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for programming a controller is provided. The controller
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sociated with the electrodes. The programmed stimulation
parameter set is compared with sets of reference stimula-
tion parameters, each of the reference sets of stimulation
parameters being associated with the electrodes. If an
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stimulation parameter set and any one of the reference
stimulation parameter sets exists based on the compari-
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selected as an initial stimulation parameter set. If an iden-
tical match does not exist, a best between the programmed
stimulation parameter set and the reference stimulation
parameter sets is determined and selected as the initial
stimulation parameter set. The controller is then pro-
grammed with a new set of programmable stimulation pa-
rameters based on the initial stimulation parameter set.
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SYSTEM AND METHOD FOR CONVERTING TISSUE STIMULATION PROGRAMS IN

A FORMAT USABLE BY AN ELECTRICAL CURRENT STEERING NAVIGATOR

FIELD OF THE INVENTION
The present invention relates to tissue stimulation systems, and more

particularly, to a system and method for programming an implantable tissue stimulator.

BACKGROUND OF THE INVENTION

Spinal cord stimulation (SCS) is a well-accepted clinical method for reducing pain
in certain populations of patients. Spinal cord stimulator and other implantable tissue
stimulator systems come in two general types: radio-frequency (RF)-controlled and fully
implanted. The type commonly referred to as an “RF” system includes an external RF
transmitter inductively coupled via an electromagnetic link to an implanted receiver-
stimulator connected to one or more leads with one or more electrodes for stimulating
tissue. fhe power source, €.g., a battery, for powering the implanted receive}, as well
as control circuitry to command the receiver-stimulator, is contained in the RF
transmitter—a hand-held sized device typically worn on the patient’s belt or carried in.a
pocket. Data/power signals are transcutaneously coupled from a cable-connected
transmission coil connected to the RF transmitter and placed over the implanted
receiver-stimulator. The implanted receiver-stimulator receives the signal and
generates the stimulation. In contrast, the fully implanted type of stimulatin‘g system
contains' the control circuitry, as well as a power supply, e.g., a battery, all within an
~ implantable pulse generator (IPG), so that once programmed and turned on, the IPG

can operate independently of external hardware. The IPG is turned on and off and
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programmed to generate the desired stimulation pulses from an external portable
programming device using transcutaneous electromagnetic or RF links.

In both the RF-controlled or fully implanted systems, the electrode leads are
implanted along the dura of the spinal cord. Individual wires within one or more
electrode leads connect with each electrode on the lead. The electrode leads exit the
spinal column and attac_:h to one or more electrode lead extensions, when necessary.
The electrode leads or extensions are typically tunneled along the torso of the patient to
a subcutaneous pocket where the receiver-stimulator or IPG is implanted. The RF
transmitter or IPG can then be operated to generate electrical pulses that are delivered,
through the electrodes, to the targeted tissue, and in particular, th-e dorsal column and
dorsal root fibers within the spinal cord. The stimulation creates the sensation known as
paresthesia, which can be characterized as.an alternative sensation that replaces the
paiﬁ signals sensed by the patient. Individual electrode contacts (the “electrodes”) are
arranged in a desired pattern and spacing in order to create an electrode array.

The combination of electrodes used to deliver electrical pulses to the targeted .
tissue constitutes an electrode combination, with the electrodes capable of being
selectively programmed to act as anodes (positive), cathodes (negative), or left off
(zero). In other words, an electrode combination represents the pola.rity being positive,
negative, or zero. Othér parameters that may be controlled or varied in SCS include 'the
amplitude, width, and rate of the electrical pulses provided through the electrode array.

.Each électrode combination, along with the electrical pulse parameters, can be referred

to as a “stimulation parameter set”.
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Amplitude may be measured in milliamps, volts, etc., as appropriate, depending
on whether the system providgs stimulation from current sources or voltage sources. .
With some SCS systems, and in particular, SCS systems with independently controlled
current or voltage sources, the distribution of the current to the electrodes (including the
case of the receiver-stimulator or IPG, which may act as an electrode) may be varied
such that the current is supplied via nhumerous different eléctrode configurations. In
different configurations, the eléctrodes may provide current (or voltage) in different
relative percentages of positive and negative current (or voltage) to create different
fractionalized electrode configurations.

As briefly discussed above, an external control device, such as an RF controller
or portable programming deQice, can be used to inétruct the receiver-stimulator or IPG
to generate electrical stimulation pulses in accordance with the selected stimulation _

A parameters. Typically, the stimulation parameters programmed into the external device,
itself, can be adjusted by manipulating controls on the external device itself to modify
the electrical stimulation provided by the SCS system to the patient. However, the
number of electrodes available, combined with the ability to generate a variety of
complek stimulation pulses, presents a huge selection of stimulation parametgr sets fo
the clinician or patient.

To facilitate such selection, the clinician generally programs the external con’trql
device, and if applicable the IPG, through a computerized programming system. This
programming system can be a self-contained hardware/software system, or can be
defined predominantly by software running on a standard personal computer (PC). The

PC or custom hardware may actively control the characteristics of the electrical
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stimulation generated by the receiver-stimulator or IPG to allow the optimum stimulation
parameters to be determined based on patient feedback and to subsequently program
the RF transmitter or portable programming device with the optimum stimulation
parameters. The computerized programming system may be operated by a clinician
attending the patient in several scenarios. |

For example, in order to achieve an effective result from SCS, the lead or leads
must be pl'aced in a location, such that the electricali stimulation will cause paresthesia.
The paresthesia induced by the stimulation and perceived by the patient should be
located in approximately the same place in the patient’s body as the pain that is the
target of treatment. If a lead is not éorrectly positioned, it is possible that the batient will
receive little or no Ibeneﬂt from an implanted SCS system. Thus, correct lead placement
can mean the difference betwéen effective and ineffective pain therapy. When electrical
leads are in;planted within the patieﬁt, the computerized programming system, in the
context of an opelrating roém (OR) mapping procedure, may be used to instruct the RF
transmitter or IPG to apply eléctrical stimulation to test placement of the leads and/or
electrodes, thereby assuring that the leads and/or electrodes are implanted in effective
locations within the patient.

Once the leads are cdrrectly positioned, a fitting procedure, which may be
referred to as a navigation session, may be performed using the computerized
programming system to program the external control device, and if applicabie the IPG,
with a set of stimulation parameters that best éddresses the painful site. Thus, the
navigation session may be used to pinpoint the stimulation region or areas correlating to

the pain. Such programming ability is particularly advantageous after implantation
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should the leads gradually or unexpectedly move, or in the case of a single-source
system if the relative impedances of the contacts should change in a clinically significant
way, thereby relocating the paresthesia away from the pain site. By reprogramming the
external control device, the stimulation region can often be moved back to the effective
pain site without having to reoperate on the patient in order to reposition the lead and its
electrode array.

One known computerized programming system for SCS is called the Bionic
Navigator®, available from Boston Scientific Neuromodulation, Valencia, California.

The Bionic Navigator® is a software package that Qperates on a suitable PC and allows
clinicians to program stimulation parameters into an external handheld programmer
(referred to as a remote control). Each set of stimulation parameters, including
fractionalized current distribution to the electrodes (as percentage cathodic current,
percentage anodic current, or off), programmed by the'Bionic Navigator® may be stored
| in both the Bionic Navigator® and the remote control and combjned into a stimulation
program that can then be used to stimulate multiple regions within the patiént.

Prior to creating the stimulation programs, the Bionic Navigator® may be
operated by a clinician in a “manual mode” to manually select the percentage'cathodic
current and percentage anodic current ﬂowing through the electrodes, or may be
operated by the clinician in a “navigation mode” to electrically “steer” the current along
the implanted leads in real-time, thereby allowing the clinician to determine the most
efficient stimulation parameter sets that can then be stored and eventually combined

into stimulation programs. In the navigation mode, the Bionic Navigator® can store
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- selected fractionalized electrode configurations that can be displayed to the clinician as
marks representing corresponding stimulation regions relative to the electrode array.
The Bionic Navigator® performs currenf steering in accordance with.a steering or .
navigation table. For example, as shown in Appendix A, an exemplary navigation table,
which includes:a series of reference electrode combinations (for a lead of 8 eiectrodes)
with asso_ciated fractionalized current values (i.e., fractionalized electrode
configurations), can be used to gradually steer electrical current from one basic
electrodé combination to the next, thereby electronically steering the stimulation region
along the leads. The marks can then be created from selected fractionalized electrode
configurations within the navigation table that can be combined with the electrical »pulse
paramete-rs to create one or more stimulation programs .
For example, the navigation table can be used to gradually steer current between

a basic electrode combination consisting of a cathodic electrode 3 and an anqdic
electrode 5 (represented by stimulation set 161) and either a basic electrode
combination consisting of a cathodic electrode 3 and an anodic electrode 1
(represented by stimulation set 141) or a basic electrode combination consisting of a
cathodic electrode 3 and an anodic electrode 6 (represented by stimulation set 181).
That is, electrical current can be incrementally shifted from anodic electrode 5. to the
anodic electrode 1 as one steps upward through the navigation tablé from stimulation
set 161 to stimulation set 141, and from anodic electrode 5 to anodic electrode 6 as oﬁe

steps downward through the navigation table from stimulation set 161 to stimulation set

181. The step size of the current should be small enough so that steering of the current -
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does not result in discomfort to the patient, but should be large enough to allow
refinement of a basic electrode combination in a reasonable amount of time.

Assuming, a current step size of 5% in the navigation table, there are literally
billions of fractionalized electrode configurations that can be selected. However, due to
memory and time constraints, only a limited number of fractionalized electrode
configurations are stored within the navigation table. While this does not necessarily A
create an issue when the remote control is originally programmed by the Bionic
Navigator®, if the remote control is to be reprogrammed; for example, if the patient
returns to a physician’s office to be refitted to improve the stimulation therapy "provided
by the IPG, the clinician may have to start the fitting from scratch when creating marks
in the navigation mode.

In particular, while the remote control is capable of ubloading the stimulation
parameter sets to the Bionic Navigator® to aid in reprogramming the remote control,
they may be different from any stimulation parameter sets that are capable of being
generated using the navigation table due to the limited number of fractionalized
electrode configurations within the navigation table; that is, the fractibnalized electrode

“configurations currently stored in the remote control may not match any fractionalized -
elecfrode configurations stored in the navigation table because they were originally |
generated when the Bionic Navigator® was operated in the manual mode.

In any event, if the stimulation parameter sets uploaded from the remote control
to the Bionic Navigator® do not identically match any stimulation parameter set
corresponding to a fractionalized electrode configuration stored in the navigatfon table, it

cannot be used as a starting point in reprogramming the remote control/IPG. As a
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result, the amount of time required to reprogram the remote control/IPG may be as long
as the amount of time required to originally program the remote control/lPG with the
Bionic Navigator®. Because programming the remote control can be quite complex,
even when the Bionic Navigator® is operated in the navigation mode, the time lost as a
result of having to reprogram the remote control/IPG from scratch, can be quite
~ significant.

There, thus, remains a need for an improved method and system for
reprogramming remote controls and other external devices used to control the electrical

stimulation energy output by implantable devices.

SUMMARY OF THE INVENTION

In accordance with a first aspect of the present inventions, a method of
programming a controller that controls electrical stimulation energy output to a plurality
of electrodes. In one method, the controller is an external controlier (e.g., a
programming device or an RF transmitter) for controlling the stimulation energy output
by an implantable device to the plurality of electrodes, although the controller could
alternatively be an implantable device, such as an implantable pulse generator or
receiver-stimulator. The controller stores a set of programmed stimulation parameters
associated with the electrodes.

The method comprises comparing the programmed stimulation parameter set
with a plurality of sets of reference stimulation parameters. Each of the reference sets
of stimulation parameters is associated with the plurality of electrodes. One exemplary
method comprises uploading the programmable stimulation parameter set from the

controller to a computerized programming system that stores the reference stimulation
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parameter sets. In another exemplary method, the reference stimulation parameter sets
are stored in a navigation table as a series of stimulation parameter sets.

The method comprises determining if an identical match between the
programmed stirﬁulation parameter sét and any one of the reference stimulation
parameter sets exists based on the comparison. If an identical match exists, the
method 6omprises selecting the identically matched stimulation parameter set' asan’
initial stimulation parameter set. If an identical match does not exist, the method
comprises determining a best fit between the programmed stimulation parameter set
and the reference stimulation parameter sets and selecting the best fit stimulation
parameter set as the initial stimulation parameter set.

In one method, the best fit determination comprises prioritizing the electrodes
(e.g., based on magnitudes of stimulation energy independently associated with the
electrodes and/or polarities independently associated with the electrodes), and

~ narrowing the reference stimulation parameter sets down to a single stimulation

| parameter set based on the electrode prioritization, wherein the single stimulation
parameter set is seleéted as the initial stimulation parameter set. The narrowing step .
may, e.g., comprise initially determining a first set of the reference stimulation
parameter sets that best match the programmable stimulation parameter set for the
highest priority electrode, determining a next set of reference stimulation para;neter sets
from the first set of the reference stimulation parameter sets that best match the
programmed stimulation parameter set for the next highest priority electrode, and

repeating this step until the single stimulation parameter set remains.
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In another method, the best fit determination comprises deriving a first set of data
points from the programmed stimulation parameter set, and derivihg a second set of
" data points from each of the reference stimulation parameter sets. Each data‘ point in
the first and second sets of data points may represent, e.g., a magnitude of stimulation
energy associated with a respecti\)e one of the plurality of electrodes, or a voltage as é
neural activation function of the plurality of electrodes. The best fit determination further
comprises computationally comparing the first set of data points with each of the second
sets of data points (e.g., using a comparison function selected from the group consisting
of a correlation coefficient function, a least squares based functioh, and a cross-
correlation function), and selecting one of the reference parameter sets as the initial
~ stimulation parameter'set based on the comparison. The data points associated with a
subset or all of the electrodes may be compared. |

The method further comprises programming the controller with a new set of
. programméble stimulation parameters based on the initial stimulation parameter set.
. An optional method comprises deriving an effective stimulation parameter set from the
initial stimulation parameter set, wherein the effective stimulatic;n parameter sét is
selected as the new programmable stimulation set. The derivation of the effective .
stimulation parameter set may, e.g., comprise gradually changing the initial stimulatioﬁ
parameter set to the effective stimulation parameter set while stimulating tissue (e.g.,
| neural fiséue, such as spinal cord tissue) of a patient in accordance with the gradually
changing stimulation parameter set. For example, the initial stimulation parameter set
may comprise a first electrical current values for a plurality of electrodes, the effective

stimulation parameter set may comprise second electrical current values for the plurality
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of electrodes, in which case, the initial stimulation parameter set can be gradually

| , cHanged to the effective stimulation parameter set by gradually shifting the first
electrical current values to the second electrical current values. This shifting may occur
| with the pulses from both stimulation parameter sets being either simultaneous or
interleaved in time. Each of the first and second electrical current values may be, e.g.,
fractionalized electrical current values.

-In accordance with a second aspect of the present inventions, a computer
readable medium for programming a controller that controls electrical stimulation energy
output to a plurality of electrodes is provided. The controller stores a set of
programmed stimulation parameters associated with the plurality of electrodes. The '
medium contains instructions, which when executed, comprise performing the steps
described above.

In accordance with a third aspect of the present inventions, a tissue stihulation
system is provided. The system comprises a plurality of electrodes configured for being
placed in contact with tissue of a patient, an implantable device configured for
conveying electrical stimulation energy to the plurality of electrodes, thereby creating a
stimulation region in the tissue, an external controller configured for controlling the |
stimulation energy output by the implantable device to the plurality of electrodes in
accordance with a set of programmed stimulation parameters, and a computerized
programming system configured for performing the steps described above.

Other and further aspects and features of the invention will be evident from
reading the following detailed description of the preferred embodiments, which are

intended to illustrate, not limit, the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate the design and utility of preferred embodiments of the
présent invention, in which similar elements are referred to by common reference
" numerals. In order to better appreciate how the above-recited and other advantages
and objects of the present inventioﬁs are obtained, a more particular description of the
presént inventions brieﬂy described above will be rendered by reference to specific
embodiments thereof, which are illustrated in the accompanying drawings.
- Understanding that these drawings depict only typical embodiments of the invention and
are not therefore to be considered limiting of its scope, the invention will be described
and 'explained with additional specificity and detail through the use of the accompanying
drawings in which: |

Appendix A is an exemplary navigation table containing different fractionalized
electrode combinations that can be used in a Spinal Cord Stimulation (SCS) system;

Fig. 1 is perspective view éf one embodiment of a SCS system ari‘anged in
accordance with the present inventions;

Fig. 2 is a plan view of the SCS system of Fig. 2 in use with a patient;

Fig. 3 is a side view of an implanta}ble pulse generator and a pair of stimulation
leads that can be used in the SCS system of Fig. 1;

Fig. 4 is a plan view of a remote control that can be used in the SCS system of.
Fig. 1; |

Fig. 5 is a block diagram of the internal componentry of the remote control of Fig.
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Fig. 6 is a block diagram of the components of a computerized programming
. system that can be used in the SCS system of Fig. 1;

Fig. 7 is a start screen that can be displayed by the computerized prog‘ramming
system of Fig. 6,

Fig. 8 is a patient profiles screen that can be displayed by the computerized
programming system of Fig. 6;

Fig. 9 is a lead configuration screen that can be displayed by the‘ computerized
programming system of Fig. 6;

Fig. 10 is a lead orientation screen that can be displayed by the computerized
programming system of Fig. 6;

Fig. 11 is a first operating room mapping screen that can be displayed by the
computerized programming system of Fig. 6; |

Fig. 12 is a second operating room mapping screen that can be displayed by the
computerized programming system of Fig. 6, particularly showing a first fractionalized
electrode configuration in the E-Troll mode;

Fig. 13 is a third operating room mapping screen that can be displayed. by the
computerized programming system of Fig. 6, particularly showing a second
fractionalized electrode configuration in the E-troll mode;

Fig. 14 is a fourth operating room mapping screen that can be displayed by the
computerized programming system of Fig. 6, particularly showing a third fractionalized

electrode configuration in the E-troll mode;
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Fig. 15 is a fifth operating room mapping screen that can be displayed by the
computerized'programming system of Fig. 6, particula'rly showing an electrode
combination in a manual mode;

Fig. 16 fs a first manual programming screen that can be displayed by the
' computerized programming system of Fig. 6;

Fig. 17 is a second manual programming screen that can be displayed by the
computerized programming system of'Fig. 6, particularly showing a first fractionalized
electrode configuration;

Fig. 18 is a third manual programming scréen that can be displayed by.the
computerized programming system of Fig. 6, particularly showing a second
fractionalized electrode configuration;

Fig. 19 is a fourth manual programming screen that can be displayed by the
~ computerized programming system of Fig. 6, particularly showing a third fractionalized
electrode configuration; | |

Fig. 20 is a fifth manual programming screen that can be displayed by the
computerized programming system of Fig. 6, particularly showing a fourth fractionalized
electrode configuration;

Fig. 21 is a first navigator programming screen that can be displayed by the
computerized programming system of Fig. 6;

Fig. 22 is a second navigator programming screen that can be displayed by the
computerized programming system of Fig. 6, particularly showing a fractionalized

- electrode configuration;
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Fig. 23 is é third navigator programming screen that can be displayed by the
computerized programming system of Fig. 6, particularly showing the creation of four
marks and corresponding stimulation regions;

Fig. 24 is a coverage areas screen that can be displayed by the computerized
programming system of Fig. 6;

Fig. 25 is a remote control screen that can be displayed by the .éomputerized
programming system of Fig. 6;

Fig. 26 is a flow diagram showing a methodology used by the computerized
programming system of Fig. 6 to generate a mark from a préviously programmed
'~ fractionalized electrode configuration |

Fig. 27 is a plot of data points representing the fracﬁonalized current va)Iues for
the respective electrodes of a lead; and

Fig. 28 is a plot of data points representing voltage values as a function of a

neural activation function of the electrodes of a lead.

DETAILED DESCRIPTION OF THE EMBODIMENTS
The description that follows relates to a spinal cord stimulation (SC'S) System.

However, it is to be understood that the while the invention lends itself well to
applications in SCS, the invention, in its broadest aspects, may not be so limited.

. Réther, the invention may be used with any type of implantable electrical circuitry used
to stimulate tissue. For example, the present invention may be used as part o% a
pacemaker, a defibrillator, a cochlear stimulator, a retinal stimulator, a stimulator
configured to produce coordinated limb movement, a cortical stimulator, a deep brain |

stimulator, peripheral nerve stimulator, microstimulator, or in any other neural stimulator
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configured to treat urinary incontinence, sleep apnea, shoulder sublaxation, headache,
etc.

Turning first to Fig. 1, an exemplary SCS system 10 generally includes one or
~ more (in this case, two) implantable stimulation leads 12, an implantable pulse
generator (IPG) 14, an external (emote controller RC 16, a clinician’s programmer (CP)
18, an External Trial Stimulator (ETS) 20, and an external charger 22:

The IPG 14 is physically connected via one or more percutaneous lead
extensions 24 to the stimulation leads 12, which carry a plurality of electrodes 26
arranged in an array. In the illustrated embodiment, the stimulation leads 12 a;re
percutaneous leads, and to thi_s end, the electrodes 26 are arranged in-line along the
stimulation leads 12. In alternative embodiments, the electrode}s 26 may be arranged.in
a two-dimensional pattern on a single paddle lead. As will be described in further detail
below, the IPG 14 includes pulse generation circuitry that delivers electrical stimulation
energy in the form of a pulsed electrical waveform (i.e., a temporal series of electrical
pulses) to the electrode array 26 in accordance with a set of stimulation parameters. -

The ETS 20 may also be physically connected via the percutaneous lead
" extensions 28 and external cable 30 to the stimulation leads 12. The ETS 20, which

has similar pulse genefation circuitry és the IPG 14, also delivers electrical stimulation

energy in the form of a pulse electrical waveform to the electrode array 26 accordance

with a set of stimulation parameters. The major difference between the ETS 20 and the
. IPG 14 is that the ETS 20 is a non-implantable device that is used on a trial basis after

the stimulation leads 12 have been implanted and prior to implantation of the IPG 14, to
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test the responsiveness of the stimulation that is to be provided. Further details of an
exemplary ETS are described in U.S. Patent No. 6,895,280. |

The RC 16 may be used to telemetrically control the ETS 20 via a bi-directional
RF communications link 32. Once the IPG 14 and stimulation leads 12 are imiplanted,
the RC 16 may be used to telemetrically control the IPG 14 via a bi-directional RF
communications link 34. Such control allows the IPG 14 to be turned on or off and to be
programmed with different stimulation parameter sets. The IPG 14 may also be
- operated to modify the programmed stimulation parameters to actively control the
characteristics of the electrical stimulation energy output by the IPG 14. As will be
described in further detail below, the CP 18 provides clinician detailed stimulation
parameters for programming the IPG 14 and ETS 20 in the operating room and in
. follow-up sessions.

The CP 18 may perform this function by indirectly cdmmunicating with t.he IPG 14
or ETS 20, through the RC 16, via an IR communications link 36. Alternatively, the CP
18 may directly communicate with the‘IPG 14 or ETS 20 via an RF communications Iiﬁk

(not shown). The clinician detailed stimulation parameters provided by the CP 18 are
| also used to program the RC 16, so that the stimulation parameters can be
subsequently modified by operation of the RC 16 in a stand-alone mode (i.e., without
the assistance of the CP 18).

The external charger 22 is'a portable device used to transcutaneously charge the
IPG 14 via an inductive link 38. For purposes of brevity, the details of the external
charger 22 will not be described herein. Details of exemplary embodiments of external

chargers are disclosed in U.S. Patent No. 6,895,280. Once the IPG 14 has been
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programmed, and its power source has been charged by the external charger 22 or
otherwise replenished, the IPG 14 may function as programmed without the RC 16 or’
CP 18 being present.

As shown in Fig. 2, the electrode leads 12 are implanted within the spinal column
42 of a patient 40. The preferred placement of the electrode leads 12 is adjacent, i.e.,
resting upon, the dura near the spinal cord area to be stimulated. Due to the lack of
space near the location where the electrode Ieadé 12 exit the spinal column 42, the IPG
14 is generally implanted in a surgically-made pocket either in the abdomen or above
the buttocks. The IPG 14 may, of course, also be implanted in other Iocations' of the
patient's body. The lead extension 24 facilitates locating the IPG 14 away from the exit |
point c;f the electrode leads 12. As there shown, the CP 18 communicates with the IPG
14 via the RC 16.

_ Referring now to Fig. 3, the external features of the stimulation leads 12 and the
IPG 14 will be briefly described. One of the stimulation leads 12 has eight electrodes 26
(labeled E1-E8), and the other stimulation lead 12 has eight electrodes 26 (labeled E9-
E16). The actual number and shape of leads and electrodes will, of course, vary
‘ according to the intended applicétion. The IPG 14 comprises an outer case 40 for
housing the electronic aﬁd other components (described in further detail below), and a
connector 42 to which the proximal ends of the stimulation leads 12 mates in a manner
that electrically couples the electrodes 26 to the electronics within the outer case 40.
The outer case 40 is composed 6f an electrically conductive, biocompatible material,

such as titanium, and forms a hermetically sealed compartment wherein the internal
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electronics are protected from the body tjssue and fluids. In some cases, the outer
case 40 may serve as an electrodé.

The IPG 14 includes a battery and pulse generation circuitry that delivers the
electrical stimulation energy in the foﬁn of a pulsed electrical waveform to the electrdde
array 26 in accordance with a set of stimulation parameters programmed into the IPG
14. Such stimulation parameters may comprise electrode combinations, which define
the electrodes that are activated as anodes (positive), cathodes (negative), and turned
off (zero), percentage of stimulation energy assigned to each electrode (fractionalized,
electrode configurations), and electrical pulse parameters, which define the pulse
amplitude (measured in milliamps or volts depending on whether the IPG 14 supplies
constant current or constant voltage to the electrode array 26), pulse width (méasured
in microseconds), and pulse rate (measured in pqlses per second);

Electrical stimulation will occur between two (or more) activated electrodes, oné
of which ﬁ1ay be the IPG case. Simulation energy may be transmitted to the tissue in a
monopolar or multipolar (e.g., bipolar, tripolar, etc.) fashion. Monopolar stimulation
éécurs when a selected one of the lead electrodes 26 is activated along with the case of
the IPG 14, so that stimulation energy is transmitted between the selected electrode 26
and case. Bipolar stimulation occurs when two of the lead electrodes 26 are activated
" as anode and cathode, so that stimulation energy is transmitted between the selected
electrodes 26. For example, electrode E3 on the ﬂrstilead 12 may be activated as an
anode at the same time that electrode E11 on the second lead 12 is activated as a
cathode. Tripolar stimulation occurs when three of the lead electrodes 26 are activated,

-two as anodes and the remaining one as a cathode, or two as cathodes and the
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remaining one as an anode. For example, electrodes E4 and E5 on the first lead 12
may be activated as anodes at the same time that electrode E12 on the second lead 12
is activated as a cathode.
In the illustrated embodiment, IPG 14 can individually control the magnitude of
electrical current flowing through each of the electrodes. In this case, it is preferred to
have a current generator, wherein individual current-regulated amplitudes from
independenf current sources for each electrode may be selectively generated. Although
~ this system is optimal to take advantage of the invention, other stimulators that may be
used with the invention include stimulators having voltage regulated outputs. While
individually programmable electrode amplitudes are optimal to achieve fine control, a
single output source switched across electrodes may also be used, although with less
fine control in programming. Mixed current and voltage reguléted devices may also be
| used with the invention. Further details discuséing the detailed structure and function of
IPGs are described more fully in U.S. Patent Nos. 6,516,227 and6,993,384. |
It should be noted that rather than an IPG, the SCS system 10 may alternatively
utilize an implantable receiver-stimulator (not shown) connected to the stimulation leads
| 12. In this case, the power source, e.g., a béttery, for powering the -implanted 'receiver,
as well as control circuitry to command the receiver-stimulator, will be contained in an
external controller inductively coupled to the receiver-stimulator via an electromagnetic_:
link. Data/power signals are transcutaneously coupled from a cable-connected

. transmission coil placed over the implanted receiver-stimulator. The implanted recejver—
stimulator receives the signal and generates the stimulation in accordance with the

control signals.
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Referring now to Fig. 4, one exemplary embodiment of an RC 16 will now be
described. As previously discussed, the RC 16 is capable of communicating with thé
IPG 14, CP 18, or ETS 20. The RC 16 comprises a casing 50, which houses internal
componentry (including a printed circuit board (PCB)), and a lighted dispiay screen 52
and button pad 54 carried by the exterior of the casing 50. In the illustrated
embodiment, the display screen 52 is a lighted flat panel display screen, and the button
pad 54 comprises a membrane switch with metal domes positioned over a flex circuit,
and'a keypad connector connected directly to a PCB. In an optional embodiment, the
display screen 52 has touchscreen capabilitiés. The button pad 54 includes a multitude
of buttons 56, 58, 60, and 62, which allow the IPG 14 to be turned ON and OFF, provide

for the adjustment or setting of stimulation parameters'within the IPG 14, and provide

- for selection between screens.

In the illustréted embodiment, the button 56 serves as an ON/OFF button that
can be actuated to turn the IPG 14 ON and OFF. The button 58 serves as a select
button that allows the RC 16 to switch between screen displays and/or parameters. The
buttons 60 and 62 serve as up/down buttons that can actuated to increment or
decrement any of stimulation parameters of the pulse generated by the IPG 14,
including pulse amplitude, pulse width, and pulse rate. For example, the selection
button 58 can be actuated to place the RC 16 in an “Pulse Amplitude Adjustment
Mode,"” during which the pulse amplitude can be adjusted via the up/down buttons 60,
| 62, a “Pulse Width Adjustment Mode,” during which thé pulse width can be adjusted via
the up/down buttons 60, 62, and a “Pulse Rafe Adjusfment Mode,” during which the

pulse rate can be adjusted via the up/doWn buttons 60, 62. Alternatively, dedicated -
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up/down buttons can be provided for each stimulation pérameter. Rather than using
up/down buttons, any other type of actuator, such as a dial, slider bar, or keypad, can
be used to increment or decrement the stimulation parameters. .Further details of the
functionality and internal componentry of the RC 16 are disclosed in U.S. Patent No.
6,895,280. |

Referring to Fig. 5, the internal components of an exerﬁplary RC 16 wiil now be
deséribed. The RC 16 generally includes a processor 64 (e.g., a microcontroller),
memory 66 that stores an operating program for execution by the processor 64, as wéll
as stimulation parameter sets in a look-up table (described below), input/output circuitry,
and in particular, telemetry circuitry 68 for outputting stimulation parameters to the' IPG
14 and receiving status information from the IPG 14, and input/output circuitry 70 for
receiving stimulation contro_l signals from the button pad 54 and transmitting status
information to the display screen 52 (shown in Fig. 4). As well as controllihg other
~ functions of the RC 16, which will not be described herein for purposes of brevity, the
processor 64 genergtes new stimulation parameter sets in response to the user
operation of the button pad 54. These new stimulation parameter sets would then be.
transmitted to the IPG 14 (or EPS 20) via the telemetry circuitry 68. Further details of
- the functionality and internal componentry of the RC 16 are disclosed in U.S. Patent No.
6,895,280.

As briefly discussed above, the CP 18 greatly simplifies the programming of
multiple électrode corriBinations, allowing the physician or clinician to readily determine
the desired stimulation parameters to be programmed into the IPG 14, as well as the

RC 16. Thus, modification of the stimulation parameters in the programmable memory
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of the IPG 14 after implantation is performed by a clinician using the CP 18, which can
directly communicate with the IPG 14 or indirectly communicate with the IPG 14 via the
RC 16. That s, the CP 18 can be used by the physician or clinician to modify operating
parameters of the electrode array 26 near the spinal cord.
As shown in Fig. 2, the overall appearance of the CP 18 is that of a laptop

personal computer (PC), and in fact, may be implanted using a PC that has been
- _appropriately configured to include a directional-programming device and brogrammed
to perform the functions described herein. Thus, the programming methodologies can
be performed by executing software instructions contained within the CP 18.
Alternatively, such programming methodologies can be performed using firmware or
hardware. In any event, the CP 18 may actively control the characteristics of fthe
electrical stimulation generated by the IPG 14 (or ETS 20) to éllow the optimum
stimulation parameters'to be determined based on patient feedback and for
subsequently programming the IPG 14 (or ETS 20) with the optimum stimulation
parameters.

- To allow the clinician to perform these functions, the CP 18 includes a mouse 72,
a keyboard 74, and a programming display screen 76 housed in a case 78. ltis to be
understood that in addition to, or in lieu of, the mouse 72, other directional programmihg
devices may be used, such as a joystick, or directional keys included as part of the keys
 associated with the keyboard 74. As shown in Fig. 6, the CP 18 generally includes a
processor 80 (e.g., a central processor unit (CPU)) and memory 82 that stores a
stimulation programming package 84, which can be executed by the processor 80 to -

allow a clinician to program the IPG 14, and RC 16. The CP 18 further includes output
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| circuitry 86 (e.g., via the telemetry circuitry of the RC 16) for downloading stimulation
parameters to the IPG 14 and RC 16 and for uploading stimﬁlation parameters already
stored in the memory 66 of the RC 16, via the telemetry circuitry 68 of the RC 16.
Referring to Figs. 7-24, execution of the prdgramming package 84 by the
processor 80 provides a multitude of display screens 100 that can be navigated through
via use of the mouse 72. As shown, a profile button 102 and a configuration button 104
are located at the top of each of the display screens, and a power-on button 106,
- operating room button 108, manual button 110, navigator button 112, and remote button
114 are located. at thé bottom of each of the display screens 100. These buttons can be
actuated, and in particular, clicked using the mouse 72, in order to perform various
programming functions during the session. When the progrémming package 84 is
initially executed, a start screen 100(1) is displayed to the clinician, as shown in Fig. 7.
As there shown, the start screen 100(1) includes a patient pull down menu 11'6 that
allows the clinician to select the specific patient profile or create a new patient profile,
and a procedure pull down menu 118 that allows the clinician to select the specific |
procedure (e.g., programming/follow-up, implant trial system, implant IPG, implant IPG
and lead(s), replace IPG, replace IPG and leads, replace or revise leads, explant, etc.).
As shown in Fig. 8, actuation of the profile button 102 opens a patient profile
screen 100(2) that includes a multitude of identification boxes .120 that allows the
clinician to create, edit information required to generate or update a patient record, such
" as, e.g., name, birth date, patient identification, physician, diagnosis, and address. The _
patient profile screen 100(2) also provides a pain map of the human body 122 divided

into several regions 124. Clicking on one or more of these regions 124 allows the
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clinician to record the regions of pain experienced by the patient. In the illustrated
embodiment, the upper back, lower back, right arm, and left thigh of the patient are -
highlighted, indicating that these are the regions of pain experienced by the patient.
The patient profile screen 100(2) also has a visual analog scale (VAS) 126 thet can be
clicked to allow the clinician to manually record the amount of pain experienced by the
patient from a scale of 0 (no pain) to 10 (worst imaginable pain), both without therapy
and during therapy. The patient profile screen 100(2) also has a view button 128 that
can be clicked to toggle the pain map 122 between a front view and a rear view, and a
resolution button 128 that can be clicked to toggle the resolution of the region's 124 in
the pain map 122 between low and high. The patient profile screen 100(2) also has a
case history button 130 that can be clicked to allow the clinician to review the date and
time of each procedure performed on the patient, and a notes button 132 that can be
clicked to allow the clinician to enter notes in a free-form manner that can be -
subsequently reviewed in the case history.

Actuation of the configuration button 104 allows a clinician to access a lead
configuration screen 100(3) (shown in Fig. 9) and a lead orientation screen 100(4)
(shown in Fig. 10).

The lead configuration screen 100(3) has four different graphical confighrations
134 that can be clicked on to select a specific lead configuration (e.g., a closely spaced
side-by-side configuration, a closely spaced top-bottom configuration, a widely spaced
top-bottom configuration, or a widely spaced side-by-side configuration) that matches

the actual configuration of the implanted leads 12. In this case, the closely spaced side-
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by-side configuration is shown selected, which is shbwn in a graphical representation of
two electrode octets 136.

Thé lead orientation screen 100(4) allows the clinician to select the lead
direction, assign the electrode numbers to each lead, and the vertebral position of the
leads. In particular, the lead orientation screen 100(4) has a reirograde box 138 that
. can be clicked to indicate how the lead is vertically oriented. In this case, neither of the
retrograde boxes 138 has been checked, so that first octet of‘electrodes will Se
numbered from 1 to 8 starting from the top of the first lead, and the second octet of
electrodes will be numbered from 9 to 16 starting from the top of the second lead.
However, in the case where the first retrograde box 138 is ché_cked, the first octet of
electrodes will be numbered from 8 to 1 starting from the top of the ﬁrst lead, and the
second octet of electrode will be numbered from 16 to 9 starting from the top of the
second lead. The lead orientation screen 100(4) also has a swap button 140 that can
be clicked to associate the electrode octets (1-8 and 9-186) to the first and second leads,
- with the nominal designation being electrodes 1-8 .on the first lead and electrodes 9-16
on the second lead. AThe lead orientation screen 100(4) has a vertebral location pull
down menu 142 hext to fhe graphical electrode représentation 136 that a clinician can
use to indicate the vertebral position of the leads (e.g., C1-C7.5, T1-T12.5, L1-L5.5, S1- .
- 85). In the example, the T5 vertebral position has been selected.

As shown in Fig. 11, actuation of the OR mapping button 108 opens ar.1 OR
mapping screen 100(5) that allows a clinician fo assess lead position and evaluate
paresthesia coverage during surgery. In particular, the OR mapping screen 100(5)

allows both Electronic Trolling (E-Troll) and manual electrode selection. Actuation of
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the power-on button 106 in the OR mapping screen 100(5)'directs the IPG 14 to
alternatively deliver or cease delivering stimulation energy to the electrode ar.ray 26in
accordance with the stimulation parameters generated during the E-troll and manual
electrode selection functions. |

E-froll is a quick way to sweep the electrode array by gradually moving a
cathode in bipolar stimulation. To this end, the OR ‘mapping screen 100(5) includes an .
E-Troll button 144 that can be clicked to enable the E;trolling function, and up, down,
left, and right arrows 146-152 to respectively move the cathode up, down, left and right
in the electrode array, thereby steering the electrical current, a_nd thus, the resulting
stimulatién region, up, down, left, and right in thé electrode array.

For example, as shown in Fig. 12, the E-Troll process may begin by designating
electrode E1 as the sole cathode and electrode 4 as the sole anode. As there shown,
electrode E1 has a fractionalized cathodic current value of 100%, and electrode 4 has a
fractionalized anodic current value of 100%. If the down button 148 is clicked, the
cathodic current is gradually shifted from electrode E1 to electrode E2, and tﬂe anodic
current is gradually shifted from electrode E4 to electrode ES5, which gradﬁally shifting
occurs in 10% increments. For example, as shown in Fig. 13, the electrical current ié
shifted, such that electrode E1 has a fractionalized cathodic current value of 50%,
.electrode E2 has a fractionalized cathodic current value of 50%, electrode E4 has a
fractionalized anodic current value of 50%, electrode E5 has a fractionalized anodic
current value of 50%. As shown in Fig. 14, the electrical current is further shifted, such
that electrode E2 has a fractionalized cathodic current value of 100%, and electrode E5

has a fractionalized anodic current value of 100%. Further clicking of the down button



WO 2010/006304 PCT/US2009/050309
28

" 148 shifts thAe cathodic current énd anodic current further down the electrode array in a
similar manner. Likewise, clicking the up button 146, left button 150, or right button 152
causes the cathodic currents and anodic currénts to respectively shift up, left, and right
within the electrode array in a similar manner.

In the illustrated embodiment, a navigation table, such as the one shown in
Appendix A, is used to generate fractionalized electrode configurations for each lead 12.
Because the navigation table 6nly contains fractionalized eIecfrode configurations for a
single lead (i.e., 8 electrodes), two identical navigation tables will be used to
independently generate fractionalized electrode.conﬁgurations for each lead 12 (one for
- electrodes E1-E8 and one for electrodes E9-E16), which for purpdses of displaying to
the clinician in OR mapping screen 100(5), cén then be com.bined into a single
fractionalized electrode configuration and normalized, such that the fractionalized
cathodic current for both leads 12 (i.e., the entire electrode array 26) totals 100% and
the fractionalized anodic current for both leads 12 (i.e., the entire electrode array 26)
totals 100%.

The cathodic and anodic currents can be shifted up and down along each lead
12 by stepping up and down through the fractionalized eleétrode configurations within
the navigation table. The cathodic and anodic currents can be shifted left and ﬁght by
| scaling the currents on the first and second leads relative to each other. That.is, to
steer current from the second lead to the first lead, the fractionalized electrode
configuration for the second lead is scaled down, and the fractionalized electrode

configuration for the first lead is scaled up, and to steer current from the first lead to the .
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second lead, the fractionalized electrode configuration for the first lead is scaled down,
and the fractionalized electrode configuration for the second lead is scaled u;;.

The E-Troll button 144 can be clicked again to allow the clinician to manually
select the eleétrodes. In particular, any of the electrodes E1-E16 can be clicked to
select the electrode as being either an anode (+), cathode (-), or off (0). In the
illustrated embodiment, such selection can be accomplished simply by clicking on the
respective electrode multiple times to designate the electrode as an anode (-), then a
cathode (+), and then off (0). If a multipolar electrode arrangement is desired, at least
one of the electrodes E1-E16 will be selected as an anode (+) and at least one other of
the eleétrodes E1-E16 will be selected as a cathode (-). As shown in Fig. 15,
electrodes E2, E3, E10, and E11 are designated as cathodes, and electrodes E5, ES,
E13, and E14 are designated as anodes. If a monopolar electrode arrangement is
desired, none of the electrodes E1-E16‘will be selected as an anode (+).

The OR mapping screen 100(5) also allows the clinician to modify the stimulation
energy (i.e., the electrical pulse parameters) output by the IPG 14 to the elect}odes
during either of the E-troll or manual electrode selection functions by adjusting each of a
pulse amplitude, pulse width, or pulse rate. To this end, OR mapping screen 100(5) |
includes a pulse amplitude adjustment control 154, the top arrow of which can be
clicked to incrementally increase the pulse amplitude of the stimulation energy, and the
bottom arrow of which can be clicked to incrementally decrease the pulse amplitude of
the stimulation energy. The OR mapping screen 100(5) further includes a pulse width
adjustment control 156, the right arrow of which can be clicked to incremehtally increase

the puise width of the stimulation energy, and the left arrow of which can be clicked to
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incrementally decrease the pulse width of the stimulation energy. The OR mapping -
screen 100(5) further ihcludes a pulse rate adjustment control 158, the right arrow of
which can be clicked to incrementally increase the pulse rate of the stimulation energy,
and the left arrow of which can be clicked to lncrementally decrease the pulse rate of
the stimulation energy. Notably, the adjustment of the pulse amplitude, pulse width, and
pulse rate will be performed globally for all of the electrodes activated as either an
anode (+) or a cathode (-). The OR mapping screen also includes an impedance button
160 that can be clicked to allow the clinician to verify electrical impedance. Ir; particular,
the lead impedance can be measured and displayed on an impedance map (not shown)
for each of the electrodes E1-E16. | |

As shown in Fig. 16, actuation of the manual button 110 opens a manual
programming screen 100(6) that allows a clinician to manually select stimulation
parameter sets, including the fractionalized electrode configurations. To this end, the
manual programming screen 100(6) includes an area control panel 160, an electrodes
panel 162, and a paresthesia panel 164.

The area control panel 160 inclu'des four coverage areas 166-172 with which up
to four stimulation parameter sets can respectively be associated to create a stimulation
program. Each of the coverage areas 166-172 displays the electrical pulse parameters
174, and specifically, the pulse amplitude, pulse width, and pulse rate, of the stimulation
| parameter set associated with the coverage area, a graphical display 176 of the pulse
waveform charactenzed by the electrical pulse parameters, and a coverage area
designator 178. In this example, the first coverage area 166, which is designated as the

upper back, has a pulse amplitude of 2.3mA, a pulse width of 210us, and a pulse rate of
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40Hz, as illustrated in Fig. 17; the second coverage érea 168, which is designated as
the lower back, has a pulse amplitude of 3.7mA, a pulse width of 310us, and a pulse
rate of 90Hz, as illustrated in Fig. 18; the third simulation region 170, which ié ‘
designated as the right arm, has a pulse amplitude of 4.6mA, a pulse width of 210us,
and a pulse rate of 40Hz, as illustrated in Fig. 19; and the fourth coverage area 172, '
whicﬁ is designated as the left leg, has a pulse amplitude of 4.7mA, a pulse width of
160ps, and a pulse rate of 110Hz, as illustrated in Fig. 20.

Each of the coverage areas 166-172 also has a selection button 180 that can be
clicked to activate or deactivate the coverage area. When a coverage area is activated
by clicking the power-on button 108, stimulation energy is delivered from the IPG 14 to
the electrode array 26 in accordance with the stimulation parameter set associated with
coverage érea. The graphical display 176 shows the pulse waveform as moving to
indicate that the coverage area has been activated. As shown in Figs. 17-20, four
coverage areas with different electrical pulse parameters can be activated. Notably,
multiple ones of the céverage areas 166-172 can be simultaneously activated by
clicking selection buttons 180 for the respective coverage areas. |

The area control panel 160 allows the clinician to modify the stimulation energy
(i.e., the electrical pulse parameters) output by the IPG 14 to the electrode array 26 fo.r
the respective one of the cdverage areas 166-172 that is selected by adjusting each of
a pulse amplitude, pulse width, or pulse rate. To this end, the area control panel 160
includes a pulse amplitude adjustment control 182, the top arrow of which can be
clicked to incrementally increase the pulse amplitude of the stimulation energy, and the

bottom arrow of which can be clicked to incrementally decrease the pulse amplitude of
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the stimulation energy. The area control panel 160 further includes a pulse width
adjustment control 184, the right arrow of which can be clicked to incrementally increase
the pulse width of the stimulation energy, and the left arrow of which can be clicked to
incrementally decrease the pulse width of the stirﬁulation energy. The area control
panel 160 further includes a pulse rate adjustment control 186, the right arrow of which
can be clicked to incrementally increase the pulsé rate of the stimuiation energy, and
the left arrow of which can be clicked to incrementally decrease the pulse rate of the
stimulation energy. The area control panel 160 further includes a global buttoﬁ 188 that
- can be clicked to allow the clinician to globally modify the pulse amplitude of selected
ones of the coverage areas 166-172. | | '

The electrode panel 162 includes the grabhical electrode representation 136,
which can be clicked by the clinician to select each electrode as being either an anodé
(+), cathode (-), or off (0) to form fractionalized electrode configurations for each of the
coverage areas. In the illustrated embodiment, such selection can be accomplished
simply by clicking on the respective electrode multiple times to designate the‘ electrode
as an anode (-), then a cathode (+), and then off (0). If a multipolar electrode
arrangement is desired, at least one of ihe electrodes E1-E16 will be selected as an
" anode (+) and at least one other of the electrodes E1-E16 will be selected as a cathode
(-). ¥f a monopolar electrode arrangement is desired, none of the electrodes E1-E16 will
be selected as an anode (+). The electrode panel 162 also includes an up-down current
adjustment control 190 that can be manipulated to assign a fractionalized current for
each of the active electrodes E1-Ei6. In particular, for each electrode selected to be

activated as either a cathode or anode, the clinician can click on the upper arrow of the
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control 190 to incrementally increase the absolute value of the fractionalized current of
the selected electrode, and the clinician can click on the lower arrow of the control 190
to incrementally decrease the absolute value of the fractionalized current. Notably, the
total fractionalized current value for any group of anodes will equal 100% and the total
fractionalized current value for any group of cathodes will equal 100%.

For the first coverage area 166, electrodes E1 and E9 each has a fractionalized
anodic current value of 50%, and électrodes E3 and E11 each has a fractionalized
cathodic current value of 50%, as shown in Fig. 17. For the second coverage area 168,
electrodes ES, E6, E13, and E14 each has a fractionalized anodic currént value of 25%,
and electrodes E8 and E16 each has a fractionalized cathodic current value of 50%, as
shown in Fig. 18. For the third coverage area 170, electrodes E11 and E12
- respectively have fractionalized anodic current values of 61% and 39%, and electrodes
E3 and E4 respectively have fractionalized cathodic current values of 27% and 73%, as
shown in Fig. 19. For the fourth coverage area 172, electrodes E6 and E7 respectively
have fractionalized anodic current values of 58% and 42%, and electrode E14 has a
fréctionalized cathodic current value of 100%, as shown in Fig. 20. Each of the
fractionalized electrode configurations are combined with the electrical pulse '
parameters of the corresponding coverage area to form a set of stimulation parameters.

The paresthesia panel 164 includes a paresthesia map of the human 'body 192
divided into several regions 194. Clicking on one or more of these regions 194 allows
the clinician to record the regions of paresthesia experienced by the patient for the
currently selected coverage area. The paresthesia map 192 also includes the regions

194 previously highlighted as indicating pain in the patient profiles screen 100(2). Thus,
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the upper back, lower back, right arm, and left thigh of the patient are highlighted,
indicating that these are the regions of pain experienced by the patient. Clicking on any
of the reéions 194 in the paresthesia map 192 further highlights the regions (shown with
hatched lines) experienced by the patient has having paresthesia. Ahy region of
paresthesia that corresponds to the same region previously indicated as having pain will
be highlighted with a different color.

As shown in Fig. 17, the upper back of the patient is highlighted to indicate the
region where the patient is experiencing paresthesia when the first coverage area 166 is
turned on. As shown in Fig. 18, the lower back of the patient is highlighted to indi;:ate
the region where the patient is experiencing paresthesia when the second coverage
_ area 168 is turned on. As shown in Fig. 19, the right arm of the patient is highlighted to
indicate the region where the patient is experiencing .pa_nresthesia when the thi'rd
coverage area 170 is turned on. As shown in Fig. 20, the left leg of the patient is
highlighted to indicate the region where the patient is experiencing paresthesia when'
the fourth coverage area 172 ié turned on. The paresthesia panel 164 also has a visual
analog scale (VAS) 196 that can be clicked to allow the clinician to manually record the
amount of pain experienced by the patient from a scale of 0 (no pain) to 10 (worst
imaginable pain) when the respective coverage area or areas are turned on. The
paresthesia panel 164 also has a view button 198 that can be clicked to toggl_é the
" paresthesia map 192 between a front view and a rear view, and a resolution button 200
that can be clickc;.d to toggle the resolution of the regions 194 in the parestheéia map

192 between low and high.
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As shown in Fig. 21, actuation of the navigator button 112 opens a navigator
scréen 100(7) that allows a clinician to shift current between multiple electrode
combinations to fine tune and optimize stimulation coverage for patient comfort. To this
end, the navigator screen 100(7) includes a navigator scope 202 that represents the |
stimulation region along the spinal cord relative to the electrode array that can be
targeted using directional controls 204-210 (up, down, left, and right arrows). .The
navigator scope 202 has a horizontal bar 212 with a location designator (represented by
a rectangular opening) 214 that indicates the current location of the stimulation region
relative to the electrode array. Clicking on the up and down control érrows 204, 206
: displéces the horizontal bar 212, and thus the location designator 214, up and down
within the navigator scope 202,'and clicking on the left and right control arrows 208, 210
displaces the location designator 214 left and right along the horizontal bar 212. Thus,
the stimulation region can be displaced upward by clicking on the up control arrow 20;1,
displaced downward by clicking on the down control arrow 206, displaced to tﬁe left by
clicking on the left control arrow 208, and displaced to the right by clicking on the right
control arrow 210.

Significantly, the navigator scope 202 displaces the stimulation region by steering
the electrical current (i.e., shifting electrical current between the electrodes E1-E16) in a
" manner similar to that used by the E-Troll function described above to shift current
between the electrodes E1-E16. Thus, clicking the up control arrow 204 displaces the
cathode upward in the electrode array, thereby displacing the stimulation region upward
relative the spinal cord; clicking the down control arrow 206 displaces the cathode

- downward in the electrode array, thereby displacing the stimulation region downward
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relative to the spinal cord; clicking the left control arrow 208 displaces the cathode to the
left in the electrode array, thereby displacing the stimulation region to the left relative to
the spinal cord; and clicking the right control arrow 210 displaces the cathode to the
right in the electrode array, thereby displacing the stimulation region to the left relative
to the spinal cord.
Notably, a steering table, such as the one shown in Appendix A, is used to shift
"the cathodic and anodic currents up and down along each lead 12 by stepping through
the fractionalized electrode configurations within the navigation table for each lead 12.
The cathodic and anodic currents can bé shifted ieft and right by scaling the currents on
the first and second leads 12 relative to each other. In the same manner as t_he E-troll
function described above, for purposes of displaying to the clinician in navigator screen
100(7) (de;cribed further below), can then be combined into a single fractionalized
electrode configuration and normalized, such that the fractionalized cathodic current for
~ both leads 12 (i.e., the entire electrode array 26) totals 100% and the fractionalized
anodic current for both leads 12 (i.e., the entire electrode array 26) totals 100%.

It should be appreciated that, in the illustrated embodiment, the steering table
shown in Appendix A is used shift the cathodic and anodic currents up and down aloﬁg
each lead 12 using simultaneously delivered pulses (and in this case, by using
fractionalized current values in each row of the steering table to generate stimulation in
only one timing channel). For example, to gradually shift from a fractionalized current
value configuration of 100% cathodic current on electrode E1 and 100% anodic current

on electrode E3 to 100% cathodic current on electrode E1 and 100% anodic current on
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electrode E4, the fractionalized electrode configurations between rows 21 and 41 will be
stepped through.

However, this is not the only way of gradually shifting cathodic and anodic
current up and down along each lead 12. For example, the cathodic and anodic
currents can be gradually shifted up and down along each lead 12 using time-
interleaved pulses, with the first interleaved pulse having a first set of fractionalized
current values and the second interleaved pulse having a second set of fractionalized
current values, and then gradually decreasing the total current for the first set of
~ fractionalized current values, while gradually increasing the total current for the second
set of fractionalized current values. For example, to gradually shift from a fractionalized
current value configuration of 100% cathodic current on electrode E1 and 100% anodjc
current on electrode E3 to 100% cathodic current on electrode E1 and 100% anodic
current on electrode E4, the two fractionalized electrode conﬁguratiéns will be
respectively used to generate stimulation pulses that are interleaved between two timing
channels. For each iteration, however, the total current of the first fractionalized
configuration will be incrementally reduced, while the total current of the second
fractionalized electrode configuration will be incrementally increased until the total
current for the first fractionalized configuration is reduced to zero.

if the electrical current values are viewed in an absolute sense, the first
technique gradually shifts a first set of absolute electrical current values to a second set
of absolute electrical current values by generating a series of simuitaneously delivered
pulses of equal total current during a single timing channel, while gradually chgnging

fractionalized electrode configurations. In contrast, the second technique gradually
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- shifts the first set of absolute electrical current values to the second set o_f absolute
electrical current values by generating a series of time-interleaved pulses frqm two
fractionalized electrode configurations, while gradually shifting the total current of the
first fractionalized electrode configuration in the first tirﬁing channel to the second .
fractionalized electrode configuration in the second timing channel.

The navigator screen 100(7) also includes an electrode combination button 216
that can be clicked to allow clinician to view the fractionalized electrode configuration
that corresponds to the stimulation region identified by the location designator 214, as
shown in Fig. 22. As there shown, electrodes E2, E6, E10, and E14 respectively have
fractionalized cathodic current values of 36%, 36%, 14%, and 14%, and electrodes E4
" and E12 respectively have anodic current values of 71% and 29% to locate the
stimulation region at the location currently pointed to by the Idcation designator 214.
The navigator screen 100(7) also allows the clinician to modify the stimulation energy-
(i.e., the electrical pulse parameters) output by the IPG 14 by adjusting each of a pulse
_ amplitude or a pulse rate.

To this end, the navigator screen 100(7) includes a pulse amplitude adjustment
control 218, the top arrow of which can be clicked to incrementally increase the pulse ‘
amplitude of the stimulation energy, and the bottom arrow of which can be clicked to
incrementally decrease the pulse amplitude of the stimulation energy. The navigator

‘screen 100(7) further inciudes a pulse width adjustment control 220 (provided 6nly in
the navigator screen 100(7) illustrated in Fig. 22), the right arrow of which can be
clicked to incrementally increase the pulse width of the stimulation energy, and the Ieft.

arrow of which can be clicked to incrementally decrease the pulse width of the
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stimulation energy. NotabI);, the adjustment qf the pulse amplitude, pulse width, and
pulse rate will be performed globally for all of the electrodes activated as either an
anode (+) or a cathode (-). While the navigator screen 100(7) does not include a pulse
rate adjustment control, it does include a pulse rate display 222 (provided only in the
navigator screen 100(7) illustrated in Fig. 22) that providgs‘ the default pulse rate for the
system to the clinician. The navigator screen 100(7) also includes an impedénce button
224 (provided only in the navigator screen 100(7) illustrated in Fig. 22) that can be
clicked to allow the clinician to vefify electrical impedance by displaying an impédancé
map (not shown). |
As shown in Fig. 23, the navigator screen 100(7) has a mark button 226 that.can
be clicked to mark points 228 where coverage is preferred for the target area; that is,
the area that the location designator 214 currently points to when the mark button 226 is
clicked will be marked. Each mark 228 is a set of stimulation parameters (including
- fractionalized electrode configuration, pulse amplitude, pulse width, and pulsg rate) that
corresponds to the location or area of the stimulation region. The navigator screen
100(7) includes a mark list 230 that includes numbered designators corresponding to‘all
of the marks 228 generated by the navigator scope 202 and an area designatouj 232 that
can be filled in by the clinician to associate an area of paresthesia for each mark 228.
As shown in Fig. 23, four marks 228 have been generated, with the first mark being
identified as causing paresthesia in the upper back of the patient, the second mark
being identified as causing paresthesia in the lower back of the patient, the third mark
being identified as causing paresthesia in the right arm of the patient, and the fourth

| mark being identified as causing paresthesia in the left leg of the patient. Notably, any
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one of the numbered designated within the mark list 230 can be clicked to ce'nt'er the
area designator 232 on the corresponding mark 228 in the navigation scope 202.

After the marks 228 are generated, a coverage areas screen 100(8) that aIIoWs
the clinician to generate a stimulation program from the marks 228 is provided, as
shown in Fig. 24. The coverage areas screen 100(8) includes a list of the coverage
areas 234 with corresponding control buttons. In particular, each coverage area 234
has associated with it amplitude up/down arrows 236 that can be clicked to modify the
mark corresponding to that coverage area 234 by increasing or decreasing the
amplitude of the stimulation energy conveyed by the electrode array 26. Each coverage
area 234 also includes an on/off button 238 that can be clicked to alternately provide or
cease the delivery of the stimulation energy from the IPG 14 to the electrode array 26.
Any combination of the coverage areas 234 can be turned on, so that multiple coverage
areas of the patient can be simultanebusly stimulated. Each coverage area 234 also
includes a redo button 240 that regenerates and stores the mark 228 with an).l new
amplitude values that are adjusted by manipulation of the amplitude up/down arrows
236, and a deletion buttdn 242 that deletes the mark 228 and associated area |
designation from the coverage areas screen 100(8).

The coverage areas screen 100(8) further includes a paresthesia map of the
human body 244 divided into several regions 246. Clicking on one or more of these
regions 246 allows the clinician to record the regions of paresthesia experienced by the
patient for the areas that have been turned on. The paresthesia map 244 also includes
~ the regions 246 previously highlighted as indicating pain in the patient profiles screen

100(2). Thus, the upper back, lower back, right arm, and left thigh of the patient are
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highlighted, indicating that these are the regions of pain experienced by the patient.
Clicking on any of the regions 246 in the paresthesia map 244 further highlights the
regions experienced by the patient has having paresthesia. Any region of paresthesia
that corresponds to the same region previously indicated as having pain will be
highlighted with a different color (shown hatched). As shown in Fig. 24, the left leg of
the patient is highlighted to indicate the region where the patient is experiencing
paresthesia when the fourth coverage area 234 is turned on. The coverage areas
screen 100(8) includes a VAS button 248, view button 250, and resolution button 252
that can be clicked or manipulate the paresthesia map 244 in the same manner
described above with respect to the paresthesia map 192 in the manual prog;amming
screen 100(6).

The coverage areas screen 100(8) further includes an add another area buttoﬁ
254 that can be clicked to allow the clinician to add additional marks 228, and thus,
coverage areas 234 in the navigator screen 100(7) illustrated in Fig. 23. As will
described in further detail below, the groups of stimulation parameter sets can be
combined into a single stimulation program that can then be stored in the RC 16 and "
IPG 14. |

As shown in Fig. 25, actuation of the remote button 114 opens a remote screen
100(9) that allows the clinician to check battery status and modify patient options for the
RC 16, activate stimulation programs previously stored in the RC 16 and IPG 14, and
store the stimulation parameter sets created during the navigation or manual |

. programming sessions in the RC 16 and IPG 14 as a new stimulation program.
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To this end, the remote screen 100(9) has a battery status button 254 that can be
clicked to provide a battery status screen (not shown) that displays the battery status of
the IPG 14. The remote scréen 100(9) further has a patient options button 256 that can
be clicked to provide a patient options screen (not shown) that allows the clinician to
view and edit additional program settings for a p;atient, such as stimulation cycliﬂng,- ramp
up time, and maximum amplitude, and to provide lockout options that prevent the
patient from modifying stimu.lation parameters, such as pulse width and pulse width.
The remote screen 100(9) further indludes a program database 258 that has four slots
for storing up to four stimulation programs. As there shown, four different stimulation
programs, which are represented by corresponding paresthesia maps, are stored in the
. program database 258, along with the date/time that the stimulation progfams were
stored in the program database 258 and the program identification. Any of th;a
stimulation programs stored in the prbgram database 258 can be selected for activation
by clicking on the corresponding slot containing the stimulation program. A cheék mérk
is placed next to fhe paresthesia map corresponding to the last activated or last saved
stimulation program.

The remote screen 100(9) includes a paresthesia map 260 corresponding to the
currently activated stimulation program, and a VAS button 262, view button 264, and
resolution button 266 that can be clicked or manipulate the paresthesia map 260 in the
~ same manner described above with respect to the paresthesia map 192 in the manual
programming screen 100(6). Notably, when the remote screen 100(9) is entered from
the navigator screen 100(7) or the manual programming screen 100(6), the currently

activated stimulation program will be the new stimulation program generated in these
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screens. The remote screen 100(9) also includes a program entry box 268 that
| identifies the currently activated stimulation program using a designator that can be
manipulated by the clinician. The remote screen 100(9) further includes a save to
‘button 270 that can be clicked to save the currently activated stimulation program into a
selected slot of the program data base 258. If the selected slot already contains a
previously stored stimulation program, this program will be overwritten by the currently
activated stimulation program. The remote screen 100(9) also includes a delete button
272 that can be clicked to delete the stimulation program currently selected in the
program database 258.

The remote screen 100(9) further includes a preview/end preview button 274 that
can be clicked to allow the clinician to preview a stimulation program currently selected
| within the program database 258 without overwriting the currently activated stirﬁulation
program. In this case, the currently activated stimulation program will be stopped and
the selected stimulation program will be activated temporarily until the preview/end
preview button 274 is clicked again, after which the original stimulation program will be
reactivated. The remote screen 100(9) further includes an activate button 276 that can
be clicked to overwrite the currently activated stimulation program with a stimulation
program selected within the program database 258. Notably, clicking the activate
button 276 will provide stimulation energy from the IPG 14 to the electrode array 26 in
. accordance with the newly activated stimulation program. The remote screen 100(9)
further includes an activation/stimulation off button 278 that, like the activate bﬁtton 276,

can be can clicked to overwrite the currently activated stimulation program with a
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stimulation program selected within the program database 258. However, in this case,
stimulation energy is not provided from the IPG 14 to the electrode array 26.

The currently activated stimulation program can be modified or edited in one of
two ways. The first way is to click on manual button 110, which opens the manual
' programming screen 100(6) shown in Fig. 16 to allow the clinician to manually revise
the stimulation parameter sets that make up the currently activated stimulation program,
including the fractionalized electrode configurations. The remote screen 100(_9)
includes a renavigation button 280 that provides thé second way to modify the currently
activated stimulation program.

In particular, the renavigation button 280 can be clicked to provide thé coverage
areas screen 100(8) illustrated Fig. 24, which includes a list of the coverage areas 234
contained within the currently activated stimulation program. The redo,button.240 for
oné of the coverage areas 234 can be clicked or the navigator button 112 can be
clicked to provide the navigator screen 100(7) illustrated in Fig. 23. The fractionalized
electrode configurations corresponding to the coverage areas 234 will be generated as
marks 228 for display on the navigator scope 202 and placement in the mark list 230.
Any of these marks 228 can then be used as a starting point to create other marks by
clicking on the corresponding mark designator in the mark list 230, moving the location
designator 214 away from the selected mark 228 via manipulation of the directional
- controls 202-210, and then clicking the mark button 226. These new marks, along with
the electrical parameters associated with it (i.e., pulse amplitude, pulse width, and pulse
rate), can then be used as initial stimulation parameter sets to program the RC 16 with

one or more new stimulation programs in the same manner described above. In



WO 2010/006304 PCT/US2009/050309
45

particular, an effective stimulation parameter set, which can be selected as the new
programmable stimulation set, can be derived from each mark by gradually changing
the initial stimulator parameter set to the effective stimulation parameter set while
stimulating the patient in accordance with the gradually changing stimulation parameter
set, and in particular, by using the navigation table to steer current along and 'betWeen

- the leads 12, as discussed above.

Significantly, if the fractionalized electrode configurations corresponding to any of
the coverage areas 234 were manually selected by the clinician using the manual
programming screen 100(6) illustrated in Fig. 16, it is quite possible that the -
fractionalized electrode configuration méy not identically match a fractionalized
electrode configuration found in the navigation tablé, since manual selection of
fractionalized electrode configuration is performed completely independent of the
navigation table used in the navigation screen. However, a mark can be still be
generated from any mismatched fractionalized electrbde configurations manually
selected by the clinician and displayed in the navigation scope 202, so that it could be
used as a starting point (i.e., the initial fractionalized electrode configuration) in the
subsequent navigation procedure. This is accomplished by selecting the fractionalized
elegtrode configuration in the navigation table that best fits the mismatched '
fractionalized electrode configuration and generating a mark from the selected
fractionalized electrode qonﬁguration.

In particular, and with reference to Fig. 16, one exemplary methodology
employed by the CP 18 to generate a mark from a previously programmed set of

stimulation paraméters, which in this case, is the stimulation parameter set associated
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with the stimulation program uploaded from the RC 16 to the CP 18 in response to
clicking the remote bufton 114 and selected in the coverage areas screen 100(8)
illustratéd in Fig. 24, will now be described. As just discussed above, the previously
programmed stimulation parameter set obtained from the RC 16 (and ‘in this case, thé
fractionalized electrode configuration associated with the previously programrﬁed
stimulation parameter set) may not identically match any reference stimulation
parameter sets stored in the CP 18 (and in this case, the fractionalized electrode
configurations stored in the navigation table).

The methodology used by the CP 18 to generate an initial fractionalized
electrode conﬂguratic;n for both leads 12 from a previously programmed stimulation
parameter set will now be described with reference to Fig. 26. At step 300, the CP 18
obtains the fractionalized electrode configurations for the respective leads 12 from the
- previously programmed stimulation parameter set (one for electrodes E1-E8 and one for
electrodes E9-E16), and at step 302, compares each one to the fractionalized electrode
configurations contained in the navigation table (i.e., navigatable fractionalized
electrode combinations). At step 304, the CP 18 determines if an identical match
. between each of the fractionalized electrode configurations and any of the navigatable
fractionalized electrode combinations exists. At step 306, if an identical matcl'.l exists
between one of the programmed fractionalized electrode configurations (for either or
both leads) and a navigatable electrode configuration, the CP 18 selects the matchiné
fractionalized electrode configuration as an initial fractionalized electrode configuration

for that lead.
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If an identical match does not exist between one of the programmed
fractionalized electrode configurations and a navigatable ffactionalized electrode
configuration at step 306, the CP 18 determines a best fit betwéen that programmed
fractionalized electrode configuration and the navigatable fractionalized electrode
configurations at step 308. As will be described in further detail below, the best fit
fractionalized electrode configuration can be determined in any one of a number of
manners. At step 310, the CP 18 then selects the best fit navigatable fractionalized
~ electrode configuration as an initial fractionalized electrode configuration for that lead.
The initial fractionalized electrode combinations for both leads can then be stored as a
new mark that can be used to generate a new stimulation program for the remote
cohtrol 16 and/qr IPG 14, as discussed above.

As briefly discussed above, a best fit between a mismatched fractionalized
electrode configuration (i.e., a non-navigatable fractionalized electrode conﬁg;Jration)
and the fractionalized electrode configurations contained in the navigation table (i.e., the
navigatable fractionalized electrode configurations) can be determined in any one of é
number of manners.

In one method, the best fit determination is a sorting methodology for prioritizing
the electrodes and narrowing the navigatable fractionalized electrode configurations to a
single fractionalized electrode configuration based on the electrode prioritization. The
electrodes'maiy be prioritized based on any suitable criteria, such as the magnitude of
~ stimulation energy (in this case, electrical current) associated with the electrodes and/or
the polarities independently associated with the electrodes. For example, it is known

.that for SCS applications, the electrodes that affect stimulation the most are the
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cathodes having the highest current. Based on this, the electrodes on each lead may
be prioritized in accordance with the following criteria:
1) cathode with the 1% highest current;
2) cathode with the 2™ highest current;
3) cathode with the 3™ highest current;
4) cathode with the 4" highest current:
5) anode with the 1 highest current;
6) anode with the 2" highest current;
7) anode with the 3" highest current;
8) anode with the 4™ highest current.

The fractionalized electrode configurations can be narrowed, e.g., by determining
a first set of the navigatable fractionalized electrode configurations that best match the
non-navigatable fractionalized electrode configuration for the highest priority electrode,
determining a next set of the navigatable fractionalized electrode configurations from
the first set that best match the non-navigatable fractionalized electrode configuration
for the next highest priority electrode, and so forth.

For example, the navigatable fractionalized electrode configurations that best
" match the cathode with the 1% highest current in the non-navigatable fractionalized
electrode configuration will be determined, then from these, the navigatable
fractionalized electrode cohﬁgurations that best match the cathode with the 2nd highest
current in the non-navigatable fractionalized electrode configuration will be determined,
then from these, the navigatable fractionalized electrode configurations that best match
the cathode with the 3rd highest current in the non-navigatable fractionalized electrode
configuration will be determined, and then from these, the navigatable fractionalized

electrode configurations that best match the cathode with the 4th highest current in the

non-navigatable fractionalized electrode configuration will be determined.
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From these remaining navigatable fractionalized electrode configurations, the
navigatable fractionalized electrode configurations that best match the anode with the
1st highest current in the non-navigatable fractionalized eIectrode configuration will be
_ determined, then from these, the navigatable fractionalized electrode conﬁgur.ati‘ons that
best match the cathode with the 2nd highest current in the non-navigatable
fractionalized electrode configuration will be determined, énd then from these,' the
navigatable fractionalized electrode configurations that best match the cathode with the
3rd highest current in the non-navigatable fractionalized electrode configuration will be
determined, and-then from these, the navigatable fractionalized electrode configuration
that best matches the cathode with the 4th highest current in the non-navigatable
fractionalized electrode configuration will be determined.

As one example, assume that the non-navigatable fractionalized electrode
configuration is defined by electrodes E2 having a cathodic current of 43%, E3 having a
cathodic current of 57%, E7 as having an anodic current of 55%, and E8 as having an
anodic current of 45%, which is then compared with the fractionalized electrode
configurations contained in the navigation table of Appendix A. The cathode with the 1%
highest current is E3 at 57%, and thus, fractionalized electrode configurations 112 and
190 are selected, since they both define a fractionalized current of 55% for electrode
E3. The cathode with the 2™ highest current is E2 at 43%, and thus, fractionalized
‘ electrode configuration 112 is selected, since it is the only one that defines any current
for electrode E2 at 45%. Thus, fractionalized electrode configuration 112 will be
selected as the best fit for the non-navigatable fractionalized electrode configuration,

defining electrode E2 to have a cathodic current of 45%, electrode E3 to have a
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cathodic current of 55%, electrode E5 to have an anodic current of 45%, and electrode
E8 to have an anodic current of 55%.

In another method, the best fit determination comprises deriving a first set of data
points from the non-navigatable fractionalized electrode configuration, deriving a second
set of data points from each of the navigatable fractionalized electrode configurations,
computationally comparing the first set of data points with each of the second.set of
~ data points, énd determining the navigatable fractionalized eléctrode configuration as
the best fit based on the computational comparison. |

The data points can represent any characteristic that would provide a sufficient
indication of best fit between fractionalized electrode configurations with respect to the
effects of the stimulation energy experienced by the patient. As one example, each
data point may répresent a magnitude of stimulation energy (in this case, a
fractionalized current value) associated with a respective one of the electrodes. For
~ example, Fig. 27 illustrates a plurality of data points ‘representing the fractionalized
current values of navigatable fractionalized electrode configuration 188 from the
navigation table of Appendix A. As there shown, the data points for electrodes E1-E8
are respectively 0.35, 0, -0.65, -0.35, 0, 0.65, 0, 0, and 0. As another example, each
data point may represent a voltage as é neural activation function of the electrode array
26. For example, Fig. 28 illustrates a voltage waveform (shown in dashed Iinés)
generated by navigatable fractionalized electrode configuration 188 along a spinal cord,
with the composite of the voltage waveforms (shown in solid) being considered the |

neural activation function. As shown, data points can then be plotted aloﬁg the neural

activation function.
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The.ﬁrst data point set (i.e., the data points derived from the non-navigatable
fractionalized electrode configuration) can be computationally compared to each of the
second data point sets (i.e., the data points derived from the navigatable fractionaliied
electrode configurations) in any one of a variety of manners; for example by using a
comparison function that returns a value indicative of the best fit navigatable
fractionalized electrode configuration. -

For example, one comparison function that can be used is a correlation
coefficient function, such as a Pearson Correlation Coefficient function, which can be'
expreésed as the following equation:

> (FIR - MrxYSECi — Mssc)
F= i , where

sqrt (Z (FIR: - M)} (SECi ~ Mosc) ]

ris the coefficient, FIR represents the data derived from the non-navigatable
fractionalized electrode configuration (i.e., the first data set), SEC represents the data
derived from a navigatable fractionalized electrode configuration (i.e., one of ti1e second
data sets), M represents the mean of the data set (either first or second), and i
represehts a single element of the data set (either first or second). Advantageously, the
correlation coefficient is not sensitive to magnitude scaling, and ranges from -1 (perfect
inverse correlation) to 1 (perfect correlation). With this function, th.e navigatable
fractionalized electrode configuration that results in the maximum coefficient is the one
that is selected as the best fit for the programmable fractionalized electrode

configuration.
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Another comparison function that can be used is a least squares based function,
and in particular, a sum of squared differences function, which can be expreséed as the

following equation:

$SD = 5" ((FIR - SEC'Y? ), where
{

SSD is the sum of squared difference, and FIR, SEC, and i have been defined above.
The SSD function measures the difference between the actual data and an in;tance of |
the model-based estimate of the data. With this function, the navigatable fractionalized
elgctrode configuration that results in the minimum sum of squared difference is the dne
_ that is selected as the best fit for the programmable fractionalized electrode
configuration. |

Other combarison functions, including cross-correlation functions, wavelet
functions, and associated matching measures, may be altem‘atively used.

It should be noted that thg data sets may be derived from a subset of the
~ electrodes before initially performing the computation function. For example, the first
data set may be derived from only the cathodes of the non-navigatable fractionalized
electrode configuration, and each of the second data sets may be derived from only the
cathodes of the navigatabje fractionalized electrodé configurations. In addition to
- decreasing the data needed to be processed, and therefore the processing time, the
* data that has the greatest impact on stimulation can be focused on, while ignoring
insignificant data, thereby increasing the chances that the navigatable fractionalized

electrode configuration that returns the best computational value (maximum coefficient '

in the case of a Pearson Correlation Coefficient function or minimal value in the case of
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the sum of squared differences function) is truly the best fit for the programmable
fractionalized electrode configuration.

It should be noted that, in the case of a tie (i.e., there are multiple navigatable
fraciionalized electrode donﬁgurations associated with the best computational vale), the
best fit can be selected arbitrarily from these navigatable fractionalized electrode
configurations, or a tie-breaking function, can be used.

For example, if the comparison function initially took into account all ofvthe
electrodes, the performance of a tie breaking function may comprise 'deriving the first
data set only from the cathodes of the non-navigatable fractionalized electrode
configuration and deriving the second data sets only from the navigatable fractionalized ,
electrode configurations that are tied. As another example, if the comparison function
initially took into account only a subset of the electrodes (such as only the cafhodes),
the performance of a tie breaking function may comprise dériving the first data set from
all of the electrodes of the non-navigatable fractionalized electrode configuration and
deriving the second data sets from all of the electrodes of the navigatable fractionalized
electrode configurations that are tied. As still another example, if the data points
represent the fractionalized current values of the electrodes, the performance of the tie
breaking function can comprise performing a comparison function on data points
representing the voltage as a neural activation function of the electrodes With respect to
- the navigatable fractionalized electrode configurations that are tied, or vice versa.

In either of these cases, the computational comparison function is then

performed on the data sets, and the navigatable fractionalized electrode configuration
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that results in the best computational value is the one that is uitimately selected as the.
best fit for the non-navigatable fractionalized electrode configuration.

Notably, to the extent that a steering table of absolute electrical current values
(as opposed to fractionalized electrical current values) is used (such as may be used’
when gradually shifting current using time-interleaved pulses, as described above), the
~ . comparison and matching functions described above will be performed on absolute
electrical current values as opposed to fractionalized electrical current values.
Furthermore, to the extent that a sieering table of electrical voltage values (as opposed
to electrical current values) is used, such as may be used in voltage-regulated systems,
. the comparison andvmatching functions described above will be performed on electrical
\)oltage values as opposed to electrical current values.

Although particular embodiments of the present inventions have been shown and
described, it will be understood that it is not intended to limit the present inventions to
the preferred embodiments, and it will be obvious to those skilled in the art that various
changes and modifications may be made without departing from the spirit and scope of
the present inventions. Thus, the present inventions are intended to cover alternatives,
modifications, and equivalents, which may be included within the spirit and scope of the

present inventions as defined by the claims.
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Simplified Steering Table

Electrode#
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CLAIMS
What is claimed is:

1. A method of programming a controller that controls electrical stimulation
energy output to a plurality of electrodes, the controller storing a set of programmed
stimulation parameters associated with the plurality of electrodes, the method
comprising:

comparing the programmed stimulation parameter set with a plurality of sets of
reference stimulation parameters, each of the reference sets of stimulation parameters
being associated with the plurality of electrodes;

determining if an identical match between the programmed stimulation parameter
set and any one of the reference stimulation parameter sets exists based on the
comparison;

if an identical match exists, selecting the identically matched stimulation
parameter set as an initial stimulation parameter set;

if an identical match does not exist, determining a best fit between the
programmed stimulation parameter set and the reference stimulation parameter sets
and selecting the best fit stimulation parameter set as the initial stimulation parameter
set; and

programming the controller with a new set of programmable stimulation
parameters based on the initial stimulation parameter set.

2. The method of claim 1, wherein the controller is an external controller for
controlling the stimulation energy output by an implantable device to the plurality of

electrodes.
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3. The method of claim 1, wherein the reference stimulation parameter sets are
stored in a navigation table as a series of stimulation parameter sets.

4. The method of claim 1, wherein the best fit determination comprises
prioritizing the electrodes, and narrowing the reference stimulation parameter sets down
toa sinéle stimulation parameter set based on the electrode prioritization, wherein the
single stimulation parameter set is selected as the initial stimulation parameter set.

5. The method of claim 4, wherein the electrode prioritization is based on
magnitudes of stimulation energy independently associated with the electrodes.

6. The method of claim 4, wherein the electrode prioritization is based on
polarities independently associated with the electrodes.

7. The method of claim 4, wherein narrowing the reference stimulation
parameter sets comprises initially determining a first set of the reference stimulation
parameter sets that best match the programmable stimulation parameter set for the
highest priority electrode, wherein the initial stimulation parameter set is selected from
the first set of the reference stimulation parameter sets.

8. The method of claim 7, wherein narrowing the reference stimulation
parameter sets further comprises determining a next set of reference stimulation
parameter sets from the first set of the reference stimulation parameter sets that best
match the programmed stimulation parameter set for the next highest priority electrode,
and repeating this step until the single stimulation parameter set remains.

9. The method of claim 1, wherein the best fit determination comprises:

deriving a first set of data points from the programmed stimulation parameter set;
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deriving a second set of data points from each of the reference stimulation
parameter sets;

computationally comparing the first set of data points with each of the second
sets of data points; and

selecting one of the reference parameter sets as the initial stimulation parameter
set based on the comparison.

10. The method of claim 9, wherein the comparison is computationally
performed using a comparison function selected from the group consisting of a
correlation coefficient function, a least squares based function, and a cross-correlation
function.

11. The method of claim 9, wherein each data point in the first and second sets
of data points represents a magnitude of stimulation energy associated with a
respective one of the plurality of electrodes.

12. The method of claim 9, wherein each data point in the first and second sets
of data points represents a voltage as a neural activation function of the plurality of
electrodes.

13. The method of claim 9, wherein only data points associated with a subset of
the electrodes are compared.

14. The method of claim 1, further comprising uploading the programmable
stimulation parameter set from the controller to a computerized programming system

that stores the reference stimulation parameter sets.
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15. The method of claim 1, further comprising deriving an effective stimulation
parameter set from the initial stimulation parameter set, wherein the effective stimulation
parameter set is selected as the new programmable stimulation set.

16. The method of claim 15, wherein deriving the effective stimulation parameter
set comprises gradually changing the initial stimulation parameter set to the effective
stimulation parameter set while stimulating tissue of a patient in accordance with the
gradually changing stimulation parameter set.

17. The method of claim 16, wherein the initial stimulation parameter set
comprises first electrical current values for the plurality of electrodes, the effective
stimulation parameter set comprises second electrical current values for the plurality of
electrodes, and the initial stimulation parameter set is gradually changed to the effective
stimulation parameter set by gradually shifting the first electrical current values to the
second electrical current values.

18. The method of claim 17, wherein the first and second electrical current
values aré fractionalized electrical current values.

19. The method of claim 17, wherein gradually shifting the electrical current
values is performed using simultaneously delivered pulses between the first electrical
current values and the second electrical current values.

20. The method of claim 17, wherein gradually shifting the electrical current
values is performed using time-interieaved pulses delivered between the first electric
current values and the second electrical current values.

21. The method of claim 16, wherein the tissue is neural tissue.

22. The method of claim 21, wherein the neural tissue is spinal cord tissue.
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23. A computer readable medium for programming a controller that controls
electrical stimulation energy output to a plurality of electrodes, the controller storing a
set of programmed stimulation parameters associated with the plurality of electrodes,
the medium containing instructions, which when executed, comprise:

comparing the programmed stimulation parameter set with a plurality of sets of
reference stimulation parameters, each of the reference sets of stimulation parameters
being associated with the plurality of electrodes;

determining if an identical match between the programmed stimulation parameter
set and any one of the reference stimulation parameter sets exists based on the
comparison,

if an identical match exists, selecting the identically matched stimulation
parameter set as an initial stimulation parameter set;

if an identical match does not exist, determining a best fit between the
programmed stimulation parameter set and the reference stimuiation parameter sets
and selecting the best fit stimulation parameter set as the initial stimulation parameter
set; and

programming the controller with a new set of programmable stimulation
parameters based on the initial stimulation parameter set.

24. The computer readable medium of claim 23, further comprising a navigation
table for storing the reference stimulation parameter sets as a series of stimulation
parameter sets.

25. The computer readable medium of claim 23, wherein the best fit

determination comprises prioritizing the electrodes, and narrowing the reference
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stimulation parameter sets down to a single stimulation parameter set based on the
electrode prioritization, wherein the single stimulation parameter set is selected as the
initial stimulation parameter set.

26. The computer readable medium of claim 25, wherein the electrode
prioritization is based on magnitudes of stimulation energy independently associated
with the electrodes.

27. The computer readable medium of claim 25, wherein the electrode
prioritization is based on the polarity independently associated with the electrodes.

28. The computer readable medium of claim 25, wherein narrowing the
reference stimulation parameter sets comprises initially determining a first set of the
reference stimulation parameter sets that best match the programmable stimulation
parameter set for the highest priority electrode, wherein the initial stimulation parameter
set is selected from the first set of the reference stimulation parameter sets.

29. The computer readable medium of claim 28, wherein narrowing the
reference stimulation parameter sets further comprises determining a next set of
reference stimulation parameter sets from the first set of the reference stimulation
parameter sets that best match the programmed stimulation parameter set for the next
highest priority electrode, and repeating this step until the single stimulation parameter
set remains.

30. The computer readable medium of claim 23, wherein the best fit
determination comprises:

deriving a first set of data points from the programmed stimulation parameter set;
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deriving a second set of data points from each of the reference stimulation
parameter sets;

computationally comparing the first set of data points with each of the second
sets of data points; and

selecting one of the reference parameter sets as the initial stimulation parameter
set based on the comparison.

31. The computer readabie medium of claim 30, wherein the comparison is
computationally performed using a comparison function selected from the group
consisting of a correlation coefficient function, a least squares based function, and a
cross-correlation function.

32. The computer readable medium of claim 30, wherein each data point in the
first and sgcond sets of data points represents a magnitude of stimulation energy
associated with a respective one of the plurality of electrodes.

33. The computer readable medium of claim 30, wherein each data point in the
first and second sets of data points represents a voltage as a neural activation function
of the plurality of electrodes.

34. The computer readable medium of claim 30, wherein only data points
associated with a subset of the electrodes are compared.

35. The computer readable medium of claim 23, wherein the instructions, when
executed, further comprises uploading the programmable stimulation parameter set
from the controller to a computerized programming system that stores the reference

stimulation parameter sets.
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36. The computer readable medium of claim 23, wherein the instructions, when
executed, further comprises deriving an effective stimulation parameter set from the
initial stimulation parameter set, wherein the effective stimulation parameter set is
selected as the new programmable stimulation set.

37. The computer readable medium of claim 36, wherein deriving the effective
stimulation parameter set comprises gradually changing the initial stimulation parameter
set to the effective stimulation parameter set while stimulating tissue of a patient in
accordance with the gradually changing stimulation parameter set.

38. The computer readable medium of claim 37, wherein the initial stimulation
parameter set comprises first electrical current values for the plurality of electrodes, the
effective stimulation parameter set comprises second electrical current values for the
plurality of electrodes, and the initial stimulation parameter set is gradually changed to
the effective stimulation parameter set by gradually shifting the first electrical current
values to the second electrical current values.

39. The computer readable medium of claim 38, wherein the first and second
electrical current values are fractionalized electrical current values.

40. The computer readable medium of claim 38, wherein gradually shifting the
electrical current values is performed using simultaneously delivered pulses between
the first electrical current values and the second electrical current values.

41. The computer readable medium of claim 38, wherein gradually shifting the
electrical current values is performed using time-interleaved pulses delivered between
the first electric current values and the second electrical current values.

42. A tissue stimulation system, comprising:
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a plurality of electrodes configured for being placed in contact with tissue of a
patient;
an implantable device configured for conveying electrical stimulation energy to
the plurality of electrodes, thereby creating a stimulation region in the tissue;
an external controller configured for controlling the stimulation energy output by
the implantable device to the plurality of electrodes in accordance with a set of
programmed stimulation parameters; and
a computerized programming system configured for:
comparing the programmed stimulation parameter set with a plurality of
sets of reference stimulation parameters, each of the reference sets of
stimulation parameters being associated with the plurality of electrodes;
determining if an identical match between the programmed stimulation
parameter set and any one of the reference stimulation parameter sets exists
based on the comparison;
if an identical match exists, selecting the identically matched stimulation
parameter set as an initial stimulation parameter set;
if an identical match does not exist, determining a best fit between the
programmed stimulation parameter set and the reference stimulation parameter
sets and selecting the best fit stimulation parameter set as the initial stimulation
parameter set; and
programming the controller with a new set of programmable stimulation

parameters based on the initial stimulation parameter set.



WO 2010/006304 PCT/US2009/050309
77

43. The tissue stimulation system of claim 42, wherein the computerized
programming system comprises a navigation table that stores the reference stimulation
parameter sets as a series of stimulation parameter sets.

44. The tissue stimulation system of claim 42, wherein the best fit determination
comprises prioritizing the electrodes, and narrowing the reference stimulation parameter
sets down to a single stimulation parameter set based on the electrode prioritization,
wherein the single stimulation parameter set is selected as the initial stimulation
parameter set.

45. The tissue stimulation system of claim 44, wherein the electrode prioritization
is based on magnitudes of stimulation energy independently associated with the
electrodes.

46. The tissue stimulation system of claim 44, wherein the electrode prioritization
is based on polarities independently associated with the electrodes.

47. The tissue stimulation system of claim 44, wherein narrowing the reference
stimulation parameter sets comprises initially determining a first set of the reference
stimulation parameter sets that best match the programmable stimulation parameter set
for the highest priority electrode, wherein the initial stimulation parameter set is selected
from the first set of the reference stimulation parameter sets.

48. The tissue stimulation system of claim 47, wherein narrowing the reference
stimulation parameter sets further comprises determining a next set of reference
stimulation parameter sets from the first set of the reference stimulation parameter sets
that best match the programmed stimulation parameter set for the next highest priority

electrode, and repeating this step until the single stimulation parameter set remains.



WO 2010/006304 PCT/US2009/050309
78

49. The tissue stimulation system of claim 42, wherein the best fit determination
comprises:

deriving a first set of data points from the programmed stimulation parameter set;

deriving a second set of data points from each of the reference stimulation
parameter sets;

computationally comparing the first set of data points with each of the second
sets of data points; and

selecting one of the reference parameter sets as the initial stimulation parameter
set based on the comparison.

50. The tissue stimulation system of claim 49, wherein the comparison is
computationally performed using a comparison function selected from the group
consisting of a correlation coefficient function, a least squares based function, and a
cross-correlation function.

51. The tissue stimulation system of claim 49, wherein each data point in the first
and second sets of data points represents a magnitude of stimulation energy associated
with a respective one of the plurality of electrodes.

52. The tissue stimulation system of claim 49, wherein each data point in the first
and second sets of data points represents a voltage as a neural activation function of
the plurality of electrodes.

53. The tissue stimulation system of claim 49, wherein only data points

associated with a subset of the electrodes are compared.
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54. The tissue stimulation system of claim 42, wherein the external controller is
configured for uploading the programmable stimulation parameter set to the
computerized programming system.

55. The tissue stimulation system of claim 42, wherein the computerized
programming system is further configured for deriving an effective stimulation parameter
set from the initial stimulation parameter set, wherein the effective stimulation parameter
set is selected as the new programmable stimulation set.

56. The tissue stimulation system of claim 55, wherein deriving the effective
stimulation parameter set comprises gradually changing the initial stimulation parameter
set to the effective stimulation parameter set while directing the implantable device to
stimulate tissue of a patient in accordance with the gradually changing stimulation
parameter set.

57. The tissue stimulation system of claim 56, wherein the initial stimulation
parameter set comprises first electrical current values for the plurality of electrodes, the
effective stimulation parameter set comprises second electrical current values for the
plurality of electrodes, and the initial stimulation parameter set is gradually changed to
the effective stimulation parameter set by gradually shifting the first electrical current
values to the second electrical current values.

58. The tissue stimulation system of claim 57, wherein the first and second
electrical current values are fractionalized electrical current values.

59. The tissue stimulation.system of claim 57, wherein gradually shifting the
electrical current values is performed using simultaneously delivered pulses between

the first electrical current values and the second electrical current values.
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60. The tissue stimulation system of claim 57, wherein gradually shifting the
electrical current values is performed using time-interleaved pulses delivered between

the first electric current values and the second electrical current values.
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