheel is the touch scroll wheel
implemented by the iPod devices manufactured by Apple Computer.

[0095] The user interacts with programmer 30 in a slightly different fashion to
control the shift. Unlike programmer 20, programmer 30 does not require the user
to provide input between each incremental step of the shift. Instead, the user
initiates the electrode combination testing sequence by pressing play button 32.

Programmer 30 incrementally adjusts the stimulation amplitude of subsequent
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electrode combinations in a predefined sequence until the user presses stop button
34.

[0096] In this manner, programmer 30 proceeds through the incremental steps
automatically unless it receives input from the user. The user may also use fast
forward button 36 to move more quickly through the sequence and rewind button
38 to return to a previous location in the sequence. In this way, the user may return
to an electrode combination and parameter setting quickly and repeatedly, if
desired. This feature may be especially useful for the patient in rewinding, or
revisiting, the sequence to reevaluate a point in the sequence observed to provide
efficacy.

[0097] Programmer 30 is not limited to the shift control buttons depicted in FIG. 3.
For example, programmer 30 may include other types of shift control buttons such
as a scroll wheel to allow the user to move through the electrode combination
testing more quickly. Like programmer 20 of FIG. 2, the user may interact with
the programmer to indicate points at which the parameters of stimulation yield
efficacious results using mark button 39 and to control parameters such as
amplitude, pulse width and pulse rate using buttons 35, respectively.

[0098] FIG. 4 is a schematic diagram illustrating another exemplary programmer
40 for controlling neurostimulator 14 to test electrode combinations for generating
neurostimulation therapy programs. Programmer 40 conforms substantially to
programmer 30 illustrated in FIG. 3, but incorporates dead-man switch 42 instead
of a play button 32, stop button 34, fast forward button 36 and rewind button 38.
Programmer 30 incrementally shifts the stimulation energy between successive
electrode combinations in the sequence while dead-man switch 42 is actuated.
Upon release of dead-man switch 42, programmer 40 no longer adjusts the
amplitudes of the electrode combinations. In this manner, the user can start and
stop the shift sequence. Programmer 40 also includes screen 41, amplitude buttons
43A and 43B, and mark button 44, similar to programmers 20 and 30.

[0099] FIG. 5 is a schematic diagram illustrating an exemplary programmer 50 for
controlling neurostimulator 14 to test electrode combinations for generating
neurostimulation therapy programs. Programmer 50 includes a display 52 to

display information to a program user (not shown in FIG. 5). Display 52 may, for
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example, comprise an LCD or LED display. In some embodiments, a touch screen
display may be provided. As shown in FIG. 5, a directional controller 54, a mark
button 56 and amplitude adjustment buttons 58A and 58B (“amplitude adjustment
buttons 58”) are disposed within and/or on programmer 50.

[0100] In the illustrated embodiment, directional controller 54 is a joystick, and
mark button 56 is disposed on an end of directional controller 54. Mark button 56
may be located at any place on directional controller 54 or programmer 50. In
other embodiments, any or all of directional controller 54, mark button 56, and
amplitude adjustment buttons 56 may be software screen objects on a display. For
example, in some embodiments, directional controller 54 may take the form of a
representation of, e.g., a joystick, or up-down and side-to-side arrows, on a touch-
screen display that is capable of being manipulated by a user.

[0101] Programmer 50 generates an output as a function of the direction of
manipulation of directional controller 54. In particular, programmer 50 uses a map
to select combinations of electrodes located on leads 16 as a function of the
direction of manipulation of directional controller 54. Directional controller 54
thus allows a user to provide input to select electrode combinations. In this
manner, the user may manipulate directional controller 54 to search for an
electrode combination that provides effective stimulation to patient 12.

[0102] When the user manipulates directional controller 54 beyond a certain
location to select a new electrode combination, programmer 50 shifts between the
electrode combinations in accordance with the shift techniques described herein.
The amplitudes of the pulses on the first and second electrode combinations are
incrementally ramped downward and upward, respectively, on a time-interleaved
basis over a series of time slots, until the amplitude of the second electrode
combination reaches a target amplitude. The incremental steps in the shift may be
contingent on input from the user or may proceed automatically. For example, the
incremental steps may proceed as a function of the rate or amount of directional
movement indicated by directional controller 54.

[0103] Like programmer 20 of FIG. 2, the user may interact with programmer 50
to indicate points at which the parameters of stimulation yield efficacious results

using mark button 56. In the example of FIG. 5, mark button 56 may be mounted
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on a joystick, e.g., for thumb actuation. Additionally, the user may interact with
programmer 50 to control the overall intensity of the stimulations using adjustment
buttons 58, e.g., for amplitude, pulse width and pulse rate.

[0104] In some embodiments, directional controller 54 may provide force
feedback to the user. For example, certain electrode combinations may cause
discomfort or pain to patient 12. These locations may be pre-pro grammed or
marked once discovered during testing. These locations may be blocked through
the use of feedback in controller 54. In this case, controller 54 may be physically
prevented from moving to defined locations of programmer 50. Alternatively,
electrode combinations associated with specific control 54 locations may not be
turned on when controller 54 is moved to these locations.

[0105] FIG. 6 is a block diagram illustrating an example configuration of a
programmer 60, such as any of programmers 11, 20, 30, 40 and 50 of FIGS. 1-5. A
user may interact with a processor 62 via a user interface 64 in order to identify
efficacious electrode combinations as described herein. User interface 64 may
include a display and one or more input mechanisms. Using programmer 20 of
FIG. 2 as an example, user interface 64 may include display 22, arrow buttons 26,
amplitude adjustment buttons 28, and a mark button 29. Processor 62 may also
provide a graphical user interface (GUI) via user interface 64 to facilitate
interaction with the user. Processor 62 may‘include a microprocessor, a
microcontroller, a DSP, an ASIC, an FPGA, or other equivalent discrete or
integrated logic circuitry.

[0106] Programmer 60 also includes a memory 63. Memory 63 may include
program instructions that, when executed by processor 62, cause programmer 60 to
perform various functions ascribed to programmer 60 herein. As described in
detail above, processor 62 runs a user-controlled test of a sequence of electrode
combinations to identify effective electrode combinations for alleviating symptom
areas. Memory 63 may include any volatile, non-volatile, magnetic, optical, or
electrical media, such as a random access memory (RAM), read-only memory
(ROM), non-volatile RAM (NVRAM), electrically-erasable programmable ROM
(EEPROM), flash memory, or any other digital media.
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[0107] Processor 62 may receive a pre-defined set of electrode combinations to
test from a clinician and store the pre-defined set of electrode combinations in
electrode combination information 68. Alternatively, processor 62 may execute an
electrode combination search algorithm 66 stored within memory 63 to select
individual electrodes or electrode combinations fo test. Processor 62 shifts
between subsequent electrode combinations in accordance with the shifting
techniques described herein.

[0108] In embodiments in which programmer 60 includes a directional controller
for receiving input to select electrode combinations, programmer 60 may further
include a map 76 to select combinations of electrodes located on leads 16 as a
function of the location or direction of movement indicated by manipulation of
directional controller 54. Map 76 may map, for example, X-Y coordinates of
controller 54 to particular combinations of electrodes on leads 16. In this manner,
the user may manipulate directional controller 54 to search for an electrode
combination that provides effective stimulation to patient 34. Alternatively,
controller 54 may indicate a progression between successive electrode
combinations in an array without regard to position, and without the need to map
X-Y coordinates to particular electrode combinations.

[0109] Processor 62 may collect information relating to tested electrode
combinations, and store the information in memory 63 for later retrieval and
review by the user to facilitate identification of desirable electrode combinations.
Neurostimulation therapy programs 70 created by the user may be stored in
memory 63, and information identifying electrode combinations selected by the
user to be utilized for one of programs 70 may be stored as part of the program
within memory 63. Memory 63 may include any volatile, non-volatile, fixed,
removable, magnetic, optical, or electrical media, such as a RAM, ROM, CD-
ROM, hard disk, removable magnetic disk, memory cards or sticks, NVRAM,
EEPROM, flash memory, and the like.

[0110] Processor 62 controls neurostimulator 14 to test selected electrode
combinations by controlling neurostimulator 14 to deliver neurostimulation
therapy to patient 12 via the selected electrode combinations. In particular,

processor 62 transmits programming signals to neurostimulator 14 via a telemetry
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circuit 72. As a sequence of electrode combinations proceeds, the programming
signals may be transmitted at a rate consistent with the control input provided by a
user. In this manner, the user may quickly observe the effects of each increment in
the shift between electrode combinations.

[0111] Additionally, after completion of electrode testing, processor 62 may
transmit one or more of neurostimulation therapy programs 70 created by the
clinician to neurostimulator 14 via telemetry circuit 72, or to another programmer
used by the patient to control delivery of neurostimulation therapy via input/output
circuitry 74. I/O circuitry 74 may include transceivers for wireless
communication, appropriate ports for wired communication or communication via
removable electrical media, or appropriate drives for communication via
removable magnetic or optical media. In other embodiments, processor 62 may
transmit one or more of neurostimulation therapy programs 70 created by the
clinician to neurostimulator 14 during the electrode testing process.

[0112] FIG. 7 is a block diagram illustrating an example configuration of
neurostimulator 14. Neurostimulatpr 14 may deliver neurostimulation therapy via
electrodes 80A-D of lead 16A (FIG. 1) and electrodes 80E-H of lead 16B
(collectively “electrodes 80”). Electrodes 80 may be, for example, ring electrodes.
In the example illustrated in FIG. 7, each of leads 16 includes four electrodes 80
which are implanted such that they are substantially parallel to each other and
spinal cord 18 (FIG. 1), on substantially opposite sides of spinal cord 18, at
approximately the same height relative to spinal cord 18, and oriented such that the
distal ends of leads 16 are higher relative to the spinal cord than the proximal ends
ofleads 16. Such a configuration is commonly used to provide SCS therapy. The
configuration, type, and number of electrodes 80 illustrated in FIG. 7 are merely
exemplary. For example, neurostimulator 14 may include any number of leads that
each has any number of electrodes.

[0113] Neurostimulator 14 includes pulse generator 83, processor 84, telemetry
circuit 86, memory 88, and neurostimulation therapy programs 89A-89N
(“programs 89”) stored in memory 88. Electrodes 80 are electrically coupled to a
switch device 82 via leads 16. Switch device 82 may be a switch array, switch

matrix, multiplexer, or any other type of switching device suitable to selectively
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couple stimulation energy to selected electrodes. Processor 84 controls a pulse
generator 83 to generate stimulation pulses, and controls switch device 82 to
couple the stimulation energy to selected electrodes. Pulse generator 83 is coupled
to electrodes 80 via switch device 82. Pulse generator 83 may be coupled to a
power source, such as a rechargeable or non-rechargeable battery.

[0114]} Processor 84 controls pulse generator 83 to deliver stimulation energy with
parameters specified by one or more of programs 89, such as amplitude, pulse
width, and pulse rate. In addition, processor 84 controls switch device 82 to select
different electrode combinations for delivery of stimulation energy from pulse
generator 83. Processor 84 may include a microprocessor, a controller, a digital
signal processor (DSP), an application specific integrated circuit (ASIC), a field-
programmable gate array (FPGA), or equivalent discrete or integrated logic
circuitry.

[0115] Pulse generator 83 may be a single- or multi-channel pulse generator. In
particular, pulse generator 83 may be capable of delivering a single stimulation
pulse or multiple stimulation pulses at a given time via a single electrode
combination or multiple stimulation pulses at a given time via multiple electrode
combinations. In some embodiments, however, pulse generator 83 and switch
device 82 may be configured to deliver multiple channels on a time-interleaved
basis. In this case, switch device 82 serves to time division multiplex the output of
pulse generator 83 across different electrode combinations at different times to
deliver multiple programs or channels of stimulation energy to the patient.

[0116] For testing of electrode combinations, processor 84 controls
neurostimulator 14 to smoothly shift stimulation energy between different
electrode combinations. Neurostimulator 14 shifts between electrode combinations
of different programs by incrementally adjusting the amplitudes of the electrode
combinations to smoothly shift from one electrode combination to another. For
example, processor 84 may be responsive to changes in programs 89, as received
from a programmer, to control switch device 82 and pulse generator 83 to deliver
stimulation pulses or groups of pulses to different electrode combinations in

successive time slots.
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[0117] In one time slot, for example, processor 84 controls pulse generator 83 to
deliver one or more stimulation pulses with a given amplitude, and controls switch
device 82 to deliver the pulses via a first electrode combination. In the next time
slot, processor 84 controls pulse generator 83 to deliver one or more stimulation
pulses with a different amplitude, and controls switch device 82 to deliver the
pulses via a second electrode combination. Hence, successive time slots contain
stimulation pulses that are delivered at different amplitudes and via different
electrode combinations to simulate a smooth shift of stimulation energy between
the electrode combinations.

[0118] Programmer 60, such as any of programmers 11, 20, 30, 40 and 50 of
FIGS. 1-5, controls neurostimulator 14 to test electrode combinations so that a user
may identify desirable combinations. Programmer 60 controls neurostimulator 14
to test a number of electrode combinations and allows the user to select particular
electrode combinations that provide efficacious results. Telemetry circuit 86
allows processor 84 to communicate with programmer 60 during the electrode
testing process. In particular, processor 84 receives, as updates to programs 89,
values for stimulation parameters such as amplitude and electrode combination,
from the programmer via telemetry circuit 86, and delivers one or more stimulation
pulses according to the received stimulation parameters.

[0119] As described above, processor 84 receives stimulation parameters for at
least two electrode combination interleaved as to provide patient 12 with the
perception of continual stimulation. Processor 84 continues to receive stimulation
patterns from programmer 60 and deliver stimulation pulses to patient 12 until the
entire series of electrode combinations are tested or the user has interacted with the
programmer to stop the testing. Processor 84 may also receive updated program
information created by the user after completion of the electrode testing and update
one or more of programs 89 such that therapy delivery circuit 82 delivers
stimulation pulses according to the updated program.

[0120] In addition to program 89, memory 88 may include program instructions
that, when executed by processor 84, cause neurostimulator 14 to perform various
functions ascribed to the neurostimulator herein. Memory 88 may include any

volatile, non-volatile, magnetic, optical, or electrical media, such as a random
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access memory (RAM), read-only memory (ROM), non-volatile RAM (NVRAM),
electrically-erasable programmable ROM (EEPROM), flash memory, or amy other
digital media.

[0121] FIG. 8 is a flow diagram illustrating exemplary operation of a programmer,
such as programmer 11 of FIG. 1, programming neurostimulator 14 in accordance
with the techniques of the invention. Programmer 11 receives configuration
information from a user (90). The configuration information may relate to
electrode settings and pulse settings. The electrode setting information received by
programmer 11 may include the number of leads, a type of lead for each of the
leads, a lead orientation, a lead positioning, a subset of electrodes over which the
shifting feature should operate, a lead pattern to use, and a starting location (e.g., a
first electrode combination). For example, the lead information may indicate that
the lead is a 1x8 lead, the starting location is the top electrode, and the lead pattern
is the best single cathode combination. The pulse setting information may include
pulse width, rate and rise parameters.

[0122] Programmer 11 may then initiate a calibration sequence with the user to
identify perception and target amplitudes (92). During the calibration sequence,
programmer 11 increases the amplitude of the stimulation on an electrode
combination and marks the amplitude level at which the user first perceives
stimulation, i.e., the perception amplitude or perception amplitude as described
herein, and the amplitude level at which the stimulation is strong but still
comfortable (SBC), i.e., the target amplitude. Programmer 11 may calibrate
perception and target amplitudes for any number of electrode combinations.
Programmer 11 stores the perception and target amplitude values for later use
during the shifting process.

[0123] Programmer 11 begins testing different electrode combinations in
accordance with user input (94). To begin, the user may select the portions of the
lead array over which the shifting feature should operate. For example, the
selected portions may include a single lead, a subset of a single lead, across
multiple leads, or a particular subset of electrodes in an array. The user also selects
an electrode combination, i.e., electrode pattern, to shift about the selected portion

of the lead. The combination could include, for example, a single bipole, a
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guarded cathode combination, a single cathode (in systems that support unipolar
stimulation), or any other combination of one or more electrodes on a lead or
multiple leads. Finally, the user selects a starting point, i.e., the location of the first
electrode combination to be evaluated. The first electrode combination could be at
the end of one lead or at a boundary of a selected subset of an array.

[0124] To begin the shifting process, programmer 11 programs neurostimulator 14
to apply stimulation pulses to patient 12 via the first electrode combination
identified by the user, i.e., the starting location. Programmer 11 ramps the
stimulation amplitude of the first electrode combination upward in incremental
steps until it reaches the target amplitude identified during calibration. Ifno
calibration sequence was performed, the programmer ramps up the stimulation
amplitude of the first electrode combination in incremental steps until the user
identifies a strong but still comfortable (SBC) level, which serves as the target
amplitude level.

[0125] Programmer 11 begins to smoothly transition to a second electrode
combination upon reaching the target amplitude of the first electrode combination.
As discussed above, the incremental steps in the transition may be directly or
indirectly controlled by a user. Programmer 11 shifts to the second electrode
combination in a manner that simulates a smooth shift of stimulation energy for
purposes of patient perception. Although the stimulation energy is not delivered
continuously and simultaneously by the electrode combinations, the rate at which
time slots containing pulses are interleaved causes the patient to perceive a smooth
shift froni the first electrode combination to the next. In particular, the patient
perceives that the physiological effects of the pulses from the different electrode
combinations are occurring on a substantially continuous or overlapping basis.
[0126] Programmer 11 turns on the second electrode combination at a low level of
amplitude and incrementally increases the amplitude of pulses delivered via the
second electrode combination while concurrently decreasing the amplitude of
pulses delivered via the first electrode combination in alternating time slots. The
first electrode combination exists in program 1 (P1), while the second electrode
combination exists in program (P2). Each incremental step may be contingent on

receiving input from the user. In other embodiments, programmer 11
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automatically increments the amplitude of stimulation energy delivered via the
electrode combination over time unless the user provides input indicating
discomfort.

[0127] During the electrode combination testing, programmer 11 receives input
from the user identifying particularly efficacious electrode combinations. After the
electrode combination testing is complete, programmer 11 allows the user to return
to the marked settings and optimize those settings (96). The user may, for
example, be able to return to the marked settings and switch between them for
purposes of comparison.

[0128] Programmer 11 determines whether the program covers all symptom areas
experienced by patient 12 (98). If the electrode combination identified does not
cover all symptom areas, programmer 11 runs the user through another electrode
combination testing session to determine an efficacious electrode combination for
the other symptom areas. Patient 12 may, for example, be experiencing leg pain as
well as lower back pain. The electrode combination testing may be performed for
each of the symptom areas to identify electrode combinations that are particularly
affective for each area of pain. In some embodiments, programmer 11 may repeat
testing the same electrode combinations. In other embodiments, programmer 11
may modify the electrode combinations based upon marked combinations of some
other pre-defined algorithm.

[0129] When programmer 11 identifies electrode combinations for all of the
symptom areas, the programmer assembles a program set that includes programs
for each symptom area (99). As described above, the programs of the program set
each contain a number of stimulation parameters, including the stimulation |
amplitudes and electrode combinations identified during the testing. Programmer
11 programs neurostimulator 14 with the created program set via a telemetry unit.
[0130] As discussed above, stimulation energy is shifted from one electrode
combination to the next electrode combination using a series of incremental steps.
In the first step, stimulation is occurring only on the first electrode combination
using a single channel (program P1) of output from the implantable device. In the
first incremental step of shifting, the system turns on the second combination at a

low level of amplitude and using a second channel of stimulation (program P2).
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These different programs P1, P2 of stimulation are delivered with their pulses or
groups interleaved in alternating time slots, using capabilities available in current
neurostimulators, such that their physiological effects occur simultaneously and
overlap in the perception of patient 12.

[0131] In a simple example, the amplitude at which the second program P2 of
stimulation is introduced could be zero. In a more complex design, the second
program P2 could be introduced at an amplitude equal to the lower threshold, or
amplitude, at which the patient first perceives stimulation. This lower amplitude
could be measured directly from a full calibration, interpolated from a partial
calibration using only a subset of possible electrodes, or estimated as a percentage,
e.g., 40%, of the current SBC level of stimulation.

[0132] In subsequent steps of the shifting process, the amplitude of the first
electrode combination (associated with program P1) is decreased while the
amplitude on the second electrode combination (associated with program P2)is
increased. Step sizes, which may be linear and fixed or vary according to
exponential, logarithmic or algorithmic change, may be dependent on
characteristics of the lead locations and the electrode spacing within a lead. For
example, larger spacing may make a slower rate of change more appropriate. The
number of steps to complete a full shift may vary, although ten steps are provided
for purposes of example.

[0133] The shift is complete when the amplitude of the second combination (P2)
reaches the SBC amplitude at which the first combination began. At this point, the
amplitude (P1) of the first combination has reached either zero or the lower
amplitude, and can be shut off with no loss of patient sensation. At this point, the
shifting process continues from the second combination (now using P2 with a
strong-but-comfortable amplitude) to a third combination adjacent to the second,
reusing the program P1, which becomes available when the first combination is
turned off.

[0134] In some embodiments, at any point during the shifting process, the user can
increase or decrease the intensity of stimulation to maintain comfortable sensations

that are strong enough to evaluate the efficacy of the combinations. When an
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increase or decrease in intensity is initiated by the user, the programmer adjusts
both of the currently active programs as well as the target, or SBC, amplitude.
[0135] The shifting of stimulation energy between successive electrode
combinations may step between adjacent electrode combinations or non-adjacent
electrode combinations. In addition, the shift process may step between similar
electrode patterns or different electrode patterns. For example, the first and second
electrode combinations may share a common pattern of electrodes, but represent a
shifting upward or downward on a lead set.

[0136] As an illustration, for a 2x8 electrode arrangement in which two leads each
carry eight electrodes, and the electrodes on one lead are designated O through 7
from top to bottom, and the electrodes on the other lead are designated 8-15 from
top to bottom, a first combination could be the following: 0+ 1- 2+, where the
number designates the electrode position and the plus or minus designates the
polarity of the electrode.

[0137] In this example, a shift to a second electrode combination could yield the
same pattern but simply move down one electrode position, e.g., 1+ 2- 3+. In other
embodiments, the first and second electrode combinations may have different
patterns, e.g., combination 1 = 0+ 1- and combination 2 = 0+1- 2+, and then
combination 3 = 1+ 2-.

[0138] FIG. 9 is a flow diagram illustrating exemplary operation of a programmer,
such as programmer 11 of FIG. 1, in testing electrode combinations. Electrode
combination testing is performed under user control, with each incremental step
contingent on receiving input from the user. Initially, programmer 11 controls
neurostimulator 14 to select a first electrode combination and delivers a pulse or
group of pulses in a time slot via the first electrode combination (100). The user
may specify which electrode combination programmer 11 should test during initial
configuration.

[0139] Programmer 11 next determines whether it has received input from the user
(102) for an increase in amplitude of the stimulation energy delivered via the first
electrode combination. The user may, for example, be a physician, and the
physician may actuate a button when a patient indicates that the pulse amplitude is

comfortable. In another embodiment, patient 12 may be the user, thereby
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eliminating the need for communication between the physician and patient 12. In
the example of FIG. 9, programmer 11 does not increment the stimulation
amplitude any further until input is received from the user.

[0140] Upon receiving input from the user to indicate that the stimulation
amplitudes are comfortable, programmer 11 determines whether the stimulation
amplitude of the first electrode combination has reached the target amplitude (104).
When the stimulation amplitude of the first electrode combination is below the
target amplitude, programmer 11 increases the amplitude of the stimulation of the
first electrode combination by a step (106), and waits for user input (102).

[0141] When the stimulation amplitude of the first electrode combination reaches
the target amplitude, programmer 11 turns on a subsequent electrode combination
(108). As described above, the subsequent electrode combination may be the next
electrode combination in a pre-defined sequence of electrode combinations.
Alternatively, the next electrode combination may be selected in response to input
from the user, such as time-domain or sequence-domain input identifying a time or
position within a sequence, or planar input identifying a direction or location.
[0142] Programmer 11 decreases the amplitude of the first electrode combination
(110) and increases the amplitude of the subsequent electrode combination by a
single step (112). The step may be a fixed linear step or an exponential or other
algorithmic change such as a logarithm. For example, the first step may be 10% of
the target amplitude. As described above, programmer 11 interleaves time slots
containing one or more stimulation pulses provided to the first electrode
combination and the subsequent electrode combination. The time slots are
interleaved at a frequency that provides the patient with the feeling of a smooth
shift between the electrode combinations.

[0143] Programmer 11 waits to receive user input indicating that the stimulation
amplitude remains comfortable after the step (114). Programmer 11 concurrently
monitors for mark input from the user (116). Mark input may be received when a
user determines that a particular setting is efficacious. Upon receiving mark input,
programmer 11 stores current parameter values (118). For example, programmer
11 may store the amplitude values for each of the electrode combinations, i.e., the

first electrode combination and the subsequent electrode combination.
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Additionally, programmer 11 may store the current target amplitude. Programmer
11 may return to the marked settings at a later time to allow the user to optimize
the parameters.

[0144] Programmer 11 also monitors for amplitude adjustment input from the user
(120). Amplitude adjustment information may be received at any time during the
shifting process. The user can increase or decrease the overall intensity of
stimulation to maintain comfortable sensations that are strong enough to evaluate
the efficacy of the combinations. Programmer 11 adjusts the overall intensity of
the stimulation in response to receiving input from the user (122). For example,
programmer 11 may adjust one or both of the stimulation amplitudes applied to the
first and subsequent electrode combinations as well as the target amplitude toward
which programmer 11 is working.

[0145] Programmer 11 determines whether the amplitude of the subsequent
electrode combination is at the target amplitude (124). If the amplitude of the
subsequent electrode combination has not reached the target amplitude,
programmer 11 adjusts the amplitudes of the previous electrode combination and
the subsequent electrode combination. Specifically, programmer 11 decreases the
amplitude of the previous electrode combination one more step and increases the
amplitude of the subsequent electrode combination one more step. In some
embodiments, the step size may be different between decreasing amplitude or
increasing amplitude. In other words, amplitude may be ramped upwards faster or
slower than amplitude ramped downwards.

[0146] If the amplitude of the subsequent electrode combination has reached the
target amplitude, programmer 11 turns off the first electrode combination (126) and
turns on the next subsequent electrode combination in the sequence (128).
Programmer 11 begins to incrementally shift the two electrode combinations in the
same manner to smoothly transition between them. Programmer 11 tests all the
electrode combinations of the sequence, transitioning between each one in
accordance with the invention. Again, the sequence may be a predefined sequence
of adjacent or nonadjacent electrode combinations, or a sequence that is

dynamically generated in response to input from the user.
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[0147] FIG. 10 is a flow diagram illustrating exemplary operation of a
programmer, such as programmer 11 of FIG. 1, testing electrode combinations in a
predetermined sequence. The electrode combination testing is performed under
user control, with the incremental adjustments occurring automatically until
programmer 11 receives input from the user. Initially, programmer 11 controls
neurostimulator 14 to turn on a first electrode combination and delivers one or
more electrical pulses via the first electrode combination (130). Programmer 11
determines whether it has received input from the user indicating that the
amplitude of the stimulation is uncomfortable (132). The user may, for example,
be a physician, and the physician may actuate a button when a patient indicates that
the stimulation is uncomfortable. When programmer 11 receives input from the
user indicating the amplitude of the stimulation is uncomfortable, programmer 11
stops the automated amplitude adjustments (134).

[0148] When programmer 11 does not receive input from the user, programmer 11
determines whether the stimulation amplitude of the first electrode combination
has reached the target amplitude or SBC level (136). When the stimulation
amplitude of the first electrode combination is below the target amplitude,
programmer 11 increases the amplitude of the stimulation of the first electrode
combination by a step (138). Programmer 11 increases the amplitude by
downloading a program update to the neurostimulator via telemetry. The increases
in amplitude may occur periodically at a rate of one every few seconds, so that
there is sufficient spacing between the amplitude adjustments for the patient to
distinguish different stimulation levels and have time to react in the event
stimulation quickly becomes uncomfortable. In other embodiments, the rate may
be slower or faster.

[0149] When the stimulation amplitude of the first electrode combination reaches
the target amplitude, programmer 11 turns on a subsequent electrode combination
(142). As described above, the subsequent electrode combination may be the next
electrode combination in a pre-defined sequence of electrode combinations. In
some embodiments, the subsequent electrode combination may be an adjacent
electrode combination. Programmer 11 decreases the amplitude of the first

electrode combination (144) and increases the amplitude of the subsequent
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electrode combination by a single step (146). Programmer 11 interleaves the time
slots during which stimulation pulses are provided to the first electrode
combination and the subsequent electrode combination at a frequency that provides
the patient with the feeling of a smooth transition between the electrode
combinations.

[0150] Programmer 11 determines whether it has received input from the user
indicating that the amplitude of the stimulation is uncomfortable after the step
(148). When programmer 11 receives input from the user indicating the amplitude
of the stimulation is uncomfortable, programmer 11 stops the automated amplitude
adjustments (134).

[0151] When programmer 11 does not receive input from the user, programmer 11
determines whether the amplitude of the subsequent electrode combination is at the
SBC level (150). If the amplitude of the subsequent electrode combination has not
reached the SBC level, prograrﬁmer 11 adjusts the amplitudes of the previous
electrode combination and the subsequent electrode combination. Specifically,
programmer 11 decreases the amplitude of the previous electrode combination one
more step and increases the amplitude of the subsequent electrode combination one
more step.

[0152] If the amplitude of the subsequent electrode combination has reached the
target amplitude, programmer 11 turns off the first electrode combination (152) and
turns on the next subsequent electrode combination in the sequence (154).
Programmer 11 begins to incrementally shift the two electrode combinations in the
same manner to smoothly shift between them. Programmer 11 tests the electrode
combinations of the sequence, shifting between each one in accordance with the
invention. Programmer 11 may also concurrently monitor for mark input from the
user for amplitude adjustment input from the user as described in detail in FIG. 9.
[0153] FIG. 11 is a flow diagram illustrating exemplary operation of programmer
that receives input from a user, such as programmer 50 of FIG. 5, shifting between
electrode combinations in accordance with the techniques described herein.
Initially, programmer 50 receives input from a user via controller 54 (160). For
example, controller 54 may be a joystick, and the user may manipulate the joystick

in a particular direction.
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[0154] Programmer 50 maps the manipulation of controller 54 to a particular
electrode combination (162). Programmer 50 may, for instance, access a map that
maps X-Y coordinates of the directional controller to combinations of electrodes
on leads 16. Alternatively, programmer 50 may use input from controller 54 to
select successive electrode combinations, e.g., by array pointers, without regard to
directional or location information. Programmer 50 controls neurostimulator 14 to
turn on the electrode combination identified by the mapping (164). Programmer
50 decreases the amplitude of the first electrode combination (166) and increases
the amplitude of the subsequent electrode combination by a single step (168). As
described above, programmer 50 interleaves the time slots during which
stimulation pulses are provided to the first electrode combination and the
subsequent electrode combination (170).

[0155] Programmer 50 monitors for either mark input or amplitude adjustment
input from the user (172). As described in detail above, mark input may be
received when the user determines that a particular setting is efficacious. Upon
receiving mark input, programmer 50 stores current parameter values, e.g., the
amplitude values for one or both of the electrode combinations as well as the
current target amplitude.

[0156] Amplitude adjustment input may be received at any time during the shifting
process. Programmer 50 adjusts the overall intensity of the stimulation in response
to receiving input from the user by adjusting one or both of the stimulation
amplitudes of the first and subsequent electrode combinations as well as the target
amplitude toward which programmer 50 is working. Hence, in this example, the
controller supports selection of the electrode combination, while separate
amplitude controls may be provided to support incremental adjustment of
amplitude from one electrode combination to another.

[0157] Programmer 50 determines whether the stimulation amplitude of the
mapped electrode combination has reached the target amplitude (174). When the
stimulation amplitude of the mapped electrode combination is below the target
amplitude, programmer 50 decreases the amplitude of the first electrode
combination (166) and increases the amplitude of the subsequent electrode

combination by another step (168). Each incremental adjustment of stimulation
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amplitude may occur automatically, or be contingent on receiving input from the
user.

[0158] If the amplitude of the mapped electrode combination has reached the
target amplitude, programmer 50 turns off the first electrode combination (176). In
this manner, the user may manipulate controller 54 to search for an electrode
combination that provides effective stimulation to patient 12.

[0159] FIG. 12 is a flow diagram illustrating exemplary operation of a
neurostimulator, such as neurostimulator 14 of FIG. 1, shifting between electrode
combinations while switching neurostimulation therapy programs. Initiaﬂy,
neurostimulator 14 receives input identifying the need to switch between programs
(180). Neurostimulator 14 may include one or more detectors that detect variables
such as movement of a patient, heart rate of a patient or the like, and identify the
need to switch between programs based on a change in one of the measured
variables. For example, neurostimulator 14 may include an accelerometer, and
may detect the need to switch programs upon the accelerometer detecting the
patient moving from a lying down position to a standing position. Alternatively,
neurostimulator 14 may receive input from a patient programmer indicating that
the patient would like to change programs, or that the patient will be moving from
a lying down position to a standing up position, and correlate that input with the
need to switch therapy programs.

[0160] Neurostimulator 14 turns on the electrode combination associated with the
new program (182). Neurostimulator 14 decreases the amplitude of the electrode
combination associated with the previous program (e.g., the lying down program)
(184) and increases the amplitude of the electrode combination associated with the
subsequent program (e.g., the standing up program) by an incremental step (186).
As described above, programmer 50 interleaves the time slots during which
stimulation pulses are provided to electrode combinations (187).

[0161] Neurostimulator 14 determines whether the stimulation amplitude of the
electrode combination associated with the new program has reached the target
amplitude (188). When the stimulation amplitude of the electrode combination
associated with the new program is below the target amplitude, neurostimulator 14

decreases the amplitude of the electrode combination associated with the previous
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program (184) and increases the amplitude of the electrode combination associated
with the new program by another incremental step (186). If the amplitude of the
electrode combination associated with the new program has reached the target
amplitude, neurostimulator 14 turns off the electrode combination associated with
the previous program (189).

[0162] FIG. 13 is an exemplary timing diagram 190 illustrating the shifting process
between subsequent electrode combinations. Programmer 11 will be used as an
example. In particular, timing diagram 190 illustrates the testing of three
subsequent electrode combinations, electrode combination 192A, electrode
combination 192B, and electrode combination 192C. Timing diagram 190 is
described in terms of electrode combination testing, but similar timing mechanisms
are utilized to shift between electrode combinations associated with different
neurostimulation programs. In FIG. 13, for purposes of illustration, electrode
combinations 192A, 192B, and 192C are shown as simple +/- combinations of
electrodes on a lead 16. For purposes of illustration, the exemplary progression
between electrode combinations 192A, 192B, 192C is a succession of two
downward shifts of the +/- combination on lead 16.

[0163] Initially, the amplitude of the one or more stimulation pulses delivered by
electrode combination 192A is increased until it reaches a target amplitude (labeled
TA1 in FIG. 13). The amplitude of the stimulation pulses delivered by electrode
combination 192A is increased incrementally, and the incremental increases
proceed under user control. As described above, each incremental step may be
contingent on input from the user or programmer 11 may proceed through the
incremental steps automatically unless it receives input from the user to stop.
[0164] Upon reaching the TA1 threshold, programmer 11 controls the
neurostimulator to turn on electrode combination 192B and gradually shift between
electrode combinations 192A and 192B. In timing diagram 190 illustrated in FIG.
12, the initial amplitude of electrode combination 192B is set at a perception
amplitude (labeled PA2 in FIG. 13). PA2 may, for example, be the lowest
amplitude at which the patient may detect stimulation on that particular electrode
combination. The perception amplitude may, for example, either be detected

during a previous calibration session or may be estimated based on calibration of
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another electrode combination or based on the target amplitude. In some
embodiments in which a perception amplitude is not available, the initial amplitude
of the subsequent electrode combination 192B may be zero.

[0165] Programmer 11 incrementally adjusts stimulation amplitudes of electrode
combinations 192A and 192B and interleaves the output pulses in alternating time
slots such that the patient feels continuous stimulation. Programmer 11
incrementally decreases the amplitude of electrode combination 192A while
concurrently incrementally increasing the amplitude of electrode combination
192B toward TA1 step by step. In timing diagram 190 of FIG. 13, the target
amplitude for electrode combination 192B is the same as 192A. The target
amplitude for each of electrode combinations may be different, however, and may
be tested for during calibration.

[0166] During the amplitude increase on electrode combination 192B, programmer
11 receives input from the user indicating that the stimulation has become
uncomfortable, and the programmer decreases the overall intensity of the
stimulation at arrow 194 in response to the input. As illustrated in timing diagram
190, programmer 11 decreases the target amplitude and the amplitude of the
stimulation pulses applied to electrode combination 192B. In some embodiments,
programmer 11 may additionally decrease the amplitude of the stimulation pulses
applied to the electrode combination whose amplitude is incrementally decreasing
(i.e., electrode combination 192A in this example).

[0167] Programmer 11 continues to incrementally increase the amplitude of the
stimulation pulses delivered to electrode combination 192B toward the reduced
target amplitude (labeled TA2 in FIG. 13). Upon reaching TA2, programmer 11
controls the neurostimulator to shut off electrode combination 192A and turn on
the next subsequent electrode combination, i.e., electrode combination 192C.
Programmer 11 incrementally adjusts stimulation amplitudes of electrode
combinations 192B and 192C in the manner described above. In other
embodiments, a specified period of time may separate the end of combination
192A and the beginning of combination 192C. In this manner, 192B would

operate alone during the transition period. In some embodiments, electrode
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combination 192A may be shut off prior to electrode combination 192B reaching
TA2.

[0168] During the amplitude increase on electrode combination 192C, programmer
11 receives input from the user indicating that the stimulation has become too
weak, and the programmer increases the overall intensity of the stimulation at
arrow 196 in response to the input. As illustrated in timing diagram 190,
programmer 11 increases the target amplitude back to the original target amplitude
(TA1) and also increases the amplitude of the stimulation pulses applied to
electrode combination 192C. Programmer 11 continues to incrementally increase
the amplitude of the stimulation pulse delivered to electrode combination 192C
toward the original target amplitude.

[0169] FIG. 14 depicts another exemplary timing diagram 200 illustrating the
interleaving of time slots containing one or more stimulation pulses delivered by
different electrode combinations in order to provide a smooth shift from a first
electrode combination to a second electrode combination. As described briefly
above, programmer 11 interleaves the time slots at a high enough frequency that
the patient feels a smooth shift from the first electrode combination to the next.
The physiological effects of the stimulation pulses in the alternating time slots
appear to occur almost simultaneously and overlap in the patient’s perception.
[0170] In the example illustrated in timing diagram 200, the entire shift process
proceeds over a ten second interval with the stimulation amplitudes being
interleaved every one-quarter of a second. Programmer 11 controls
neurostimulator 14 to deliver a first stimulation energy via the first electrode
combination for 250 milliseconds, then deliver a stimulation energy via the second
electrode combination for 250 milliseconds, and then deliver stimulation energy
via the first electrode combination for 250 milliseconds and so forth. Hence, the
electrode combinations are assigned respective time slots and interleaved at a
relatively high frequency to simulate a smooth shifting of energy between the
electrode combinations. Within each time slot, multiple pulses of stimulation
energy may be applied, according to the pulse width and rate of the stimulation
energy. In some embodiments, stimulation energy might not be delivered

throughout the entire time slot assigned to a respective electrode combination. For
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example, the stimulation energy may be delivered via the first electrode
combination for only 200 milliseconds of the 250 millisecond time slot. The
remaining 50 milliseconds may be a pause where no stimulation energy is
delivered by any electrode combination. Consequently, in some embodiments,
stimulation may not be delivered during the entire pulse time slot.

[0171] Every incremental step in amplitude is therefore applied to patient 12 for
two seconds. In particular, programmer 11 controls neurostimulator 14 to deliver
stimulation in eight consecutive time slots during each of the amplitude
adjustments, e.g., four time slots of pulses for the first electrode combination at an
associated stimulation amplitude and four time slots of pulses for the second |
electrode combination at an associated stimulation amplitude. The time slots for
the first and second electrode combinations are interleaved such that they alternate
every other time slot. Thus, neurostimulator 14 provides stimulation pulses in a
first time slot via a first electrode combination and stimulation pulses in a second
slot via the second electrode combination. In some embodiments, neurostimulator
14 may deliver more pulses for each electrode combination before adjusting
amplitude. For example, in each time slot, 100 pulses or more may be delivered
for each combination at an associated amplitude before an amplitude adjustment of
each electrode combination is made. Again, the number of pulses provided in a
given time slot will depend on the length of the time slot and the pulse width and
pulse rate, but may range from one pulse per time slot, to several pulses per time
slot, to a few hundred pulses per time slot. In one example, a time slot is
approximately 250 ms in length and carries approximately 250 pulses. In another
example, a time slot is approximately 250 ms in length, and carries 200 pulses as
well as a 50 ms pause before the next time slot.

[0172] The shift between electrodes may occur at different frequencies over
different shift periods, and is thus not limited to a ten second shift period with
pulses being interleaved every 250 milliseconds. For example, programmer 11
may control neurostimulator 14 to deliver only a single pulse or multiple pulses at
each amplitude at each amplitude.

[0173] Timing diagram 200 also illustrates the incremental adjustments made to

the amplitudes of the stimulation pulses associated with each of the electrode
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combinations. In the example illustrated in FIG. 14, the amplitudes of the first and
second electrode combinations are increased and decreased, respectively, by 20%
per step. Programmer 11 may, however, be configured to adjust the amplitudes by
any percentage per step.

[0174] As shown in timing diagram 200, when the amplitude of the first electrode
combination reaches the target amplitude, programmer 11 turns on the second
electrode configuration at the perception amplitude level. The perception
amplitude level in this example is 20% of the target amplitude. Programmer 11
decreases the amplitude of the first electrode combination and increases the
amplitude of the second electrode combination as described in detail above.

[0175] For simplicity, in some instances, delivery of neurostimulation energy via
different electrode combinations may be accomplished by interleaving on a pulse-
by-pulse basis. However, it is not necessary that individual pulses be delivered in
each time slot. Rather, a given electrode combination may deliver multiple pulses
in an assigned time slot for a first electrode combination, followed by delivery of
multiple pulses in the next assigned time slot by a different electrode combination.
Therefore, although delivery of stimulation energy occurs on a time-interleaved
basis, as described herein, each time slot may include a single pulse or multiple
pulses from a given electrode combination.

[0176] FIG. 15 is a screen illustration showing an exemplary user interface 210 for
configuring a programmer for electrode combination testing. Programmer 11 will
be used as an exemplary programmer. User interface 210 may be presented on a
touch screen display or LCD. User interface 210 includes an electrode setting
section 212 and a pulse setting section 214. The user of programmer 11 may
interact with electrode setting section 212 to identify the number of leads
associated with neurostimulator 14 as well as which electrode to start and end with
on each lead. Additionally, the user may interact with electrode setting section 212
to select the portions of each of the leads over which the shifting feature should
operate. Electrode setting section 212 may include additional setting options (not
shown) for the user.

[0177] Pulse setting section 214 includes a number of pull-down menus with

which the user may interact to specify the electrode pattern, the pulse width, the
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rate, and the rise. For example, the user may interact with pulse setting section to
indicate whether the electrode pattern is a single bipole, a guarded cathode
combination, a single cathode, or any other combination.

[0178] FIG. 16 is a screen illustration showing an exemplary user interface 220 for
interacting with a user to calibrate detection and target amplitudes. In the example
illustrated in FIG. 16, user interface 220 includes calibrated detection and target
amplitudes for two electrode combinations. To calibrate detection and target
amplitude for an electrode combination, the user identifies which of the electrode
combinations to calibrate. The user may, for example, use a peripheral pointing
device, such as a stylus, to select one of the electrode combinations. In the
example illustrated in FIG. 16, the user is calibrating electrode combination 2.
[0179] After selecting the particular electrode combination to calibrate, the
amplitude of the one or more stimulation pulses delivered by the selected electrode
combination is incrementally increased. The user identifies the amplitude at which
he/she perceives the stimulation and the amplitude that provides SBC level
stimulation, i.e., the target amplitude. The user may interact with user interface
220 to calibrate any number of the electrode combinations that will be tested.
Although the calibration user interface depicted in FIG. 16 is a single user interface
for calibrating all the electrode combinations, the user may calibrate the electrode
combination using a series of different calibration user interfaces, one for each
electrode combination.

[0180] FIG. 17 is a screen illustration showing an exemplary user interface 230 for
interacting with a user to control the shift between a first and second electrode
combination. User interface 230 may be a touch screen display, and the user may
interact with user interface 230 via the display. The user may also interact with
user interface 230 using peripheral pointing devices, such as a stylus or mouse.
[0181] User interface 230 includes shifting controls 232 for controlling the shift
between the first and second electrode combinations. Shifting controls 232 include
a forward control 234, a back control 236, a jump forward control 238 and a jump
back control 240. In some embodiments, a pause control also may be provided.
The user may interact with shifting controls 232 between each incremental step in

the shift. In this manner, each step in the shift may be contingent on input from the
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user. Alternatively, programmer 11 may proceed through the incremental steps
automatically until the user interacts with shifting controls 232. Jump back control
240 may go directly to the previous marked point, while jump forward control 238
may go directly to the next marked point.

[0182] User interface 230 further includes a mark button 242. Mark button 242
allows the user to indicate settings that provide efficacious results. Upon actuation
of mark button 242, programmer 11 stores the settings, e.g., the amplitudes and
electrode combinations, and the user may return to those setting to fine tune them.
User interface 230 also presents the user with a graph 244 showing the steps of the
shift.

[0183] FIG. 18 is a screen illustration showing a series of exemplary user
interfaces for configuring a programmer, such as programmer 11, for electrode
combination testing. Initially, a user interacts with user interface 250 to select a
lead type, lead orientation, and a lead positioning. The user selects the electrode
configuration information on user interface 250 and moves on to the next user
interface 252. User interface 252 allows the user to select particular electrodes of
the leads to use in testing, the pattern to use, and the starting location of the
electrode testing.

[0184] The user may also select details button 254, which provides the user with
another user interface (not shown in FIG. 18) for specifying amplitude stepping
information, such as pulse width, rate, and amplitude increment information. For
example, the user may input amplitude increment information such as step size and
step rate.

[0185] FIG. 19-22 are schematic diagrams illustrating another exemplary
programmer 254 to search stimulation programs for controlling an implantable
neurostimulator 14 to test electrode combinations. Programmer 254 may be
configured as a clinician programmer and may generally correspond in structure
and function to the programmers shown in FIGS. 2-5. In the example of FIGS. 19-
22, programmer 254 comprises a touch screen display 255 that presents a pair of
leads, each including a set of eight electrodes. For example, a first lead 256
includes electrodes 0-7 and a second lead 258 includes electrodes 8-15. The

orientation of leads 256, 258 in display 255 is such that the distal end of each lead
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is at the top of the display. Display 255 further presents an amplitude adjustment
area 260, a pulse width adjustment area 262 and a frequency adjustment area 264.
A user may select or enter parameter information within areas 260, 262, 264 to
control the parameters of the stimulation energy delivered according to a particular
program. In addition, display 255 presents device 266 in the form of up/down and
side-to-side arrows. A user manipulates device 266 to move a selected pattern of
electrodes up or down along a lead or pair of leads, or side-to-side from one lead to
another. The up/down or side-to-side indication from device 266 may indicate
progression from one electrode combination to another electrode combination in an
array of electrode combinations, e.g., without regard to directional information.
[0186] In the example of FIG. 19, a bipolar combination of electrodes 2 (+) and 3
(-) on lead 256 is to be shifted to a bipolar combination of electrodes 11 (+) and 12
(-) on lead 258. However, the shifting of pulse voltage or current amplitude occurs
on an incremental basis over a series of alternating, time-interleaved time slots. In
a first time slot, prior to shifting, one or more pulses at a full amplitude are
delivered across electrodes 2 and 3 and, in a second time slot, one or more pulses
at no amplitude are delivered across electrodes 11 and 12. In a third slot, at the
start of the shifting process, one or more pulses with a slightly reduced amplitude
are delivered across electrodes 2 and 3 and, in a fourth time slot, a small amplitude
is delivered across electrodes 11 and 12. The process continues until, on
successive time slots, no amplitude is delivered across electrodes 2 and 3 and a full
amplitude is delivered across electrodes 11 and 12. At this point, the incremental
shifting of voltage or current amplitude has been completed, such that stimulation
is shifted entirely from electrodes 2, 3 to electrodes 11, 12. Notably, the reference
to “full” amplitude above does not necessarily mean the maximum amplitude
capable of delivery by neurostimulator 14, but rather the entire target amplitude
established by a user for delivery of stimulation according to a particular program
across a desired electrode combination.

[0187] The shifting of amplitude between electrodes 2, 3, as a first electrode
combination, and electrodes 11, 12, as a second electrode combination, is
performed incrementally. In the example of FIG. 19, each increment of the

. shifting process is responsive to manipulation of device 266 by a user. In
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particular, each time the user touches the right-hand side-to-side arrow of device
266, the amplitude is shifted by one increment to the right, i.e., from electrodes 2, 3
on lead 256 to electrodes 11, 12 on lead 258. To execute each incremental shift in
response to the user input, programmer 254 sends a corresponding command to
neurostimulator 14. As mentioned previously, each incremental shift may be a
fixed amount, or vary in a linear or nonlinear manner. In some embodiments, a
user may press on an arrow continuously to cause programmer 254 to direct

“ neurostimulator 14 through a series of increments. Hence, the user may press an
arrow repeatedly or hold down the arrow to achieve a plurality of shift increments.
In other embodiments, the user may not need to continually press on an arrow to
achieve a plurality of shift increments. One press of an arrow may cause a shift to
the new electrode combination as described until a target amplitude of the new
electrode combination is reached. Once the target amplitude is reached, another
arrow may be pressed to shift to another electrode combination.
[0188] To present the progress of the incremental shifting process to the user,
display 255 may identify the electrodes involved in the process, e.g., by
highlighting, blinking, or colors, or by brackets or parentheses, as shown in FIG.
19. In addition, the progress of the incremental shifting process may be presented
by icons that change their appearance as the shifting process progresses. Prior to
shifting, the current electrode combination is indicated and identified by polarity,
e.g., plus or minus polarity, while the electrode combination to which stimulation
is to be shifted, i.e., the new electrode combination, is not identified yet. At the
start of shifting, the current electrode combination still is identified by plus and
minus icons, depending on actual polarity, while the new electrode combination is
identified by dot icons.
[0189] As the current shifting process proceeds, the plus and minus icons for the
current electrode combination reduce in size, e.g., as shown in FIG. 20. At the
same time, the icons for the new electrode combination progress from dots to small
plus and minus icons. As the amount of amplitude shifted from the current
electrode combination increases, the plus and minus icons for the current and new
electrode combinations become progressively smaller and larger, respectively,

until the plus and minus icons for the current electrode combination are
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transformed into dots, as shown in FIG. 21. Eventually, the dots vanish, leaving
only the large plus and minus icons associated with the new electrode combination.
Hence, display 255 presents the progression of amplitude shifting in terms of a
change in size and/or appearance of icons used to identify the electrodes in the
respective electrode combinations. Other devices may be provided to indicate the
progression of amplitude shifting, however, such as numeric values, percentages,
bar graphs, gauges, meters, hourglasses, and the like.

[0190] FIG. 22 illustrates a scenario in which the shift from one electrode
combination to another requires that a cathode become an anode, or an anode
become a cathode. In the example of FIG. 22, a first electrode combination
including electrodes 1 and 2 is shifted downward on lead 256 to a new electrode
combination including electrodes 2 and 3. In this case, electrode 3 changes
polarity from minus to plus. Display 255 may indicate the progression of the
incremental amplitude shifting process in a manner similar to that described above
with reference to FIGS. 18-21, e.g., by changing the appearance and/or size of the
polarity icons. For an electrode, like electrode 2, that transitions from plus to
minus, display 255 may present a combined plus/minus (+/-) icon that indicates the
mixed status of the electrode during the transition. As the amplitude shifting
progresses, the minus icon will become smaller and the plus icon will become
larger, until the minus icon vanishes entirely, leaving on the full size plus icon.
[0191] FIG. 23 is an exemplary timing diagram 300 illustrating an alternative
process for shifting stimulation energy between successive electrode combinations.
Like the process illustrated in FIG. 13, the process of FIG. 23 shifts stimulation
energy between different electrode combinations. However, the amplitude (current
or voltage) of stimulation energy delivered via an existing electrode combination is
maintained at a substantially constant level while the amplitude of stimulation
energy delivered via another electrode combination is gradually increased.
Accordingly, the amplitudes of the stimulation energy are not simultaneously
decreased and increased for the previous electrode combination and the new
electrode combination, respectively. Instead, the amplitude for the previous
electrode combination is held at a target amplitude level until the amplitude for the

new electrode combination reaches the target amplitude level. The target
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amplitude levels for the previous and new electrode combinations may be the same
or different. The process illustrated in FIG. 23 may be implemented by
programmer 11 in combination with stimulator 14.

[0192] In the example of FIG. 23, timing diagram 300 illustrates the testing of
three subsequent electrode combinations, electrode combination 3024, electrode
combination 302B, and electrode combination 302C. Timing diagram 300 is
described in terms of electrode combination testing, but similar timing mechanisms
may be utilized to shift between electrode combinations associated with different
neurostimulation programs during normal operation of a stimulator 14, In FIG. 23,
for purposes of illustration, electrode combinations 3024, 302B, and 302C are
shown as simple +/- combinations of electrodes on a lead 16. For purposes of
illustration, the exemplary progression between electrode combinations 302A,
302B, and 302C is a succession of two downward shifts of the +/- combination on
lead 16.

[0193] Initially, the amplitude of the one or more stimulation pulses delivered by
electrode combination 302A is increased until it reaches a target amplitude. The
amplitude of the stimulation pulses delivered by electrode combination 302A is
increased incrementally, and the incremental increases proceed automatically or
under user control. As described above, each incremental step may be contingent
on input from the user or programmer 11 may proceed through the incremental
steps automatically unless it receives input from the user to stop.

[0194] Upon reaching the target amplitude threshold, the amplitude of the
stimulation energy delivered via electrode combination 302A levels off to a
substantially constant level corresponding to the target amplitude level. For
transition to another electrode combination 302B, either automatically or under
user control, programmer 11 controls the neurostimulator to turn on electrode
combination 302B. Programmer 11 then controls the stimulator to gradually
increase the amplitude of stimulation energy delivered via electrode combination
302B. While the amplitude is gradually increased for the new electrode
combination 302B, amplitude for the previous electrode combination 302A is

maintained at a substantially constant amplitude level.
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[0195] Hence, the process depicted in FIG. 23 is different from the process of FIG.
13, in which the amplitude for the previous electrode combination is gradually
decreased while the amplitude for the new electrode combination is gradually
increased. Instead, the amplitude for electrode combination 302A remains
substantially constant until the amplitude for the second electrode combination
302B reaches its target amplitude level, which may be the same or different from
the target amplitude level for the previous electrode combination 302A.

[0196] As in the example of FIG. 13, the initial amplitude of electrode combination
302B in FIG. 23 may be set at a perception amplitude, i.e., the lowest amplitude at
which the patient may detect stimulation on that particular electrode combination.
Alternatively, as shown in FIG. 23, the amplitude of electrode combination 302B
(as well as 302A and 302C) may be ramped upward from an amplitude level of
zero. In either case, according to the process shown in FIG. 23, the amplitude of
the previous electrode combination is maintained at a substantially constant level
while the amplitude of the next electrode combination is gradually ramped upward.
[0197] One exception to maintaining the amplitude of the previous electrode
combination at a constant level may arise when the user adjusts the target
amplitude level, in which case, the levels for the previous electrode combination
and new electrode combination may be dynamically rescaled in proportion to the
new target amplitude level. Rescaling when the target amplitude is adjusted will
be described in further detail below with respect to FIG. 26.

[0198] As shown in FIG. 23, programmer 11 incrementally adjusts the stimulation
amplitude of electrode combination 302B and interleaves one or more output
pulses from electrode combination 302A and electrode combination 302B in
alternating time slots. In some embodiments, interleaving of single pulses or
groups of pulses may cause the patient to feel a sensation of substantially
continuous stimulation. Programmer 11 controls the stimulator to maintain the
amplitude of electrode combination 302A substantially constant at the target
amplitude while concurrently incrementally increasing the amplitude of electrode
combination 302B toward the target amplitude step by step.

[0199] Once the amplitude of the new electrode combination 302B reaches the

target amplitude, programmer 11 controls the stimulator to gradually decrease the
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amplitude of the previous electrode combination 302A. Again, programmer 11
may control such amplitude changes automatically or under user control. The
amplitude of the previous electrode combination 302A decreases in multiple steps
over a period of time until it reaches zero, in which case electrode combination
302A is turned “OFF.” At that point, only electrode combination 302B is “ON”
and continues to deliver stimulation energy at the target amplitude level.
[0200] As shown in FIG. 23, the amplitude “curve” for each electrode combination
3024, 302B, 302C may be characterized by a “frontside” region 303A, 303B,
303C, in which the respective electrode combination increases in amplitude from

. the initial level to the target level, a “backside” region 3054, 305B, 305C, in which
the respective electrode combination decreases in amplitude from the target level
to the end level, and a “flat” region 307A, 307B, 307C in which the amplitude of
the respective electrode combination remains substantially constant at the target
amplitude level.
[0201] During the amplitude increase on electrode combination 302B, programmer
11 may receive input from the user indicating that the stimulation has become
uncomfortable, and the programmer decreases the overall intensity of the
stimulation at arrow 194 in response to such input. In some embodiments,
programmer 11 may decrease the target amplitude and the amplitude of the
stimulation pulses applied to electrode combination 302B. Also, programmer 11
may decrease the amplitude of the stimulation pulses applied to the previous
electrode combination whose amplitude is being held constant or incrementally
decreasing (i.e., electrode combination 302A in this example).
[0202] In either case, programmer 11 continues to maintain the amplitude of the
stimulation pulses delivered to electrode combination 302B at the applicable target
level while the amplitude of electrode combination 302A is reduced, eventually to
zero. Then, when a transition from the second electrode combination 302B to a
third electrode combination 302C is desired, programmer 11 controls the
stimulator to maintain the amplitude of electrode combination 302B at a
substantially constant level, and begins to gradually increase the amplitude of

electrode combination 302C in a series of incremental steps.
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!
[0203] When the amplitude of electrode combination 302C reaches a desired target

level, programmer 11 controls the stimulator to gradually reduce the amplitude of
electrode combination 302B. The process continues until the amplitude of
electrode combination 302B reaches zero and the electrode combination 302B is
turned “OFF.” At that point, the amplitude of electrode combination 302C is held
constant until a user changes the target amplitude or a transition to another
electrode combination is completed. The transition process continues for each
electrode combination evaluated by the user, and may terminate upon user
command, when a predetermined sequence of electrode combinations has been
evaluated, or when all permitted electrode combinations have been evaluated.
[0204] During the amplitude increase on electrode combination 302C, programmer
11 may receive input from the user indicating that the stimulation has become too
weak, in which case the programmer may increase the target amplitude level of the
stimulation in response to the input. Asin thé case of intolerable amplitude, an
increase when amplitude is too weak likewise may result in a rescaling of the
amplitude levels of any electrode combinations on which the amplitude is being
increased, decreased or maintained at a constant level.

[0205] In general, as shown in FIG. 23, the first electrode combination 302A
increases to a target amplitude level in a series of incremental steps. As the
amplitude of the second electrode combination 302B gradually increases, the
amplitude of the first electrode combination 302A is held constant. When the
second electrode combination 302B reaches its target amplitude level, however, the
amplitude of the first electrode combination 302A begins to decline.

[0206] Both electrode combinations 302A, 302B are at their target amplitude
levels, which may be the same or different, for a moment before the amplitude of
the first electrode combination 302A begins to decline. Notably, only one of the
electrode combinations 3024, 302B chénges ’it amplitude during each time slot.
Each step, also referred to as a substep, may include one or more time slots.
Hence, the amplitudes of the electrode combinations change on an interleaved
basis in alternating time slots. Each time slot carries a single pulse or multiple

pulses from the respective electrode combination. As a further characteristic of the
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process of FIG. 23, in some embodiments, at least one of the two electrode
combinations is always at its target amplitude level.

[0207] The amplitude curve for each electrode combination may be asymmetric.
In particular, the number of substeps required for the amplitude to increase from
the initial amplitude level (e.g., zero) to the target amplitude level may be greater
than the number of substeps required for the amplitude to decrease from the target
amplitude level to the ending amplitude level. As an illustration, the amplitude for
each electrode combination 302A, 302B or 302C may require nine “forward”
substeps to reach the target amplitude level. The substeps are forward in the
temporal sense. Again, substeps refer to the amplitude increase or decrease in each
time slot allocated to a respective electrode combination 302A, 302B or 302C.
[0208] The existing electrode combination remains at the target amplitude level
until the next electrode combination reaches that target amplitude level, at which
time the amplitude for the existing electrode combination begins to decrease.
Although nine forward substeps are required, per this illustration, for the electrode
combination to reach the target amplitude level, only five forward substeps are
required for the amplitude to be reduced to its final amplitude, e.g., zero. Hence,
with nine forward substeps to reach the target amplitude level, and only five
forward substeps to reach the final amplitude level, the amplitude curve for the
electrode combination can be considered asymmetric in the sense that ascent
requires more substeps than descent.

[0209] In this illustrative example, there may actually be eighteen substeps for
each electrode combination. When the amplitude decreases from the target
amplitude level, however, movements in the “forward” direction may include only
odd- or even-numbered substeps. In other words, even or odd steps may be
skipped as the amplitude decreases from the target amplitude level to the ending
amplitude level. If even substeps are skipped, for example, only five substeps are
required to cover the space of nine substeps, for a total of 14 forward substeps
from start to end, plus any number of time slots during which the electrode
combination may be held at the target amplitude level.

[0210] Notably, programmer 11 may permit the user to transition between

electrode combinations in both forward and reverse. Forward and reverse refer to
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movement along the substep or time axis in FIG. 23. Hence, a user may move
forward by increasing stimulation amplitude on an electrode combination 302C
and then eventually decreasing amplitude upon completion of transition to another
electrode combination 302B. Likewise, the user may move in reverse, e.g., by
increasing amplitude toward the target amplitude level along the backside region
305, decreasing amplitude toward the initial amplitude value along the frontside
region 303, or moving in forward or reverse along the flat region 307. If the user
shifts forward past the point at which the next electrode combination (e.g., 302B)
has reached its target level, forward substeps to decrease the amplitude of the
previous combination (e.g., 302A along backside region 305A) proceed only in
odd-numbered substeps. However, substeps in the “reverse” direction, such that
the amplitude of the previous combination (e.g., 302A along backside region
305A) increases along the backside region 305A, may include every substep. In
this case, the even steps along backside region 305A are not skipped when going in
reverse.

[0211] Consequently, forward and reverse movement along frontside region 303A
requires nine substeps in each direction, while forward movement along backside
region 305A requires five odd substeps (with skipping of even substeps) and
reverse movement along backside region 305A requires all nine even and odd
substeps. Hence, in the example of FIG. 23, the number and size of amplitude
increments during shifting from one electrode combination to another electrode
combination is not necessarily uniform. Although the frontside and backside
regions 303A, 305A of the amplitude curve include eighteen substeps, the number
of substeps is provided for purposes of illustration and should not be considered
limiting of the various embodiments of the invention described in this disclosure.
Rather, different numbers of substeps and different skipping algorithms may be
chosen as deemed appropriate for a given application.

[0212] Programmer 11 may be configured, in some embodiments, to permit a user
to eliminate one of two consecutive electrode combinations upon conclusion of
evaluation of the combinations. With reference to FIG. 23, for example, upon
transitioning between electrode combinations 3024, 302B and 302C, the user may

determine that one of the electrode combination 302B is undesirable or at least no
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more effective than the adjacent electrode combinations 302A and 302C. In this
case, the user may choose to eliminate electrode combination 302B. As a result,
the stimulator applies only one active electrode combination (302A or 302C),
instead of two active combinations in an overlapping manner (e.g., 302A and 302B
or 302B and 302C).
[0213] A single active program draws less energy than two active programs,
promoting increased battery longevity in the stimulator. The user can then
independently refine the stimulation parameters, e.g., amplitude, frequency, pulse
width, and electrode polarity, for each electrode combination 3024, 302C by
determining their independent effects. In this manner, post-processing to eliminate
electrode combinations reduces the number of active programs applied during the
shifting process to promote increased battery life as the user continues to evaluate
refinements to the electrode combinations and associated parameters.
[0214] FIG. 24 is an exemplary timing diagram illustrating a gradual increase in
stimulation energy delivered via a selected electrode combination in accordance
with the alternative shifting process of FIG. 23. The diagram of FIG. 24 represents
the first four substeps 304A, 304B, 304C, 304D of the frontside region of the
amplitude curve for a particular electrode combination. Again, the frontside and
backside region of the amplitude curve may have nine substeps, subject to skipping
of even substeps during forward movement in the backside region.
[0215] In the example of FIG. 24, each substep includes ten stimulation pulses.
Although successive substeps 304A, 304B, 304C, 304D are shown adjacent one
another in time, each substep may be delivered on an alternating basis with a
substep for another electrode combination. If stimulation is delivered
independently via a single electrode combination, however, the substeps may be
delivered successively. In general, the upward progression of substeps 304A,
304B, 304C, 304D defines a smooth frontside curve 303A, with the dots in FIG. 24
representing substep transition points.

© [0216] FIG. 25 is an exemplary graph illustrating a process for shifting stimulation
energy from a first electrode combination to a second electrode combination in
accordance with the alternative shifting process of FIG. 23. FIG. 25 illustrates
transition between electrode combinations 302A and 302B by shifting amplitude.
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In particular, FIG. 25 shows flat region 307A, which represents the maintenance of
the first electrode combination 302A at a substantially constant target amplitude
level while the amplitude for the second electrode combination 302B gradually
increases along front-side region 303B. In addition, FIG. 25 shows flat region
307B of second electrode combination 302B as amplitude for the first electrode
combination 302A gradually decreases along the back-side region 305A.

[0217] In the example of FIG. 25, the front-side and back-side regions are
asymmetrical. Again, the amplitude reduction along the back-side region is
accelerated relative to the amplitude increase along the front-side region. In other
words, the reduction takes less sub-steps than the increase due to sub-step
skipping. In total, it takes fourteen sub-steps to go from one full shift at which first
electrode combination 302A is at the target amplitude level and the next electrode
combination 302B is at its initial amplitude lével, to the next full shift at which the
first electrode combination is at its end amplitude level and the next electrode
combination is at its target amplitude level.

[0218] FIG. 26 is an exemplary graph illustrating rescaling of the shifting process
of FIG. 25 when a target stimulation amplitude is increased or decreased in
accordance with the alternative shifting process of FIG. 23. In the example of FIG.
26, as the amplitude of first electrode combination 302A is held constant at the
target level, and the amplitude of second electrode combination 302B increases
gradually along front-side region 303B, the user increases the target amplitude
level. In response, programmer 11 controls the stimulator to increase the target
amplitude levels, resulting in a rescaling of the amplitude curves upward in the
region identified by reference numeral 311. Following the rescaling, the amplitude
continues along its ordinary course, until the user adjusts the target amplitude level
downward, resulting in a rescaling of the amplitude curves downward in the region
identified by reference numeral 313.

[0219] FIG. 27 is an exemplary graph illustrating the interleaving of stimulation
energy to subsequent electrode combinations in order to provide a smooth shift
from a first electrode combination to a second electrode combination in accordance
with the alternative process of FIG. 23. The white columns show the amplitude of

one or pulses delivered in respective time slots for first electrode combination
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302A. The black columns show the amplitude of one or more pulses in respective
time slots for second electrode combination 302B. FIG. 27 shows a gradual
increase of the amplitude of electrode combination 302B over a series of substeps.
Each substep includes one or more time slots, and each time slot includes one or
more stimulation pulses.

[0220] In the example of FIG. 27, each substep includes three time slots, and the
front-side region include seven sub-steps. The time slots are allocated to for .
delivery of stimulation pulses via electrode combinations 302A and 302B on an
alternating basis. FIG. 27 also shows a gradual decrease in the amplitude of
electrode combination 302A over a series of three sub-steps. The number of sub-
steps and time slots per sub-step are both reduced in FIG. 27, relative to the
numbers discussed above with respect to FIG. 23, for ease of illustration.
Accordingly, an implementation may include more sub-steps and more time slots
per sub-step. In addition, the amplitude increase or decrease per step may be
greater or lesser than that shown in FIG. 27. Also, the sub-steps may progress
along a logarithmic curve, rather than a linear curve.

[0221] FIG. 28 is a flow diagram illustrating exemplary operation of a programmer
testing electrode combinations in accordance with the alternative amplitude
shifting process of FIG. 23. FIG. 28 generally corresponds to FIG. 9, but illustrates
a different approach in which the amplitude of the previous electrode combination
is maintained at a constant level during gradual increase of the amplitude of
another electrode combination. In the example of FIG. 28, electrode combination
testing is performed under user control, with each incremental step contingent on
receiving input from the user. Initially, programmer 11 controls neurostimulator 14
to select a first electrode combination and delivers a pulse or group of pulses in a
time slot via the first electrode combination (306). The user may specify which
electrode combination programmer 11 should test during initial configuration.
[0222] Programmer 11 next determines whether it has received input from the user
(308) for an increase in amplitude of the stimulation energy delivered via the first
electrode combination 302A. The user may, for example, be a physician, and the
physician may actuate a button when a patient indicates that the pulse amplitude is

comfortable. In another embodiment, patient 12 may be the user, thereby
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eliminating the need for communication between the physician and patient 12. In
the example of FIG. 28, programmer 11 does not increment the stimulation
amplitude any further until input is received from the user.

[0223] Upon receiving input from the user to indicate that the stimulation
amplitudes are comfortable, programmer 11 determines whether the stimulation
amplitude of the first electrode combination has reached the target amplitude (310).
When the stimulation amplitude of the first electrode combination 302A is below
the target amplitude, programmer 11 increases the amplitude of the stimulation of
the first electrode combination by a step (312), and waits for user input (308).
[0224] When the stimulation amplitude of the first electrode combination reaches
the target amplitude, programmer 11 turns on a subsequent electrode combination
302B (314). The subsequent electrode combination 302B may be the next
electrode combination in a pre-defined sequence of electrode combinations.
Alternatively, the next electrode combination 302B may be selectgd in response to
input from the user, such as time-domain or sequence-domain input identifying a
time or position within a sequence, or planar input identifying a direction or
location.

[0225] Programmer 11 maintains the amplitude level of the first electrode
combination 302A (316) at a constant target level, and increases the amplitude of
the subsequent electrode combination by a single step (318). The step may be a
fixed linear step or an exponential or other algorithmic change such as a logarithm.
For example, the first step may be 10% of the target amplitude. As described
above, programmer 11 interleaves time slots containing one or more stimulation
pulses provided to the first electrode combination and the subsequent electrode
combination. The time slots are interleaved at a frequency that provides the patient
with the feeling of a smooth shift between the electrode combinations.

[0226] Programmer 11 waits to receive user input indicating that the stimulation
amplitude remains comfortable after step (320). Programmer 11 concurrently .
monitors for mark input from the user (322). Mark input may be received when a
user determines that a particular setting is efficacious. Upon receiving mark input,
programmer 11 stores current parameter values (324). For example, programmer

11 may store the amplitude values for each of the electrode combinations, i.e., the
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first electrode combination and the subsequent electrode combination.
Additionally, programmer 11 may store the current target amplitude. Programmer
11 may return to the marked settings at a later time to allow the user to optimize
the parameters.

[0227] Programmer 11 also monitors for amplitude adjustment input from the user
(326). Amplitude adjustment information may be received at any time during the
shifting process. The user can increase or decrease the overall intensity of
stimulation to maintain comfortable sensations that are strong enough to evaluate
the efficacy of the combinations. Programmer 11 adjusts the overall intensity of
the stimulation in response to receiving input from the user (328). ‘For example,
programmer 11 may adjust one or both of the stimulation amplitudes applied to the
first and subsequent electrode combinations as well as the target amplitude toward
which programmer 11 is working. After adjusting the stimulation amplitudes
(328), the process of FIG. 28 may continue, €.g., on an iterative basis, to evaluate
additional electrode combinations and stimulation parameter values.

[0228] Programmer 11 determines whether the amplitude of the subsequent
electrode combination is at the target amplitude (330). If the amplitude of the
subsequent electrode combination has not reached the target amplitude,
programmer 11 maintains the amplitude of the previous electrode combination
302A at the constant target level, and increases the amplitude of the subsequent
electrode combination 302B. Specifically, programmer 11 increases the amplitude
of the subsequent electrode combination one more step. In some embodiments, as
mentioned above, the step size may be different between decreasing amplitude or
increasing amplitude. In other words, amplitude may be ramped upwards faster or
slower than amplitude ramped downwards.

[0229] If the amplitude of the subsequent electrode combination has reached the
target amplitude level, programmer 11 gradually reduces the amplitude of the first
electrode combination 302A (332) to its end level, e.g., zero, while maintaining the
amplitude of the subsequent combination at substantially the target amplitude.
Although not illustrated in FIG. 28, programmer 11 may gradually reduce the
amplitude of the first electrode combination in a series of increments, while

maintaining the second combination at the target amplitude, in response to a series
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of user inputs. Then, programmer 11 turns on the next subsequent electrode
combination 302C, and maintains the amplitude of the subsequent electrode
combination 302B at the constant target level (316) while the amplitude of the next
electrode combination 302C is increased gradually (318). Programmer 11 tests all
the electrode combinations of the sequence, transitioning between each one in
accordance with the process shown in FIG. 23. Again, the sequence may be a
predefined sequence of adjacent or nonadjacent electrode combinations, or a
sequence that is dynamically generated in response to input from the user.

[0230] FIG. 29 is another flow diagram illustrating exemplary operation of a
programmer that receives input from a user to shift between electrode
combinations in accordance with the alternative process of FIG. 23. FIG. 29
generally corresponds to FIG. 10, but illustrates a different approach in which the
amplitude of the previous electrode combination is maintained at a constant level
during gradual increase of the amplitude of another electrode combination. The
electrode combination testing in FIG. 29 is performed under user control, with the
incremental adjustments occurring automatically until programmer 11 receives
input from the user. |

[0231] Initially, programmer 11 controls neurostimulator 14 to turn on a first
electrode combination 301B and delivers one or more electrical pulses via the first
electrode combination (336). Programmer 11 determines whether it has received
input from the user indicating that the amplitude of the stimulation is
uncomfortable (338). The user may, for example, be a physician, and the physician
may actuate a button or other input media when a patient indicates that the
stimulation is uncomfortable. Alternatively, the patient may actuate such a button.
When programmer 11 receives input from the user indicating that the amplitude of
the stimulation is uncomfortable, programmer 11 stops the automated amplitude
adjustments (340).

[0232] When programmer 11 does not receive input from the user, programmer 11
determines whether the stimulation amplitude of the first electrode combination
has reached the target amplitude or SBC level (342). The SBC level is a strong but
comfortable (SBC) level, measured during a calibration stage, at which patient 12

notices a therapeutic stimulation effect without the therapy inducing pain or
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discomfort. The SBC level determined by calibration may serve as a target level.
Alternatively, a predetermined target level may be used.

[0233] When the stimulation amplitude of the first electrode combination is below
the target or SBC amplitude level, programmer 11 automatically increments the
amplitude of the stimulation of the first electrode combination by a substep (344).
Programmer 11 increases the amplitude by downloading a program update to the
neurostimulator via telemetry. The automatic increases in amplitude may occur
periodically at a rate of one every few seconds, so that there is sufficient spacing
between the amplitude adjustments for the patient to distinguish different
stimulation levels and have time to react in the event stimulation quickly becomes
uncomfortable. In other embodiments, the rate may be slower or faster.

[0234] When the stimulation amplitude of the first electrode combination reaches
the target amplitude, the programmer turns on a subsequent electrode combination
(346). As described above, the subsequent electrode combination may be the next
electrode combination in a pre-defined sequence of electrode combinations. In
some embodiments, the subsequent electrode combination may be an adjacent
electrode combination. Programmer 11 maintains the amplitude of the first
electrode combination (348) at the substantially constant SBC level, and increases
the amplitude of the subsequent electrode combination by a single substep (350).
Programmer 11 interleaves the time slots during which stimulation pulses are
provided to the first electrode combination and the subsequent electrode
combination at a frequency that provides the patient with the feeling of a smooth
transition between the electrode combinations.

[0235] Programmer 11 determines whether it has received input from the user
indicating that the amplitude of the stimulation is uncomfortable after the step
(352). When programmer 11 receives input from the user indicating the amplitude
of the stimulation is uncomfortable, programmer 11 stops the automated amplitude
adjustments (340). When programmer 11 does not receive input from the user,
programmer 11 determines whether the amplitude of the subsequent electrode
combination is at the SBC level (354). If the amplitude of the subsequent electrode

combination has not reached the SBC level, programmer 11 maintains the
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amplitude of the previous electrode combination and incrementally increases the
amplitude of the subsequent electrode combination, e.g., by one substep.

[0236] If the amplitude of the subsequent electrode combination has reached the
SBC amplitude, programmer 11 gradually decreases the amplitude of the first
electrode combination (356), e.g., by substeps to a zero amplitude or some other
amplitude level, while maintaining the level of the second electrode combination,
and then turns on the next subsequent electrode combination in the sequence (358).
Programmer 11 begins to incrementally increases the amplitude of the next
subsequent electrode combination while maintaining the amplitude of the previous
electrode combination in the same manner. Programmer 11 tests the electrode
combinations of the sequence, shifting between each one in accordance with the
alternative technique outlined in FIG. 23. Programmer 11 may also concurrently
monitor for mark input from the user for amplitude adjustment input from the user
as described in detail in FIG. 28.

[0237] FIG. 30 is a flow diagram illustrating exemplary operation of a programmer
that receives input from a user, such as programmer 50 of FIG. 5, shifting between
electrode combinations in accordance with the alternative technique of FIG. 23.
Initially, programmer 50 receives input from a user via controller 54 (359).
Programmer 50 maps the manipulation of controller 54 to a particular electrode
combination (361). As mentioned previously, programmer 50 may, for instance,
access a map that maps X-Y coordinates of the directional controller to
combinations of electrodes on leads 16. Alternatively, programmer 50 may use
input from controller 54 to select successive electrode combinations, e.g., by array
pointers, without regard to directional or location information.

[0238] Programmer S0 controls neurostimulator 14 to turn on the electrode
combination identified by the mapping (363) and gradually increases the amplitude
of the electrode combination to a target level. Programmer 50 maintains the
amplitude of the first electrode combination (365) at the target amplitude, and
gradually increases the amplitude of a subsequent electrode combination by a
single substep (367). As described above, programmer 50 interleaves the time
slots during which stimulation pulses are provided to the first electrode

combination and the subsequent electrode combination (369).
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[0239] Programmer S0 monitors for either mark input or amplitude adjustment
input from the user (371). As described in detail above, mark input may be
received when the user determines that a particular setting is efficacious. Upon
receiving mark input, programmer 50 stores current parameter values, e.g., the
amplitude values for one or both of the electrode combinations as well as the
current target amplitude. Amplitude adjustment input may be received at any time
during the shifting process, which may result in rescaling of the amplitude curves
as described with respect to FIG. 26. Programmer 50 adjusts the overall intensity
of the stimulation in response to receiving input from the user by adjusting one or
both of the stimulation amplitudes of the first and subsequent electrode
combinations as well as the target amplitude toward which programmer 50 is
working.

[0240] Programmer 50 determines whether the stimulation amplitude of the newly
mapped electrode combination has reached the target amplitude (373). When the
stimulation amplitude of the mapped electrode combination is below the target
amplitude, programmer 50 maintains the amplitude of the first electrode
combination (365) at the target level and increases the amplitude of the subsequent
electrode combination by another substep (367). Each incremental adjustment of
stimulation amplitude may occur automatically, or be contingent on receiving input
from the user. If the amplitude of the mapped electrode combination has reached
the target amplitude, programmer 50 gradually decreases the amplitude of the first
electrode combination (375) while maintaining the amplitude of the new electrode
combination at the target level.

[0241] The gradual decreases (375) may be performed automatically, e.g., without
user intervention, at a series of predetermined intervals. Alternatively, each
incremental decrease may be performed in response to a user input. For example,
a user may control progression of the amplitude increases and decreases for the
first and second electrode combinations by a series of user inputs that specify
substeps in amplitude adjustment. In some embodiments, the substeps may be
taken forward or in reverse, as will be described in detail. As an illustration, a user

may click an up, down, forward or reverse arrow repeatedly to increase the
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amplitude of one electrode combination and decrease the amplitude of another
electrode combination in a series of controlled, incremental steps.

[0242] FIG. 31 is a flow diagram illustrating exemplary operation of a
neurostimulator, such as neurostimulator 14 of FIG. 1, shifting between electrode
combinations while switching neurostimulation therapy programs according to the
alternative technique shown in FIG. 23. Initially, neurostimulator 14 receives input
identifying the need to switch between programs (377). As described with
reference to FIG. 12, neurostimulator 14 may include one or more detectors that
detect variables such as movement of a patient, heart rate of a patient or the like,
and identify the need to switch between programs based on a change in one of the
measured variables. Alternatively, neurostimulator 14 may receive input from a
patient programmer indicating that the patient would like to change programs, or
that the patient will be changing position or posture, and correlate that input with
the need to switch therapy programs.

[0243] When neurostimulator 14 switches programs, it turns on the electrode
combination associated with the new program (379). Neurostimulator 14
maintains the amplitude of the electrode combination associated with the previous
program at a substantially constant target level (381) and increases the amplitude
of the electrode combination associated with the subsequent program by an
incremental step (383). Programmer 50 interleaves the time slots during which
stimulation pulses are provided to electrode combinations (385).

[0244] Neurostimulator 14 determines whether the stimulation amplitude of the
electrode combination associated with the new program has reached the target
amplitude (387). If not, neurostimulator 14 maintains the amplitude of the
electrode combination associated with the previous program at the substantially
constant target level (381) and increases the amplitude of the electrode
combination associated with the new program by another incremental substep
(383). If the amplitude of the electrode combination associated with the new
program has reached the target amplitude, neurostimulator 14 gradually reduces
the amplitude of electrode combination associated with the previous program

(389), and eventually turns off the previous electrode combination. Then,
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neurostimulator 14 maintains the amplitude of the current program, and monitors
for the next input identifying a need to switch programs.

[0245] FIGS. 32-39 are graphs illustrating a shifting process in accordance with
the alternative technique of FIG. 23 in conjunction with an exemplary screen shot
400 of a programmer illustrating a corresponding electrode diagram and
stimulation parameters. In particular, FIGS. 32-39 illustrate progress along the
amplitude shifting curves given a sequence of user inputs. In FIGS. 32-39, there
are eighteen substeps, consistent with the example of FIG. 23, because some steps
on the backside region may be skipped when going forward past the midpoint at
which both electrode combinations are at the target level.

[0246] In the example of FIGS. 32-39, electrical stimulation energy is shifted from
a first electrode combination 302A (Lead I: 3-, 4+) to a second electrode
combination 302B (Lead I: 4-, 5+). FIGS. 32-39 show progression of the shifting
process, including forward and reverse progression along the amplitude curves
associated with electrode combinations 302A and 302B. As indicated by arrow
402, FIG. 32 represents the start of the shifting process, at which the amplitude of
electrode combination 302A is at the target level, and the amplitude of electrode
combination 302B is at an initial amplitude level, e.g., zero.

[0247] The programmer screen shot 400 in FIG. 32 illustrates allocation of all
amplitude to the bipolar electrode combination of electrode 3 (-) and electrode 4
(+) onlead I. At this point, there is no progression of amplitude shifting to the next
electrode combination formed by the bipolar electrode combination of electrode 4
(-) and electrode 5 (+). Screen shot 400 includes a diagram of leads and
associated electrodes, current parameter settings, such as voltage or current
amplitude (e.g., 5.0 V), pulse width (e.g., 210 microseconds), and pulse rate (e.g.,
50Hz). Screen shot 400 includes a mark input 406 to permit a patient to mark
particular combinations, and input arrows 408 to permit shifting of stimulation
energy among different electrode combinations.

[0248] FIG. 33 represents the progression of the shifting process to the point that
the amplitude of first electrode combination 302A, which has been maintained at
the target level, and the amplitude of second electrode combination 302B are at the

same target level. The extent of the progression is represented in terms of
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amplitude sub-steps by arrow 402 and arrows 404. Each arrow 404 represent a
single substep. In the example of FIG. 33, the amplitude on electrode combination
302B has progressed nine substeps along the frontside region of the amplitude
curve to the target level. In other words, the user has made nine substeps “down”
the lead I, bringing the shifting program amplitudes for electrode combinations
302A and 302B to the midpoint of the curve, i.e., both are at the target amplitude
[0249] After this midpoint, the amplitude on electrode combination 302A will
begin to gradually decrease. In the screenshot 400 of FIG. 33, the size of the minus
sign on electrode 3 has decreased, electrode 3 presents a combined plus and minus
sign, and a small plus sign is visible in electrode 5, signifying the approximate
midpoint of the transition between electrode combinations 302A and 302B. In
addition, a progress bar 410 is provided to indicated the extent of the transition
between electrode combinations 302A and 302B.

[0250] FIG. 34 represents the progression of the shifting process to the point that
the amplitude of first electrode combination 302A has begun to gradually decrease
along the backside region of its amplitude curve, as indicated by arrow 402A,
while the amplitude of second electrode combination 302B is maintained at the
substantially constant target level, as indicated by arrow 402B. Arrow 404 shows
that the shifting has progressed by eleven substeps. As shown in the example of
FIG. 34, the backside and frontside regions of electrode combinations 302A and
302B, respectively, appear symmetrical. When the amplitude curve is on the
backside region, however, some of the backside substeps may be skipped such that
the backside and frontside regions of electrode combinations 302A and 302B,
respectively, are asymmetrical. In the example of FIG. 34, the progression from
substep 9 to substep 11 represents a single substep, as substep 10 is skipped on the
progression down the backside region. Arrow 405 represents the skipping of
substep 10 so that the amplitude progresses directly from substep 9 to substep 11.
[0251] FIG. 35 represents the progression of the shifting process one more substep
in the forward direction. With skipping of substep 12, the progression of FIG. 35
goes directly from substep 11 to substep 13, as indicated by arrow 407. With
backside skipping, fourteen substeps (nine on the frontside and five on the

backside) bring the progression to the next full step at substep 18). As the
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progression has passed the midpoint, progress bar 410 in screen shot 400 shows the
progress if more than halfway along the length of the bar. In addition, the
appearance of the plus and minus signs on the lead diagram changes. For example,
the size of the minus sign on electrode 3 is diminished, the combined plus/minus
sign on electrode 4 is more predominantly a minus sign, and the plus sign on
electrode 5 is larger.

[0252] FIG. 36 represents the progression of the shifting process when the user
moves one substep in the reverse direction. The sense of “reverse” depends on the
initial movement direction. If the initial movement is to the right, i.e., from
electrode combination 302A to electrode combination 302B, then “reverse”
movements are to the left. Likewise, if the initial movement is to the left, i.e., from
electrode combination 302B to electrode combination 302A, then “reverse”
movements are to the right.

[0253] Although substeps are skipped in the backside region in the forward
direction, substeps are not skipped in the backside region in the reverse direction.
Accordingly, the amplitude curve progresses from substep 13 to substep 12, as
indicated by arrow 409. In this case, the amplitude for electrode combination
402B remains at the target level, but the amplitude for electrode combination 402A
increases by one substep. As shown in the graphs of FIGS. 32-39, amplitude may
be expressed as a percentage of the target amplitude. The progress bar 410 and
lead diagram change in appearance to match the reverse progress along the
amplitude curve.

[0254] FIG. 37 shows progression of the shifting process when the user moves
several additional substeps in the reverse direction, relative to FIG. 36. The reverse
substeps are represented by arrows 411, and move the amplitude to substep 5. At
substep 5, the amplitude for electrode combination 302B is maintained at the
constant target level, while the amplitude for electrode combination 302B is at
approximately 70% of the target amplitude level. In FIG. 37, there is no skipping
of substeps in the reverse direction. Accordingly, each substep corresponds to a
single substep. The progress bar 410 and lead diagram change in screen shot 400
in accordance with the progress repreéented by the amplitude curve in the graphs
of FIG. 37.
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[0255] FIG. 38 shows progression of the shifting process when the user moves
several substeps in the forward direction, from substep 5 to substep 15. The first
four substeps, indicated by reference numeral 412, are single substeps from substep
5 to substep 9. As the substeps extend past substep 9, however, skipping of
substeps applies. Skipping applies in the backside region of the amplitude curve as
amplitude on electrode combination 302A decreases. Hence, the substeps between
substep 9 and substep 15 are double substeps, represented by arrow 414. The
progress bar 410 and lead diagram change in screen shot 400 in accordance with
the progress represented by the amplitude curve in the graphs of FIG. 38.

[0256] FIG. 39 shows completion of the transition of stimulation amplitude from
electrode combination 302A to electrode combination 302B. As shown in FIG. 39,
the amplitude of electrode combination 302B is at the target level, and the
amplitude of electrode combination 302A is at the end level, e.g., zero. Screen
shot 400 illustrates full transition of the amplitude shifting process. For example,
electrodes 4 and 5 on lead I have full-sized minus and plus signs, respectively. In
addition, the progress bar 410 shows progress along the entire length of the bar.
Upon completion of the shifting process, the user may elect to shift amplitude from
electrode combination 302B to another electrode combination, following a course
similar to that shown in FIGS. 33-39.

[0257] Although this disclosure has referred to neurostimulation applications
generally, and spinal cord stimulation applications more particularly, such
applications have been described for purposes of illustration and should not be
considered limiting of the invention as broadly embodied and described herein.
The invention may be more generally applicable to electrical stimulation of tissue,
such as nerve tissue or muscle tissue, and may be applicable to a variety of therapy
applications including spinal cord stimulation, pelvic floor stimulation, deep brain
stimulation, cortical surface stimulation, neuronal ganglion stimulation, gastric
stimulation, peripheral nerve stimulation, or subcutaneous stimulation. Such
therapy applications may be targeted to a variety of disorders such as chronic pain,
peripheral vascular disease, angina, headache, tremor, Parkinson’s disease,
epilepsy, urinary or fecal incontinence, sexual dysfunction, obesity, or

gastroparesis. Also, the invention is not necessarily limited to use with completely
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implanted neurostimulators, and may also be applicable to external stimulators

coupled to implanted leads via a percutaneous port.
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CLAIMS:

1. A method comprising:

delivering electrical stimulation to a patient via a first electrode
combination;

delivering electrical stimulation to the patient via a second electrode
combination on a time-interleaved basis with the electrical stimulation delivered
via the first electrode combination;

incrementally increasing an amplitude of the electrical stimulation
delivered via the second electrode combination while the electrical stimulation
delivered via the second electrode combination is delivered on a time-interleaved
basis with the electrical stimulation delivered via the first electrode combination;
and

incrementally decreasing an amplitude of the electrical stimulation
delivered via the first electrode combination while the electrical stimulation
delivered via the second electrode combination is delivered on a time-interleaved

basis with the electrical stimulation delivered via the first electrode combination.

2. The method of claim 1, further comprising maintaining an amplitude of the
electrical stimulation delivered via the first electrode combination at a target
amplitude level while the amplitude of the electrical stimulation delivered via the

second electrode combination is incrementally increased.

3. The method of claim 2, further comprising maintaining an amplitude of the
electrical stimulation delivered via the second electrode combination at
approximately the target amplitude level while the amplitude of the electrical
stimulation delivered via the first electrode combination is incrementally

decreased.
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4. The method of claim 3, further comprising incrementally decreasing the
amplitude of the electrical stimulation delivered via the first electrode combination
after the amplitude of the electrical stimulation delivered via the second electrode

combination has reached the target amplitude level.

5. The method of claim 1, wherein incrementally shifting the delivery of
stimulation from the first electrode combination to the second electrode
combination comprises incrementally decreasing an amplitude of the stimulation
delivered via the first electrode combination while the amplitude of the stimulation

delivered via the second electrode combination is incrementally increased.

6. The method of claim 5, wherein an external programmer controls the

incremental increases and decreases in response to user input.

7. The method of claim 1, further comprising:

monitoring the amplitude of the stimulation delivered via the second
electrode combination; and

shutting off the stimulation delivered via the first electrode combination
when the amplitude of the stimulation applied to the second electrode combination

reaches a target amplitude level.

8. The method of claim 1, further comprising;:

monitoring the amplitude of the stimulation delivered via the second
electrode combination; and

incremental decreasing the stimulation delivered via the first electrode
combination after the amplitude of the stimulation applied to the second electrode

combination reaches the target amplitude level.
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9. The method of claim 1, further comprising:

receiving input from the user to adjust an overall intensity of the
stimulation delivered via the first and second electrode combinations; and

adjusting the overall intensity, Wherein adjusting the overall intensity of the
stimulation delivered to the first and second electrode combinations comprises
adjusting at least one of an amplitude of the stimulation delivered to the first
electrode combination, an amplitude of the stimulation delivered to the second
electrode combination, a target amplitude level, and a perception amplitude level

of stimulation delivered to a third electrode combination.

10. - The method of claim 1, further comprising:
defining a predefined sequence of electrode combinations; and
shifting the delivery of stimulation among the sequence of electrode

combinations in response to time-domain input from a user.

11.  The method of claim 10, wherein the time-domain input includes actuation

of control inputs including play, rewind, stop and fast-forward inputs.

12. The method of claim 1, further comprising delivering the electrical
stimulation to the first and second electrode combinations via one or more

implantable leads and an implantable stimulation pulse generator.

13.  The method of claim 1, wherein delivering electrical stimulation on a time-
interleaved basis includes delivering electrical stimulation pulses via the first
electrode combination and the second electrode combination on an alternating,

pulse-by-pulse basis.

14.  The method of claim 1, wherein delivering electrical stimulation on a time-
interleaved basis includes delivering multiple electrical stimulation pulses via the
first electrode combination in a series of first time slots and delivering multiple
electrical stimulation pulses via the second electrode combination in a series of

second time slots different from the first time slots.
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15. A system comprising:
a medical device that includes:
one or more electrodes,
a pulse generator to deliver electrical stimulation via the electrodes,
and '
a switch device to couple the stimulation to selected electrodes; and
a programmer that programs the medical device, wherein the programmer
controls the medical device to:
deliver electrical stimulation to a patient via a first electrode
combination,
deliver electrical stimulation to the patient via a second electrode
combination on a time-interleaved basis with the electrical stimulation delivered
via the first electrode combination,
incrementally increase an amplitude of the electrical stimulation
delivered via the second electrode combination while the electrical stimulation
delivered via the second electrode combination is delivered on a time-interleaved
basis with the electrical stimulation delivered via the first electrode combination,
and
incrementally decrease an amplitude of the electrical stimulation
delivered via the first electrode combination while the electrical stimulation
delivered via the second electrode combination is delivered on a time-interleaved

basis with the electrical stimulation delivered via the first electrode combination.

16.  The system of claim 15, wherein the programmer controls the medical
device to maintain an amplitude of the electrical stimulation delivered via the first
electrode combination at a target amplitude level while the amplitude of the
electrical stimulation delivered via the second electrode combination is

incrementally increased.
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17.  The system of claim 16, wherein the programmer controls the medical
device to maintain an amplitude of the electrical stimulation delivered via the
second electrode combination at approximately the target amplitude level while the
amplitude of the electrical stimulation delivered via the first electrode combination

is incrementally decreased.

18.  The system of claim 17, wherein the programmer controls the medical
device to incrementally decrease the amplitude of the electrical stimulation
delivered via the first electrode combination after the amplitude of the electrical
stimulation delivered via the second electrode combination has reached the target

amplitude level.

19.  The system of claim 15, wherein the programmer controls the medical
device to incrementally decrease an amplitude of the stimulation delivered via the
first electrode combination while the amplitude of the stimulation delivered via the

second electrode combination is incrementally increased.

20.  The system of claim 19, wherein the programmer controls the medical
device to incrementally increase and decrease the amplitudes in response to user

input.

21.  The system of claim 15, wherein one of the programmer and the medical
device monitors the amplitude of the stimulation delivered via the second electrode
combination, and the medical device shuts off the stimulation delivered via the first
electrode combination when the amplitude of the stimulation applied to the second

electrode combination reaches a target amplitude level.

22.  The system of claim 15, wherein one of the programmer and the medical
device monitors the amplitude of the stimulation delivered via the second electrode
combination, and the medical device incrementally decreases the stimulation
delivered via the first electrode combination after the amplitude of the stimulation

applied to the second electrode combination reaches the target amplitude level.
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23.  The system of claim 15, wherein the programmer receives input from the
user to adjust an overall intensity of the stimulation delivered via the first and
second electrode combinations, and controls the medical device to adjust the
overall intensity, wherein adjusting the overall intensity of the stimulation
delivered to the first and second electrode combinations comprises adjusting at
least one of an amplitude of the stimulation delivered to the first electrode
combination, an amplitude of the stimulation delivered to the second electrode
combination, a target amplitude level, and a perception amplitude level of

stimulation delivered to a third electrode combination.

24.  The system of claim 15, wherein the programmer controls the medical
device to shift the delivery of stimulation among a predefined sequence of

electrode combinations in response to time-domain input from a user.

25.  The system of claim 24, wherein the time-domain input includes actuation

of control inputs including play, rewind, stop and fast-forward inputs.

26.  The system of claim 15, wherein the medical device includes an
implantable medical device that delivers the electrical stimulation to the first and

second electrode combinations via one or more implantable leads.

27.  The system of claim 15, wherein the programmer controls the medical
device to deliver electrical stimulation on a time-interleaved basis by delivering
electrical stimulation pulses via the first electrode combination and the second

electrode combination on an alternating, pulse-by-pulse basis.

28.  The system of claim 15, wherein the programmer controls the medical
device to deliver electrical stimulation on a time-interleaved basis by delivering
multiple electrical stimulation pulses via the first electrode combination in a series
of first time slots and delivering multiple electrical stimulation pulses via the
second electrode combination in a series of second time slots different from the

first time slots.
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29.  The system of claim 15, wherein the medical device is an implantable

stimulation pulse generator.

30. A medical device comprising:
one or more implantable leads that include a plurality of electrodes;
a pulse generator to deliver stimulation energy;
a switch device to couple the stimulation energy to selected electrodes; and
a processor to control the pulse generator and the switch device to deliver
stimulation to the patient in accordance with a plurality of programs, wherein the
processor controls the pulse generator and the switch device to:
deliver electrical stimulation to a patient via a first electrode
combination,
deliver electrical stimulation to the patient via a second electrode
combination on a time-interleaved basis with the electrical stimulation delivered
via the first electrode combination,
incrementally increase an amplitude of the electrical stimulation
delivered via the second electrode combination while the electrical stimulation
delivered via the second electrode combination is delivered on a time-interleaved
basis with the electrical stimulation delivered via the first electrode combination,
and
incrementally decrease an amplitude of the electrical stimulation
delivered via the first electrode combination while the electrical stimulation
delivered via the second electrode combination is delivered on a time-interleaved

basis with the electrical stimulation delivered via the first electrode combination.

31.  The device of claim 30, wherein the processor controls the pulse generator
to maintain an amplitude of the electrical stimulation delivered via the first
electrode combination at a target amplitude level while the amplitude of the
electrical stimulation delivered via the second electrode combination is

incrementally increased.
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32.  The device of claim 30, wherein the processor controls the pulse generator
to maintain an amplitude of the electrical stimulation delivered via the second
electrode combination at approximately the target amplitude level while the
amplitude of the electrical stimulation delivered via the first electrode combination

is incrementally decreased.

33.  The device of claim 42, wherein the processor controls the pulse generator
to incrementally decrease the amplitude of the electrical stimulation delivered via
the first electrode combination after the amplitude of the electrical stimulation
delivered via the second electrode combination has reached the target amplitude

level.

34.  The device of claim 30, wherein the processor controls the pulse generator
to incrementally decrease an amplitude of the stimulation delivered via the first
electrode combination while the amplitude of the stimulation delivered via the

second electrode combination is incrementally increased.

35.  The device of claim 30, wherein the processor monitors the amplitude of
the stimulation delivered via the second electrode combination, and controls the
pulse generator to shut off the stimulation delivered via the first electrode
combination when the amplitude of the stimulation applied to the second electrode

combination reaches a target amplitude level.

36.  The device of claim 30, wherein the processor monitors the amplitude of
the stimulation delivered via the second electrode combination, and controls the
pulse generator incrementally decreases the stimulation delivered via the first
electrode combination after the amplitude of the stimulation applied to the second

electrode combination reaches the target amplitude level.
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37.  The device of claim 30, wherein the processor controls the pulse generator
to deliver electrical stimulation on a time-interleaved basis by delivering electrical
stimulation pulses via the first electrode combination and the second electrode

combination on an alternating, pulse-by-pulse basis.

38.  The device of claim 30, wherein the processor controls the pulse generator
to deliver electrical stimulation on a time-interleaved basis by delivering multiple
electrical stimulation pulses via the first electrode combination in a series of first
time slots and delivering multiple electrical stimulation pulses via the second
electrode combination in a series of second time slots different from the first time

slots.

39.  The device of claim 30, wherein the medical device is an implantable

stimulation pulse generator.

40. A programmer comprising:

a processor that genefates instructions to control an implantable pulse
generator and deliver stimulation to a patient in accordance with a plurality of
programs, wherein the instructions direct:

delivery of electrical stimulation to a patient via a first electrode
combination,

delivery of electrical stimulation to the patient via a second
electrode combination on a time-interleaved basis with the electrical stimulation
delivered via the first electrode combination,

incremental increases in an amplitude of the electrical stimulation
delivered via the second electrode combination while the electrical stimulation
delivered via the second electrode combination is delivered on a time-interleaved
basis with the electrical stimulation delivered via the first electrode combination,

and
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incremental decreases in an amplitude of the electrical stimulation
delivered via the first electrode combination while the electrical stimulation
delivered via the second electrode combination is delivered on a time-interleaved

basis with the electrical stimulation delivered via the first electrode combination;

and

a telemetry interface to transmit the instructions to the implantable pulse
generator.
41.  The programmer of 40, further comprising a user interface that receives

user input to identify the second electrode combination.

42.  The programmer of claim 41, wherein the processor incrementally
increases and decreases an amplitude of the electrical stimulation in response to a

user input from the user interface.

43.  The programmer of claim 40, wherein the processor controls delivery of the
electrical stimulation via the implantable pulse generator and one or more

implantable leads carrying the electrode combinations.

44.  The programmer of claim 40, wherein the processor controls incremental
shifting of the delivery of stimulation from the first electrode combination to the

second electrode combination over a series of time slots.

45. A method comprising:

delivering electrical stimulation to a patient via a first electrode
combination carried by one or more implantable leads;

delivering electrical stimulation to the patient via a second electrode
combination on a time-interleaved t;asis with the stimulation delivery via the first
electrode combination carried by one or more implantable leads; and

incrementally shifting the delivery of stimulation from the first electrode

combination to the second electrode combination.
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46. A system comprising:
an medical device that includes:
one or more implantable leads that include a plurality of electrodes;
a pulse generator to deliver electrical stimulation; and
a switch device to couple the stimulation to selected electrodes; and
a programmer that programs the medical device, wherein the programmer
controls the medical device to deliver electrical stimulation to a patient via a first
electrode combination, deliver electrical stimulation to the patient via a second
electrode combination on a time-interleaved basis with the stimulation delivered
via the first electrode combination, and incrementally shift the delivery of
stimulation from the first electrode combination to the second electrode

combination.

47. A medical device comprising:

one or more implantable leads that include a plurality of electrodes;

a pulse generator to deliver stimulation energy;

a switch device to couple the stimulation energy to selected electrodes; and

a processor to control the pulse generator and the switch device to deliver
stimulation to the patient in accordance with a plurality of programs, wherein the
processor controls the pulse generator and the switch device to deliver stimulation
to the patient via a first electrode combination and to deliver electrical stimulation
to the patient via a second electrode combination on a time-interleaved basis with
the stimulation delivered via the first electrode combination, and wherein the
processor incrementally shifts the delivery of stimulation from the first electrode

combination to the second electrode combination.
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