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METHODS AND SYSTEM FOR TARGETED BRAIN STIMULATION USING
ELECTRICAL PARAMETER MAPS

CROSS REFERENCE TO RELATED APPLICATION

[0 1] The present application claims priority to United States provisional application Serial

No. 61/530,142 filed on September 1, 201 1, the disclosure of which is incorporated herein by

reference in its entirety.

FIELD OF THE INVENTION

[02] In general, the present invention relates to methods and systems for electrical

stimulation of an anatomical region of the body, such as the nervous system. More

particularly, the present invention relates to methods and systems for determining target

stimulation parameter settings for patient stimulation.

BACKGROUND INFORMATION

[03] Electrical stimulation of the nervous system, including the brain and spinal cord,

exists as a potentially effective, but also risky treatment option for various medical conditions

such as pain, epilepsy, dystonia, Parkinson's disease and depression. In addition to potential

health complications arising from surgical implantation of stimulation hardware (e.g., an

implanted pulse generator (IPG) and a stimulation electrode), there exists the problem of

determining what type of stimulation each patient should receive. Since the brain anatomy

and electrode placement is different between patients, there is no standard course of treatment

that is universally applicable to all patients. For example, the same stimulation parameters

(e.g., pulse width, pulse duration, amplitude, polarity, etc.) tend to produce different results

for different patients.

[04] Additionally, stimulation hardware is advancing so as to provide healthcare

professionals with an ever-growing number of stimulation options. For example, IPGs are

currently available which are capable of simultaneously producing outputs of different

amplitude, e.g., for different electrodes and different leadwires. Electrode leads have also

advanced to include multiple contacts that, when combined with the IPGs, allow individual

contacts to be stimulated in different ways, whereas older-generation leads required the same

stimulation signal to be applied to all contacts in a given lead. Accordingly, there is a need

for tools that allow for accurate and efficient determinations of what combinations of

stimulation parameters are required for a given patient.



[05] One known approach to predicting stimulation effects involves the creation of brain

stimulation field models (SFMs), also referred to as volumes of activation (VOAs) or

volumes of tissue activated (VTAs). For example, U.S. Patent No. 7,346,382 to

Mclntyre et al., the contents of which is incorporated herein by reference, describes the use of

axon or neuron models which may be used to calculate an estimated VOA that results from a

given stimulation parameter combination, and describes a target VOA to which such

estimated VOAs may be compared.

[06] Predicting stimulation effects by modeling estimated VOAs using axon or neuron

models can involve a large processor load, and can require assumptions about the biophysics

of the brain. For instance, it may require assumptions about the distribution density or the

triggering thresholds of axons in a particular brain region.

BRIEF DESCRIPTION OF THE DRAWINGS

[07] Fig. 1 is a flowchart that shows a method for associating behavioral scores with

electric field maps according to an example embodiment of the present invention.

[08] Fig. 2 shows an exemplary patient data record generated according to the method of

Fig. 1.

[09] Fig. 3A is a flowchart that shows a method for determining an optimal stimulation

parameter combination according to an example embodiment of the present invention.

[10] Fig. 3B shows example embodiments of a pair of extracted field maps and a

corresponding weighted average field map.

[11] Fig. 4 is a flowchart that shows a second method for determining an optimal

stimulation parameter combination according to an example embodiment of the present

invention.

[12] Fig. A shows an exemplary patient data record generated according to the method of

Fig. 4.

[13] Fig. 5B shows an exemplary target coefficient set according to an example

embodiment of the present invention.

[14] Fig. 6 is a flowchart that shows a third method for determining an optimal stimulation

parameter combination according to an example embodiment of the present invention.



[15] Fig. 7 is a block diagram that shows a system for brain stimulation according to an

example embodiment of the present invention.

SUMMARY

[16] Example embodiments of the present invention relate to methods and corresponding

system(s) for selecting optimal neural stimulation parameters using electrical parameter

maps, e.g., by applying a threshold to a score map or a map obtained by weighting electric

field values by scores. The neural stimulation includes stimulation of the brain, spinal cord,

central and peripheral nerves. In a preferred embodiment, the methods and systems apply to

brain stimulation. According to example embodiments, the target stimulation parameters

may be determined without reference to a target VOA.

[17] According to example embodiments, the electrical parameters are electric fields and

various methods for determining target stimulation parameters are described in connection

with electric field maps, e.g., of current or voltage. However, the example embodiments may

also be implemented with other types of electrical parameters, e.g., current density and

activation function.

[18] According to example embodiments, patients are registered into a common database

to form a patient registry. Various stimulation parameter combinations for a patient

population are computer-simulated to calculate electric field maps containing potential

difference values, i.e., voltages. With respect to calculation of electric field maps, see, e.g.,

U.S. Pat. App. Ser. No. 12/454,330, filed May 15, 2009 ("the '330 application"), U.S. Pat.

App. Ser. No. 12/454,312, filed May 15, 2009 ("the '312 application"), U.S. Pat. App. Ser.

No. 12/454,340, filed May 15, 2009 ("the '340 application"), U.S. Pat. App. Ser. No.

12/454,343, filed May 15, 2009 ("the '343 application"), and U.S. Pat. App. Ser. No.

12/454,314, filed May 15, 2009 ("the '314 application"), the content of each of which is

hereby incorporated herein by reference in its entirety. The field maps may be stored in

association with corresponding behavioral score sets. The behavioral scores represent the

actual effects produced by testing specific stimulation parameter combinations on the patient

population, and are used in conjunction with the field maps as a basis for selecting an

appropriate stimulation parameter combination for use with a new patient. Thus, one aspect

of the present invention relates to the generation of field maps and score sets of a patient



population, where the field maps and score sets are used by a system for determining target

stimulation parameter settings for a new patient.

[19] According to example embodiments of the present invention, a system and method

may determine optimal stimulation parameter combinations that are likely to produce

behavioral scores matching user-specified score criteria or predetermined score criteria with

which the system is programmed. According to an example embodiment, optimal stimulation

parameter combinations may be determined by extracting a set of stimulation settings and

corresponding field maps, which are associated with scores that satisfy the score criteria.

Each extracted field map is then weighted on a voxel-by-voxel basis by its respective score to

generate a respective weighted field map. Those weighted field maps are then averaged over

multiple patient datasets to compute a weighted average field map. Finally, this weighted

average field map is compared with an individual patient's field map for each possible

stimulation parameter combination for the patient. The parameter combination for which the

patient's field map has the greatest agreement and least disagreement with the weighted

average field map is selected as the optimal combination.

[20] As an alternative to comparing against the weighted average field map, the current

patient's field maps, corresponding to various parameter combinations, may be compared

with field maps of patients with known scores. Then each of the current patient's field maps

may be assigned the same score as that of a closest matching field map from the patient

population. The parameter combination corresponding to the patient's field map having the

best score is then selected as the optimal combination.

[21] According to an alternative example embodiment of the present invention, optimal

stimulation parameter combinations may be determined by applying a series expansion (e.g.,

a Fourier-Bessel expansion) to the field maps of the patient population in order to represent

each of the field maps as a sum of mathematical functions. Each field map may then be

represented by a set of coefficients associated with the mathematical functions, e.g., where

each coefficient indicates a degree to which a respective one of the functions characterizes

the respective field map. The coefficient sets are analyzed with respect to their

corresponding scores using regression or likelihood model analysis to generate a model

relating the coefficient sets to behavioral score sets. The resulting model is used to generate a

target coefficient set made up of coefficient values that represent a field map that is likely to

produce behavioral scores meeting a score criterion. The target coefficient set is compared to



the current patient's own coefficient sets. The stimulation parameter combination associated

with the best matching one of the current patient's coefficient sets is then selected as the

optimal combination. Alternatively, the resulting model is used to calculate a set of predicted

scores for each of the current patient's coefficient sets. The parameter combination

associated with the coefficient set having the score set that best meets the score criteria is

then selected as the optimal combination.

DETAILED DESCRIPTION

PATIENT REGISTRATION: GENERATION OF FIELD MAPS AND SCORE MAPS

[22] Fig. 1 shows an exemplary method 100 for associating behavioral scores with field

maps according to the present invention. The method 100 involves the use of stimulation

data from a plurality of patients in a patient population. At step 110, a plurality of

stimulation parameter combinations may be applied to patients of the patient population. One

or more of such stimulations for a patient of the patient population may occur soon after

stimulation hardware has been implanted into the patient, since various stimulation parameter

combinations are typically tested to determine (by trial-and-error) at least one efficacious

stimulation parameter combination before discharging the patient from a medical institution

where the implantation occurred.

[23] At step 112, the efficacy of each stimulation parameter combination is evaluated to

generate a behavioral score set for each combination. Each score corresponds to a behavior

associated with an improvement, e.g., mental alertness, or a side-effect, e.g., involuntary

muscle contraction. The scores may be scaled, with higher scores indicating a greater

presence of the associated behavior. For example, each score may be an integer number from

one to ten. The scores may be specified based on the subjective responses of the patients

and/or based on observations made by medical personnel. In one embodiment, Unified

Parkinson's Disease Rating Scale (UPDRS) scores may be used.

[24] At step 114, each patient is registered into a common patient registry database. A

patient record is created to store personal information and medical records, such as pre-op or

post-op brain images. A registration procedure may also involve adjusting a reference brain

model, i.e., an atlas having defined brain sections, to fit the brain anatomy of the individual

patient. The reference model can be morphed, e.g., stretched or transformed, to match a CT,

MRI, or an image of another imaging modality, resulting in a patient atlas. Typically, the



patient atlas includes an indication of where a lead is implanted, e.g., the locations of the lead

tip and electrodes.

[25] At step 116, an electric field map is calculated for each stimulation parameter

combination of the patient of the patient population. The electric field map may include a

three-dimensional plot of voltage potentials that exists in a plurality of locations around the

electrodes. The voltage potentials may be simulated voltages arising from the application of

the stimulation parameter combination. For example, a monopolar electrode may generate a

spherical voltage pattern with the highest voltage values located at the center, i.e., the

electrode, and with the voltages decreasing with radial distance. Such a pattern is shown in

an exemplary field map 32 in Fig. 2. The field map 32 may include a voxel matrix, with each

voxel 12 being assigned a single voltage value. For illustrative purposes, the field maps 32

are shown as two-dimensional matrices. However, it will be understood that each field map

32 is actually three-dimensional, i.e., a 3-D matrix of voxels.

[26] Fig. 2 also shows an exemplary patient data record 30 generated during the

registration process. Each record 30 includes one or more field maps 32 generated according

to step 116. Additionally, each record 30 includes one or more corresponding behavioral

score sets 34 that include individual scores 14, where different scores of a single set pertain to

different measured categories with respect to a single respective one of the field maps. The

number of scores 14 may vary depending on any number of factors, such as the nature and

complexity of the patient's medical condition, and procedural differences in the recording

practices of different medical institutions. Each behavioral score set 34 is associatively

linked in the database to its corresponding field map 32, which is in turn linked in the

database to the specific stimulation parameter combination that generated the field map 32.

[27] Exemplary methods 200 / 300 / 400 for generating optimal stimulation parameter

combinations based on the database of patient population information will now be described.

The methods 200/ 300 / 400 involve analyzing the field maps 32 and the behavioral score sets

34 against user-specified or predetermined system-programmed score criteria to determine an

optimal stimulation parameter combination. Thus, the methods 200 / 300 /400 provide an

alternative to VOA-based stimulation parameter selection.



WEIGHTED AVERAGE OF FIELD VALUES

[28] Fig. 3A is a flowchart that shows the method 200 for determining an optimal

stimulation parameter combination according to an example embodiment of the present

invention. At step 210, one or more user-specified score criteria are received as input. The

user may be a medical technician or a physician who selects a set of behaviors and inputs, as

the score criteria, a threshold score for each selected behavior. Alternatively, scores may be

on an overall clinical profile basis, e.g., where the system is configured to determine which

scored behaviors are relevant to an input clinical profile, e.g., which behaviors are relevant to

a Parkinson's disease (PD) patient, and which score thresholds to apply. In this manner, the

user can specify the types of behaviors that the stimulation parameter combination should

provide and/or avoid, along with the degree to which the patient should exhibit the specified

behaviors in response to the optimal stimulation parameter combination, i.e., a score or score

range. To illustrate, the user may specify pain reduction above a certain level and headache

below a certain level.

[29] At 212 a thresholding procedure is performed by extracting stimulation parameter

combinations and corresponding field maps for those scores that satisfy the score criteria.

For each patient in the patient population who exhibits a score satisfying one of the score

criteria, the stimulation parameter combinations that produced the satisfactory score are

extracted, along with the corresponding field map generated by those combinations. In this

manner, a set of field maps/parameter combinations may be extracted for each relevant score

category.

[30] It is noted that the scores may be representative of a degree of improvement or

degradation with respect to the rated category, rather than an absolute rating of the category.

Where the scores are representative of absolute values, the system may calculate relative

scores representative of the degree of improvement or degradation by comparison to prior

scores. Scores representative of a degree of improvement and/or degradation may be used, as

absolute ratings are less informative of the effect on the rated category by the applied

stimulation.

[31] Step 214 may be performed on the extracted field maps of those patients of the patient

population who are similarly-situated to the current patient. For example, patients may be

considered similarly-situated when they share the same medical condition, physical

characteristics and/or identical implant locations. The behavioral responses of similarly-



situated patients are generally more predictive of the current patient's response to similar

stimuli, whereas the responses of the overall patient population are generally less predictive.

[32] At step 214, the field map values of the extracted field maps are weighted by the

scores of each respective extracted field map. Weighting may be performed by calculating,

for each voxel, the product (V x S) for all values of the respective voxel in the considered

field maps, where V is the voltage value for a particular voxel and S is the score associated

with the field map 32 in which the voxel is located. Weighted extracted field maps belonging

to the same score category are then averaged together (i.e., summed and then divided by the

total number of field maps summed) to generate a single weighted average field map 42 for

each relevant score category.

[33] Alternatively, a single weighted average field map 42 may be generated that is

representative of all relevant score categories. For example, the system may determine for

each considered field a single score representative of the combination of scores of the

different score categories. Moreover, based on the relevant clinical profile, different weights

may be applied to the scores of the different categories to obtain the single representative

score. For example, for a certain clinical profile, it may be determined that score category 1

is most important and score category 2 is less important, and therefore the score of score

category 1 may be more highly weighted than the score of score category 2 . However, if the

current patient has a different clinical profile, score category 2 may be considered more

important, and therefore more highly weighted, than score category 1. The single weighted

average score may be used to weight each respective extracted field map before performing

averaging to generate the single weighted average field map 42 as a target field map. Fig. 3B

shows example embodiments of a pair of extracted field maps 44 / 45 and a corresponding

weighted average field map 42.

[34] At step 216, the system may determine which stimulation parameter combinations

result in a field map that most closely matches the weighted average field map 42.

Optionally, the weighted average field map may be displayed to the user as a visual

approximation of the influence of each voxel on behavioral improvement and/or side-effect

avoidance and the user may scroll through parameter combinations to obtain a field map that

is maximally concordant with voxels with the greatest influence on behavioral improvement

and maximally discordant with the voxels with the least influence on behavioral improvement

or the largest influence on side-effects.



[35] As an alternative to comparing against the weighted average field map, each of the

current patient's field maps may be compared with field maps of patients with known scores.

Then each of the current patient's field maps may be assigned the same score as that of a

closest matching field map from the patient population. The stimulation parameter

combination corresponding to the patient's field map having the best score is then selected as

the optimal combination.

SERIES EXPANSION OF FIELD MAPS WITH
COMPARISON OF COEFFICIENT SETS

[36] Fig. 4 is a flowchart that shows the method 300 for determining an optimal

stimulation parameter combination according to an example embodiment of the present

invention. The methods 300 and 400 are more computationally expensive compared to the

method 200, but provide more accurate representations of the relationship between the

stimulation parameter combinations, their corresponding field maps, and the score sets.

[37] At step 310, a series expansion is performed on each of the field maps of each

similarly-situated patient. Any series expansion may be used. In one embodiment, a Fourier-

Bessel series expansion may be performed to derive a mathematical representation for each

field map, i.e., a sum of products of real and complex exponentials and Bessel functions,

where each product has associated with it a coefficient. The complex exponentials represent

the time-varying part of the field map and the real exponentials and Bessel functions

represent its spatial variation. Alternatively, other special functions may be used in

combination with complex exponentials. These special functions may be selected from any

number of known basis function sets, including spherical harmonics functions. In an

alternative embodiment, a Fourier-Spherical Harmonics expansion may be performed, using

complex exponential functions to represent a time-varying component of the field map values

and using spherical harmonics functions to represent a spatially-varying component of the

field map values.

[38] As mentioned above, each term in the series expansion is accompanied by a

coefficient. The set of coefficients representing a respective one of the field maps can be

used as a surrogate for the actual voltage values of the respective field map. The coefficients

provide a more convenient way to analyze the field maps, which are highly dimensional; each

field map is a three-dimensional matrix of voltages at each of a very large number of voxels,



whereas only a few coefficients are significantly different from zero and therefore provide a

compressed representation of the data.

[39] Fig. 5A shows an exemplary patient data record 40, which includes the field maps 32

and the behavioral score sets 34 previously described in connection with the patient record 30

of Fig. 2 . Additionally, the patient record 40 includes one or more coefficient sets 36 having

coefficient values 16. Shown symbolically using the letters A through G, the coefficient

values 16 may be any number, e.g., a real number or a complex number having real and

imaginary components.

[40] At step 312, a regression or likelihood analysis is performed, in which the coefficient

values 16 are the independent variables and the corresponding scores 14 are the dependent

variables. Regression is sometimes defined as the task of finding a function relating

independent and dependent variables. The term "likelihood" is more specific and used when

the dependent variables are related probabilistically to the independent variables. The terms

"regression" and "likelihood" are used interchangeably herein to refer to the same concept,

i.e., the more specific form of regression in which dependent and independent variables are

probabilistically related.

[41] In one embodiment, the analysis may be performed by building a generalized additive

model. Alternatively a generalized linear model (not to be confused with a general linear

model) may be built. Other types of models may also be implemented. After inputting the

coefficient sets 36 and the score sets 34 into a regression analysis algorithm, a probabilistic

distribution is output. As shown in Fig. 5B, the distribution may be visually displayed as a

scatter plot in which coefficient values form the x-axis and score values form the y-axis. A

separate plot may be provided for each behavior category, i.e., a uni-variate regression model

may be built for individual behaviors, e.g., a single model for each behavior of the user-

specified score criteria. Alternatively, a multi-variate model may be built to indicate the

relationship between the coefficient values and a plurality of behaviors. For instance, the

multi-variate model may indicate how the coefficient values relate to the behaviors of the

user-specified score criteria.

[42] At step 314, the results of the regression analysis may be applied to the score criteria

to determine which coefficient values are most closely related to the score criteria. For

example, if the score criteria require that tremor be below a certain value, at least one

coefficient value set that will produce tremor below the required value is output. Any



number of coefficient value sets that meet the score criteria may be output in this manner. To

illustrate, in Fig. 5B, if the score criteria includes a minimum score of ST, a set of coefficient

values that generate score values equal to or above ST are selected to form a target coefficient

set 38.

[43] At step 316, the target coefficient sets 38 may each be compared to the coefficient sets

of the current patient to determine which of the current patient's existing coefficient sets most

closely matches any one of the target coefficient sets 38. The stimulation parameter

combination associated with a best matching one of the current patient's coefficient sets is

then selected as the optimal combination. For example, the system may estimate voltage

fields for various possible parameter combinations for the current patient, convert such

estimated voltage fields to coefficient sets, and compare each such coefficient set to the

coefficient sets determined by the regression analysis as meeting the score criteria.

SERIES EXPANSION OF FIELD MAPS WITH COMPARISON OF PREDICTED

SCORES

[44] Fig. 6 is a flowchart that shows a method 400 for determining an optimal stimulation

parameter combination according to an example embodiment of the present invention. The

method 400 may include steps 410 / 412, which are analogous to steps 310 / 312 of the

method 300.

[45] The regression analysis described above in connection with the method 300 may also

be used to predict a set of scores for each of the current patient's coefficient sets. In one

embodiment, the analysis may model each predicted score set as a linear function. For

example, in Fig. 5B, a line 50 may be interpolated using data points 52 / 54 / 56 so that the

predicted score for any coefficient having an x-axis value is the corresponding y-axis value

along the line 50. In an alternative embodiment, the predicted score set may be modeled as a

distribution function. Instead of interpolating a line through the data points 52 / 54 / 56, the

method 400 would model the data points as a probability distribution so that, for a given x-

axis value, the predicted score would be the corresponding y-axis value according to the

probability distribution. Therefore, as an alternative to comparing the current patient's

coefficient sets against the target coefficient sets 38, scores may be predicted for each of the

current patient's coefficient sets and directly compared to the score criteria.

[46] At step 414, a score prediction function may be generated, e.g., by fitting a linear

function that maps coefficient values to score values, or by generating a probability



distribution function that characterizes the distribution that resulted from the regression

analysis.

[47] At step 416, it may be determined which of the current patient's coefficient sets best

meets the score criteria. A score set may be calculated for each of the current patient's

coefficient sets based on the score prediction function. The coefficient set having the most

number of coefficient values that satisfy the score criteria within a certain tolerance level

(e.g., predicted scores within a predetermined range of the score criteria are acceptable even

if below a specified score value) may then be determined as being the best. The stimulation

parameter combination associated with the best coefficient set is then selected as the optimal

combination.

SYSTEM OVERVIEW

[48] Fig. 7 is a block diagram that shows a system 90 for brain stimulation according to an

example embodiment of the present invention. The system 90 may include an IPG 10, a

stimulation electrode 15 attached to the IPG 10, and a programming device 50 that controls

the electrode 15 via the IPG 10. For example, the programming device 50 may program the

IPG 10 by transmitting the optimal stimulation parameter combination for storage in a

memory of the IPG 10.

[49] The programming device 50 may include a processor 52, a communication device 56,

a user interface 58, and a memory device 54. The processor 52 may execute instructions in

accordance with any of the methods described above. The communication device 56 may

receive patient data, e.g., a data file sent from the IPG 10 or a remote computer. Such data

may be of the current patient for whom target stimulation parameter combinations are

calculated and/or of the patient population. The user interface 58 may include an input

device, e.g., a mouse or a keyboard, as well as an output device such as a display screen. The

memory device 54 may store a patient registry 92, containing a patient record 30 for each

registered patient. It is noted that information obtained concerning the current patient may be

used to update the patient population information used subsequently for determining target

parameter combinations for the current patient or another patient. In an example

embodiment, the patient registry 92 database may be stored at a central location, accessible

via a network by a plurality of devices running programming modules for selecting target

stimulation parameters.



[50] The various methods described herein may be practiced, each alone, or in various

combinations.

[51] An example embodiment of the present invention is directed to one or more

processors, which may be implemented using any conventional processing circuit and device

or combination thereof, e.g., a Central Processing Unit (CPU) of a Personal Computer (PC)

or other workstation processor, to execute code provided, e.g., on a hardware computer-

readable medium including any conventional memory device, to perform any of the methods

described herein, alone or in combination. The memory device may include any

conventional permanent and/or temporary memory circuits or combination thereof, a non-

exhaustive list of which includes Random Access Memory (RAM), Read Only Memory

(ROM), Compact Disks (CD), Digital Versatile Disk (DVD), and magnetic tape.

[52] An example embodiment of the present invention is directed to a hardware computer-

readable medium, e.g., as described above, having stored thereon instructions executable by a

processor to perform the methods described herein.

[53] An example embodiment of the present invention is directed to a method, e.g., of a

hardware component or machine, of transmitting instructions executable by a processor to

perform the methods described herein.

[54] Example embodiments of the present invention are directed to one or more of the

above-described methods, e.g., computer-implemented methods, alone or in combination.

[55] The above description is intended to be illustrative, and not restrictive. Those skilled

in the art can appreciate from the foregoing description that the present invention may be

implemented in a variety of forms, and that the various embodiments may be implemented

alone or in combination. Therefore, while the embodiments of the present invention have

been described in connection with particular examples thereof, the true scope of the

embodiments and/or methods of the present invention should not be so limited since other

modifications will become apparent to the skilled practitioner upon a study of the drawings,

specification, and appendices. For example, while the system and methods have been

described with respect to field maps containing potential difference values (which are first

difference values), alternative embodiments may utilize second difference values calculated

from the potential difference values. For example, embodiments may utilize, as field map

values, the magnitude of the second derivative of the potential difference values taken, for



example, along directions of the fiber pathways in a region of interest, i.e., the region

corresponding to the anatomical location of each field map. The direction of the fiber

pathways can be estimated based on the patient atlas and information about the directionality

of fiber pathways in a standard reference brain.

[56] Example embodiments of the present invention have been described in connection

with electric field maps. However, it will be understood that any electrical parameter may be

used, including, but not limited to, current density and activating functions. Each of these

alternative parameters may be used to form maps in place of the field map in the various

methods and systems described above. For example, a weighted average of current density

map values may be performed. Similarly, a series expansion of an activating function map

may be performed.

Further, steps illustrated in the flowcharts may be omitted and/or certain step

sequences may be altered, and, in certain instances multiple illustrated steps may be

simultaneously performed.



WHAT IS CLAIMED IS:

1. A system for selecting optimal stimulation parameter settings for a current patient,

comprising:

at least one computer processor configured to:

obtain a plurality of electrical parameter maps and corresponding score values;

and

process the parameter maps and the score values to evaluate, based on a set of

score criteria, parameter maps associated with potential stimulation parameter

settings.

2 . The system of claim 1, wherein each parameter map is calculated based on simulated

stimulation parameter settings for a respective patient of a patient population.

3. The system of claim I , wherein each parameter map is an electric field map that

includes voxels containing voltage values.

4 . The system of claim 1, wherein each parameter map is an electric field map that

includes voxels containing second differences of voltage values.

5. The system of claim 1, wherein each parameter map is an electric field map that

includes voxels containing second derivatives of voltage values, taken along estimated

directions of fiber pathways in a brain region to which the field map corresponds.

6. The system of claim 1, wherein each parameter map is a current density map that

includes voxels containing current values.

7. The system of claim 1, wherein each parameter map is an activating function map that

includes voxels containing activating function values.

8. The system of claim 1, wherein the set of score criteria includes at least one user-input

score criterion.

9. The system of claim 1, wherein the set of score criteria includes at least one score

criterion that is predetermined based on a clinical profile of the current patient.



10. The system of claim 1, wherein the score values include, for each of at least a subset

of the electric parameter maps, a plurality of score values, different ones of the plurality of

score values corresponding to different behavior categories.

11. The system of claim 1, wherein only the parameter maps of patients who are

similarly-situated to the current patient are processed.

12. The system of claim 1, wherein the processing of the parameter maps comprises:

thresholding the parameter maps based on the score criteria to extract a set of

parameter maps that meet the score criteria; and

generating a weighted average parameter map as a function of parameter map values

and respective score values corresponding to the parameter maps that meet the score criteria.

13. The system of claim 12, wherein the optimal stimulation parameter settings are

selected based on a determination that the optimal stimulation parameter settings will

generate a parameter map that best matches the weighted average parameter map compared to

parameter maps corresponding to other tested stimulation parameter settings.

14. The system of claim 12, wherein each value of the weighted average parameter map is

generated by averaging a product V x S for all of the extracted parameter maps, where V is a

corresponding parameter map value and S is a respective derived score value derived from

the score values corresponding to the respective parameter map from which the

corresponding parameter map value V is obtained.

15. The system of claim 14, wherein the derived score value S is a single score value

selected from the score values of the respective parameter map from which the corresponding

parameter map value V is obtained.

16. The system of claim 14, wherein the derived score value S is derived from a

combination of the score values of the respective parameter map from which the

corresponding parameter map value V is obtained.



17. The system of claim 1, wherein the processing of the parameter maps comprises:

for each of at least a subset of the parameter maps, performing a series expansion to

generate for each parameter map a set of expansion terms, each expansion term including a

mathematical function and a corresponding coefficient value;

performing a regression analysis to determine a probabilistic relationship between

coefficient values and score values specified by at least one of the score criteria; and

based on the probabilistic relationship, determining which of a plurality of coefficient

sets corresponding to parameter maps of the current patient provides score values that best

meets the score values specified by the at least one of the score criteria.

18. The system of claim 17, wherein the processing of the parameter maps further

comprises:

generating at least one target coefficient set by selecting coefficient values that most-

closely relate to the score values specified by the at least one of the score criteria;

determining which of the plurality of coefficient sets of the current patient best

matches at least one of the generated target coefficient sets; and

selecting, as the optimal stimulation parameter settings, settings associated with the

matching coefficient set.

19. The system of claim 17, wherein the processing of the parameter maps further

comprises:

generating a score prediction function based on the probabilistic relationship;

using the score prediction function, calculating a set of predicted scores for each of

the plurality of coefficient sets of the current patient;

determining which of a plurality of coefficient sets of the current patient has a

predicted score set that best meets the score values specified by the at least one of the score

criteria; and

selecting, as the optimal stimulation parameter settings, settings associated with the

coefficient set that has the best meeting predicted score set.

20. The system of claim 17, wherein the series expansion is a Fourier-Bessel expansion

and each coefficient value corresponds to a complex exponential function, a real exponential

function and a Bessel function.



21. The system of claim 17, wherein the series expansion is a Fourier-Spherical

Harmonics expansion and each coefficient value corresponds to a complex exponential

function and a spherical harmonics function.

22. The system of claim 17, wherein each coefficient value indicates a degree to which a

respective mathematical function reflects the parameter map to which the set of coefficient

values that contains the coefficient value corresponds.

23. The system of claim 17, wherein the regression analysis is performed using one of a

generalized additive model and a generalized linear model.

24. The system of claim 17, wherein the regression analysis is performed using a uni

variate regression model for each score value specified by the at least one score criteria.

25. The system of claim 17, wherein the regression analysis is performed using a single,

multi-variate regression model that indicates the relationship between the coefficient values

and a plurality of score values specified by the at least one score criteria.

26. A computer-implemented method for selecting optimal stimulation parameter settings

for a current patient, comprising:

obtaining a plurality of electrical parameter maps and corresponding score values; and

processing the parameter maps and the score values to evaluate, based on a set of

score criteria, parameter maps associated with potential stimulation parameter settings.

27. The method of claim 26, wherein each parameter map is calculated based on

simulated stimulation parameter settings for a respective patient of a patient population.

28. The method of claim 26, wherein each parameter map is an electric field map that

includes voxels containing voltage values.

29. The method of claim 26, wherein each parameter map is an electric field map that

includes voxels containing second differences of voltage values.

30. The method of claim 26, wherein each parameter map is an electric field map that

includes voxels containing second derivatives of voltage values, taken along estimated

directions of fiber pathways in a brain region to which the field map corresponds.



31. The method of claim 26, wherein each parameter map is a current density map that

includes voxels containing current values.

32. The method of claim 26, wherein each parameter map is an activating function map

that includes voxels containing activating function values.

33. The method of claim 26, wherein the set of score criteria includes at least one user-

input score criterion.

34. The method of claim 26, wherein the set of score criteria includes at least one score

criterion that is predetermined based on a clinical profile of the current patient.

35. The method of claim 26, wherein the score values include, for each of at least a subset

of the electric parameter maps, a plurality of score values, different ones of the plurality of

score values corresponding to different behavior categories.

36. The method of claim 26, wherein only the parameter maps of patients who are

similarly-situated to the current patient are processed.

37. The method of claim 26, wherein the processing of the parameter maps comprises:

thresholding the parametermaps based on the score criteria to extract a set of

parameter maps that meet the score criteria; and

generating a weighted average parameter map as a function of parameter map values

and respective score values corresponding to the parameter maps that meet the score criteria.

38. The method of claim 37, wherein the optimal stimulation parameter settings are

selected based on a determination that the optimal stimulation parameter settings will

generate a parameter map that best matches the weighted average parameter map compared to

parameter maps corresponding to other tested stimulation parameter settings.

39. The method of claim 37, wherein each value of the weighted average parameter map

is generated by averaging a product V x S for all of the extracted parameter maps, where V is

a corresponding parameter map value and S is a respective derived score value derived from

the score values corresponding to the respective parameter map from which the

corresponding parameter map value V is obtained.



40. The method of claim 39, wherein the derived score value S is a single score value

selected from the score values of the respective parameter map from which the corresponding

parameter map value V is obtained.

41. The method of claim 39, wherein the derived score value S is derived from a

combination of the score values of the respective parameter map from which the

corresponding parameter map value V is obtained.

42. The method of claim 26, wherein the processing of the parameter maps comprises:

for each of at least a subset of the parameter maps, performing a series expansion to

generate for each parameter map a set of expansion terms, each expansion term including a

mathematical function and a corresponding coefficient value;

performing a regression analysis to determine a probabilistic relationship between

coefficient values and score values specified by at least one of the score criteria; and

based on the probabilistic relationship, determining which of a plurality of coefficient

sets corresponding to parameter maps of the current patient provides score values that best

meets the score values specified by the at least one of the score criteria.

43. The method of claim 42, wherein the processing of the parameter maps further

comprises:

generating at least one target coefficient set by selecting coefficient values that most-

closely relate to the score values specified by the at least one of the score criteria;

determining which of the plurality of coefficient sets of the current patient best

matches at least one of the generated target coefficient sets; and

selecting, as the optimal stimulation parameter settings, settings associated with the

matching coefficient set.



44. The method of claim 42, wherein the parameter selection procedure further

comprises:

generating a score prediction function based on the probabilistic relationship;

using the score prediction function, calculating a set of predicted scores for each of

the plurality of coefficient sets of the current patient;

determining which of a plurality of coefficient sets of the current patient has a

predicted score set that best meets the score values specified by the at least one of the score

criteria; and

selecting, as the optimal stimulation parameter settings, settings associated with the

coefficient set that has the best meeting predicted score set.

45. The method of claim 42, wherein the series expansion is a Fourier-Bessel expansion

and each coefficient value corresponds to a complex exponential function, a real exponential

function and a Bessel function.

46. The method of claim 42, wherein the series expansion is a Fourier-Spherical

Harmonics expansion and each coefficient value corresponds to a complex exponential

function and a spherical harmonics function.

47. The method of claim 42, wherein each coefficient value indicates a degree to which a

respective mathematical function reflects the parameter map to which the set of coefficient

values that contains the coefficient value corresponds.

48. The method of claim 42, wherein the regression analysis is performed using one of a

generalized additive model and a generalized linear model.

49. The method of claim 42, wherein the regression analysis is performed using a uni

variate regression model for each score value specified by the at least one score criteria.

50. The method of claim 42, wherein the regression analysis is performed using a single,

multi-variate regression model that indicates the relationship between the coefficient values

and a plurality of score values specified by the at least one score criteria.



51. A hardware-implemented computer-readable storage medium having stored thereon a

series of instructions executable by a processor, the instructions which, when executed, cause

the processor to perform a method for selecting optimal stimulation parameter settings for a

current patient, the method comprising:

obtaining a plurality of electrical parameter maps and corresponding score values; and

processing the parameter maps and the score values to evaluate, based on a set of

score criteria, parameter maps associated with potential stimulation parameter settings.
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