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TITLE: SYSTEM AND METHOD TO DEFINE TARGET VOLUME FOR
STIMULATION IN BRAIN

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001 ] This application claims the benefit of U.S. Provisional Patent Application

No. 61/120,006, filed December 4, 2008, and entitled SYSTEM AND METHOD TO

DEFINE TARGET VOLUME FOR STIMULATION IN BRAIN. This application is also

related to U.S. Patent Application No. 11/606,260, filed November 28, 2006, and entitled

SYSTEM AND METHOD TO DESIGN STRUCTURE FOR DELIVERING ELECTRICAL

ENERGY TO TISSUE, which is a continuation-in-part application of U.S. Patent Application

No. 10/885,982, now U.S. Patent No. 7,346,382, filed July 7, 2004, and entitled BRAIN

STIMULATION MODELS, SYSTEMS, AND METHODS, and which claims the benefit of

U.S. provisional patent application No. 60/740,031 which was filed on November 28, 2005,

and entitled ROLE OF ELECTRODE DESIGN ON THE VOLUME OF TISSUE

ACTIVATED DURING DEEP BRAIN STIMULATION. The entire contents of each of the

above-identified applications are incorporated herein by reference.

TECHNICAL FIELD

[0002] The present invention relates generally to systems and methods for

determining a target volume for stimulation in a patient's brain.

GOVERNMENT FUNDING

[0003] This invention was made with government support under Grant Nos.

NIH ROl NS-059736 and NIH F32 NS-52042. The U.S. government has certain rights in the

invention.

BACKGROUND

[0004] Electrical stimulation of the nervous system has provided a therapeutic treatment

for a variety of disorders. For example, electrical stimulation has been applied to pain

management, such as by performing stimulation of the spinal cord. Electrical stimulation has

been performed to augment hearing in the context of cochlear implants. Deep brain

stimulation (DBS) has also become an established therapy for treating various conditions

including, for example, Parkinson's disease and dystonia. DBS has also been employed to

treat several other conditions, such as clinical depression, obsessive compulsive disorder, and

epilepsy to name a few.



[0005] By way of further example, the discovery that high frequency DBS generates

clinical benefits analogous to those achieved by surgical lesioning has transformed the use of

functional neurosurgery for the treatment of movement disorders. In first world countries,

thalamic DBS for intractable tremor has replaced ablative lesions of the thalamus, and DBS

of the subthalamic nucleus or globus pallidus internus (GPi). GPi has replaced pallidotomy

in the treatment of the cardinal motor features of Parkinson' s disease (e.g. , tremor, rigidity,

bradykinesia). GPi DBS has also emerged as an effective therapy for dystonia, and the utility

of DBS is being examined for the treatment of epilepsy, obsessive-compulsive disorder,

Tourette's syndrome, and major depression.

[0006] Despite the documented clinical successes of neurostimulation, the

mechanisms and effects of neurostimulation at the neuronal level remain difficult to predict.

As a result, modeling and simulation have played increasingly important roles in the

engineering design and scientific analysis of neurostimulation.

SUMMARY

[0007] The invention relates generally to systems and methods for determining a

target volume for stimulation in a patient's brain.

[0008] One embodiment provides a computer-implemented method that includes

storing (e.g., in memory) a volume of tissue activation (VTA) data structure that is derived

from analysis of a plurality of patients. Patient data is received for a given patient, the patient

data representing an assessment of a patient condition. The VTA data structure is evaluated

relative to the patient data to determine a target VTA for achieving a desired therapeutic

effect for the given patient. For example, the VTA data structure can be embodied as

astatistical atlas brain that is constructed from anatomical and electrical data acquired for a

patient population. The target volume of activation thus can correspond to a statistically

optimized volume of tissue that can be stimulated to achieve a desired therapeutic result for

the patient.

[0009] Another embodiment provides a system for determining a volume of tissue

activation for achieving a desired therapeutic effect for a given patient. The system includes

a volume of tissue activation (VTA) data structure stored in memory. The VTA data

structure (e.g., a statistical atlas brain) is derived from analysis anatomical and electrical data

acquired for a plurality of patients. Patient data is also stored in the memory. The patient

data representing an assessment of a patient condition for the given patient. A processor is

programmed to execute instructions for evaluating the VTA data structure relative to the



patient data to determine a target VTA for achieving a desired therapeutic effect for the given

patient. The processor is also programmed to determine at least one of a structural parameter

and a stimulation parameter that can provide a design VTA for the given patient that

substantially matches the target VTA.

[001 0] Methods can further be implemented to stimulate the patient' s brain for the

target VTA to achieve a desired therapeutic effect. By way of further example, the methods

can be implemented as including a pre-operative phase in which a target point and trajectory

are defined for implantation of an electrode structure. The target point and trajectory can be

determined based on the target VTA determined for the patient, such as based on a set of

patient data. After the electrode has been implanted at the predetermined location, an

optimization process can be performed to compute stimulation parameters that provide for a

volume of tissue activation that substantially matches the target VTA. The stimulation

parameters to achieve the target VTA can be computed, for example, based on electrical

properties of the electrode structure, a location of the implanted electrode structure (e.g., in a

stereotactic coordinate system for the patient), patient image data and the determined target

VTA.

BRIEF DESCRIPTION OF THE DRAWINGS

[001 1] FIG. 1 depicts an example of a system that can be utilized to identify a target

volume of tissue activation for a patient.

[001 2] FIG. 2 depicts a functional block diagram of an example approach that can be

employed to determine a volume of tissue activation according to an aspect of the invention.

[001 3] FIG. 3 depicts a graph plotting thresholds that can be applied to predict neural

stimulation.

[001 4] FIG. 4 depicts a plot of a second difference-based approach that can be used to

predict neural stimulation.

[001 5] FIG. 5 depicts an example of a volume of tissue activation that can be

ascertained for an isotropic tissue medium.

[001 6] FIG. 6 depicts an example of a volume of tissue activation that can be

ascertained for an anisotropic and inhomogeneous tissue medium.

[001 7] FIG. 7 depicts an example of a design system that can be implemented

according to an aspect of the invention.



[001 8] FIG. 8 depicts an example image of a target VTA that can be used for

designing an electrode according to an aspect of the invention.

[001 9] FIG. 9 depicts an example of a first design VTA overlayed on the image of

FIG. 10.

[0020] FIG. 10 depicts an example of a second design VTA overlayed on the image

ofFIG. 10.

[0021 ] FIG. 11 depicts an example of a third design VTA overlayed on the image of

FIG. 10.

[0022] FIG. 12 depicts an image representing an example target VTA in the thalamus.

[0023] FIG. 13 depicts an image representing an example design VTA superimposed

on the target VTA of FIG. 12 for a first electrode design.

[0024] FIG. 14 depicts an image representing an example design VTA superimposed

on the target VTA of FIG. 12 for a second electrode design.

[0025] FIGS. 15A through 15E are graphs of data acquired from clinical evaluation of

patients for different stimulation parameters.

[0026] FIGS. 16A through 16K depict patient specific stimulation models that can be

utilized for constructing a VTA data structure according to an aspect of the invention.

[0027] FIGS. 17A through 17D depict examples of clinical outcomes for a given

patent for a plurality of VTAs, such as can be utilized for constructing a VTA data structure

according to an aspect of the invention.

[0028] FIGS. 18A through 18F depict examples of clinical outcomes for a plurality of

VTAs for different symptoms.

[0029] FIG. 19 is a table illustrating an example of sample data that can be utilized

for constructing a VTA data structure according to an aspect of the invention.

[0030] FIG. 20 depicts an example computer environment that can be used to perform

methods and processes according to an aspect of the invention.

DETAILED DESCRIPTION

[0031] The invention relates generally to systems and methods for determining a

target volume of tissue activation (VTA) for stimulation in a patient's brain.

[0032] It will be appreciated that portions of the invention used to determine a target

VTA or otherwise utilize the target VTA may be embodied as a method, data processing

system, or computer program product. Accordingly, these embodiments of the present



invention may take the form of an entirely hardware embodiment, an entirely software

embodiment, or an embodiment combining software and hardware, such as shown and

described with respect to the computer system of FIG. 20. Furthermore, portions of the

invention may be a computer program product on a computer-usable storage medium having

computer readable program code on the medium. Any suitable computer-readable medium

may be utilized including, but not limited to, static and dynamic storage devices, hard disks,

optical storage devices, flash storage devices and magnetic storage devices.

[0033] Certain embodiments of the invention have also been described herein with

reference to block illustrations of methods, systems, and computer program products. It will

be understood that blocks of the illustrations, and combinations of blocks in the illustrations,

can be implemented by computer-executable instructions. These computer-executable

instructions may be provided to one or more processor of a general purpose computer, special

purpose computer, or other programmable data processing apparatus (or a combination of

devices and circuits) to produce a machine, such that the instructions, which execute via the

processor, implement the functions specified in the block or blocks.

[0034] These computer-executable instructions may also be stored in computer-

readable memory that can direct a computer or other programmable data processing apparatus

to function in a particular manner, such that the instructions stored in the computer-readable

memory result in an article of manufacture including instructions which implement the

function specified in the flowchart block or blocks. The computer program instructions may

also be loaded onto a computer or other programmable data processing apparatus to cause a

series of operational steps to be performed on the computer or other programmable apparatus

to produce a computer-implemented process such that the instructions which execute on the

computer or other processor-based apparatus provide steps for implementing the functions

specified in the block or blocks.

[0035] FIG. 1 depicts an example of a system 10 that can be employed to determine a

target VTA. The system 10 is shown as including a computer 12 that employs data and

program methods to determine a target VTA 14 for a given patient according to an aspect of

the invention. The computer 12 can be a workstation, a standalone computer, a notebook

computer, or it can be implemented as part of a microprocessor-based appliance or other

equipment available that is programmed based on the teachings contained herein.

[0036] The computer 12 includes a processor 16 that is executes instructions

programmed for performing the methods described herein. The instructions can be stored in

associated memory 18. In the example of FIG. 1, the processor 16 is depicted as running a



VTA evaluation method 20. The VTA evaluation method 20 can be stored in the memory 18

and loaded into the processor 16 for determining the target VTA 14.

[0037] As used herein, a VTA represents an anatomical region of tissue, such as a

three-dimensional volume of tissue that includes cells of the nervous system. The target

VTA thus corresponds to a region of tissue that if stimulated for a given patient with

electrical, chemical or a combination of electrical and chemical stimulation, is expected to

achieve a desired therapeutic effect for the given patient. The therapeutic effect can vary

according to the condition of the patient being treated. While the phrase "volume of tissue

activation," VTA and its variants typically represents a volume of tissue activation of an

anatomical region, it will be appreciated that such volume could also represent a volume of

inhibition region or a volume of tissue deactivation, as stimulation could result in either

generation of an activation potential or the inhibition of existing activation potential or a

combination of activation and inhibition of activation potentials for achieving a desired

therapeutic effect.

[0038] The VTA evaluation method 20 computes the target VTA based on an analysis

of patient-specific data 22 relative to information in a VTA data structure 24. The resulting

target VTA 14 can correspond to a probabilistic definition of the anatomical volume in an

identified anatomical region. The VTA evaluation method can determine the target VTA 14

from a statistically significant subset of the VTA data structure 24. The relevant subset of the

VTA data structure 24 can vary according to the patient data 22, such as can vary depending

on an evaluation of the patient's condition.

[0039] The patient data 22 can include information corresponding to a clinical

assessment of a disease or condition (e.g. , identified from a diagnosis) of the patient. The

clinical assessment may be determined from a qualitative and/or quantitative assessment of

the patient's condition. For example, qualitative assessments can include any clinical rating

system, such as the Unified Parkinson' s Disease Rating Scale (UPDRS) or other known

rating systems for a particular disease. Other qualitative assessments can be patient perceived

quality of life or perceptible (by the patient or other person) metric. One example of a

quantitative factor includes acceleration of a body part during a tremor, such as can be

measured by one or more accelerometers attached to the patient' s body during testing.

[0040] The type of information used for the patient data 22 can be of the same or

similar to the types of information acquired in conjunction with a clinical assessment of the

therapeutic effect or clinical outcome for a plurality of different stimulation parameters can

be utilized to construct the VTA data structure 24. It will be understood that the types of



information that can be utilized to assess a given patient's condition can vary depending on

conventional standards, which further can be tailored according to the patient's condition.

[0041 ] The VTA data structure 24 further can utilize a patient-specific model that can

comprise three fundamental components that are co-registered into a single platform: 1)

anatomical model, 2) electric field model, and 3) neural activation model. Clinically defined

therapeutic and non-therapeutic stimulation parameters can be used to determine VTAs in

each given patient. For example, each of a plurality of VTA' s can be mapped onto a

common atlas brain platform to construct a 3D probabilistic map of overlapping VTAs and

their relationship with the surrounding neuroanatomy. The 3D probabilistic maps defined by

the VTA data structure 24 can be used to ascertain a target VTA for achieving a desired

therapeutic results for a given patient according to the tissue volume determined to provide a

statistically maximal clinical benefit based on the input data 22 corresponding to a clinical

assessment for the given patient.

[0042] The VTA data structure 24 can include data corresponding to a plurality of

statistical atlases 26, indicated as STATISTICAL ATLAS 1 through N, where N is a positive

integer denoting the number of atlases. As a further example, the VTA data structure 24 can

be organized as a hierarchy of atlases 26, such as can be arranged hierarchically or otherwise

organized according to specificity of disease and symptoms and therapeutic results associated

with stimulation for a plurality of VTAs. Each of the atlases 26 further can be in the form of

a statistical representation of data that identifies the likelihood or probability of desirable

therapeutic effect associated with providing stimulation for a given VTA, which can vary

according to the disease and/or symptoms for each patient in the population from which the

atlas has been generated. The atlases 26 can also provide similar statistical information of

negative or undesirable therapeutic effects associated with providing stimulation for

respective VTAs. The negative or undesirable therapeutic effects can include side effects

perceived by a physician or patient during stimulation of a given VTA, such as can be

afforded values depending on applicable qualitative and/or quantitative assessments.

[0043] As a further example, the VTA for a plurality of different stimulation

parameters and electrode placements can be determined according to the systems and

methods shown and described in the above-incorporated U.S. Patent No. 7,346,382. For

instance, the anatomical location of an electrode can be determined from an atlas brain for

each patient in the population (e.g., based on a relative location within a stereotactic

coordinate system). Based on the location of the electrode or electrodes in the brain and the

stimulation parameters (e.g., amplitude, frequency, pulse width), a corresponding VTA can



be computed for each of a plurality of different stimulation parameters. Additionally, one or

more corresponding VTAs can be computed for each of a plurality of electrode locations,

which VTA will vary depending on the stimulation parameters. The results of each such

stimulation can also be identified and assigned a therapeutic value or set of values (e.g., a

score) that is stored for the patient associated with the electrode location information and the

stimulation parameters and the computed VTA data. The VTA data structure can be

generated based on respective clinical assessments for a plurality of patients in the

representative population.

[0044] Similarly to the patient input data 22, the therapeutic results stored for each set

of stimulation parameters can include any number of one or more qualitative assessments,

quantitative assessments or a combination of qualitative and quantitative assessments. For

example, qualitative assessments can include any clinical rating system, such as the UPDRS

or other known rating systems for a particular disease. Other qualitative assessments can be

patient perceived quality of life or perceptible (by the patient or other person) metric. The

criteria utilized to assess the therapeutic effects during stimulation of a given VTA may be

the same or different criteria as is used to assess the patient condition and provide the patient

input data.

[0045] Those skilled in the art will understand and appreciate various other

qualitative and quantitative metrics that can be utilized to assess the therapeutic effect

associated with a given set of stimulation parameters. It further will be understood that while

the majority of stimulation parameters are described herein as relating to electrical

stimulation parameters, stimulation parameters can also be associated with chemical

stimulation, such as according to a dosage and application at a particular anatomical site,

which chemical stimulation also has a corresponding VTA. Such chemical stimulation

parameters and therapeutic results data thus can be used in the VTA data structure 24.

[0046] By repeating stimulation of known tissue with different stimulation

parameters, a corresponding data set can provide an indication of therapeutic effect (e.g.,

including positive and/or negative effects) for a plurality of different VTAs. Such

information can be acquired for a large sample patient population, which can be analyzed by

known statistical methods to provide the resulting VTA data structure. It will be appreciated

that the VTA data structure (e.g., the 3D probabilistic maps) can be updated based on clinical

data acquired for additional patients, including based on the results of stimulating a patient

according to the target VTA 14 determined by the VTA evaluation method 20.



[0047] After a target VTA has been determined for a given patient, the processor can

be programmed to warp or morph such target VTA to fit the corresponding anatomical region

of a particular patient (e.g., based on patient anatomical model determined for the patient)

and stored to provide a patient-specific target VTA data 14. For instance, the target VTA can

be provided to define a volume of tissue in a generic atlas brain, which can be mapped to the

given patient based on corresponding anatomical data acquired for the given patient via a

suitable imaging modality, such as MRI, CT and the like.

[0048] The computer system 12 can also include an optimization design algorithm 28

that is programmed to determine a set of electrode design and stimulation parameters 30

which can be employed to stimulate tissue (when implanted at a predetermined location in a

given patient) to achieve the target VTA 14. Those skilled in the art will understand and

appreciate various optimization methods that can be utilized by the design algorithm 28 to

determine the structural parameters and/or the electrical parameters for approximating the

target VTA 14, which has been determined to achieve a desired therapeutic effect.

[0049] The design algorithm 28 can be performed pre-operatively or intra-operatively

or it can be performed both pre-operatively and intra-operatively. For instance, by

performing the process pre-operatively a customized electrode design can be selected, which

can be selected from a set of commercially available structures or a fully customized patient-

specific design can be generated. Then after the implant has been positioned, such as a

geometric center of the target VTA, the optimization can be performed to determine the set of

stimulation parameters to achieve the target VTA based on the patient data 22, the electrode

configuration and the location of the electrode in a stereotactic coordinate system for the

patient.

[0050] By way of example, volume based optimization algorithms can be applied to

the target VTA to define optimal stimulation parameter settings. The clinically defined

therapeutic stimulation parameters thus can represent the gold standard. Quantitative

measures as well as qualitative measures can be utilized as parameters to determine

appropriate optimal settings to achieve the desired therapeutic results. The particular

quantitative or qualitative parameters may vary according to the particular symptoms of the

patient. For instance, known clinical rating scales can provide quantitative measures for a

variety of conditions, including but not limited to bradykinesia, rigidity, tremor, and bimanual

hand function.

[0051 ] As a further example, in some cases it may be sufficient to ascertain the

structural parameter(s) over a predefined set of stimulation parameters during a first



optimization routine. The stimulation parameters 30 can be fine tuned during a second

optimization routine. Alternatively, the structural parameters and the electrical parameters

can form a parameter space that is optimized collectively. The order and interrelationship

between the stimulation parameters and the structural parameters thus can be optimized to

achieve or approximate a desired therapeutic effect to varying degrees of specificity and

according to what approximations and assumptions are made during such analysis.

Additionally, the resulting parameters 30 can be determined to accommodate anatomical

variability between patients as well as potential surgical variability associated with

implantation of the electrode to a target implantation site. The electrode design parameters

30 further can be ascertained to provide electrode contact dimensions that maximize the

stimulation influence while keeping charge injection levels to a minimum.

[0052] The design parameters 30 computed by the design algorithm 28 can include

electrode structural (or morphological) parameters, electrode stimulation parameters or a

combination of structural and stimulation parameters. For the example of an electrode having

a cylindrical electrode contact, the electrode structural parameters can include the height

and/or diameter of each cylindrical electrode contact. For an electrode having one or more

contacts that are spaced apart from each other along the electrode shaft, the structural

parameters can also include an axial spacing between electrode pairs. It will be understood

and appreciated that the electrode contacts can have other shapes than a circular cylindrical

shape. For example, an electrode contacts can have a substantially C-shaped cross-section,

such that the electrode structural parameters can include the radius of curvature, the arc

length, and/or an axial length of the contact. Thus, the arc length thus can range from zero

degrees (corresponding to no contact) up to 360 degrees (corresponding to a cylindrical type

of contact). The electrode structural parameters can include other geometric features (e.g.,

shape, contours, discontinuities, and the like) and interrelationships for the contacts that form

the electrode.

[0053] The system 10 can also include a display 32 that can be utilized to represent

the results and calculations performed by the design algorithm. For instance, the display 32

can demonstrate a graphical representation, textual representation or a combination graphical

and textual information associated with determining an electrode design. As one example, a

graphical interface can provide data to the display 32 for overlaying an expected VTA for one

or more given designs over the target VTA. Such a representation provides a visual

demonstration of expected performance that can help determine which design parameters

should be utilized to construct an electrode for given situation.



[0054] The system 10 can also include one or more other input or output devices 34.

Such devices 34 can provide an interface through which a user can input data as well as

control the methods 20 and 28. For example, a user can employ the I/O device 34 to input

data, such as instructions to initiate or modify the electrode design procedure. Alternatively,

the I/O device 34 can be employed to acquire the VTA data 22, such as from another location

in the memory 18, from another storage location, or to acquire the VTA data from another

process running on the computer 12 or on another machine. A user can also employ the I/O

device 34 to set the range of parameters 30 or to input the patient data 22, the granularity of

such parameters as well as to program other parameters being used in the procedure. The I/O

device 34 can also be utilized to interface and enable acquisition of data (e.g., imaging data)

from an associated imaging device, such as a magnetic resonance imaging (MRI) system, a

computer tomography (CT) system or other imaging modality.

[0055] Additionally, the system 10 can be utilized to program an implantable pulse

generator (IPG) or other stimulation device 36 (e.g., via an interface that communicatively

couples the system with stimulation device) based on the design parameters 30 determined to

achieve a desired therapeutic effect for a given patient. For instance, the stimulation

parameters being programmed to the stimulation device 36 can vary depending on the

electrode configuration that has been selected for a given patient. Those skilled in the art will

appreciate various types of wired and wireless connections (e.g., wired or wireless) and

communication protocols that can be utilized to program the IPG according to the design

parameters 30.

[0056] FIG. 2 depicts an example of a block diagram of a system 100 that can be

employed to determine a target VTA 102 to achieve a desired therapeutic effect. For instance

the target VTA 102 defines an anatomic region for stimulation that is expected to achieve a

desired therapeutic effect, such as by generating (and/or inhibiting) propagating action

potentials in response to electrical stimulation by one or more electrode contacts located

within or near the target VTA. The target VTA can also involve chemical stimulation. As

described herein, the target VTA 102 can be utilized to compute one or more electrode

geometry parameters (e.g., height, diameter, contact spacing, shape) and stimulation

parameters (voltage or current, frequency, pulse width, and waveform shape) for an electrode

design to achieve a desired therapeutic effect for a given patient. As part of the design

process, the system 100 can also compute a VTA 104 according to corresponding design and

stimulation parameters to achieve the target VTA 102. The system 100 can be implemented



on a computer or workstation programmed to perform the methods and functions represented

in and described with respect to FIG. 2.

[0057] The system 100 includes a finite element model (FEM) solver 106 that is

programmed and/or configured to determine a spatial and temporal voltage solution 112

based on anatomical and electrical models 108 and 110, respectively. The spatial and

temporal voltage solution 112 can also vary according to stimulation parameters 114. For

example, the FEM solver 106 can determine a spatial and temporal voltage solution 112 for

each (or a subset) of the available stimulation parameters 114 based on the models 108 and

110.

[0058] The anatomical model 108 defines the location of the electrode as well as

structural features of the anatomical region being modeled for use in the system 100. The

anatomical model 108 can be generated using a suitable imaging modality (e.g., MRI or CT

imaging), which can be utilized to define the electrode location in the anatomical region and

the surrounding anatomical structures. For instance, the preliminary initial contact location

can be at the anatomic center of the nucleus. The anatomical model 108 is coupled to the

electrical model 110 that characterizes the electric field generated in the anatomical region.

The electrical model 110, for example, can characterize tissue conductivity in the anatomical

region of interest. As one example, the electrical model 110 can represent the tissue

conductivity of the region as being isotropic and homogeneous. As another example, the

electrical model 110 can characterize the tissue conductivity as being anisotropic and

inhomogeneous. The particular characterization can vary according to the desired accuracy

and the particular type of tissue being represented by the anatomical and electrical models.

The electrical model 110 can also characterize the electrical properties of the tissue electrode

interface as well as the electrode impedance and the electrode capacitance. The electrical

model 110 further can reflect the time dependence characteristics at the electrode tissue

interface (e.g., via Fourier FEM), such as due to the electrode capacitance.

[0059] By way of example, many electrodes (e.g. , as used for DBS) are three-

dimensional structures and the tissue conductivity of the central nervous system is both

inhomogeneous (dependent on location) and anisotropic (dependent on direction). The tissue

inhomogeneity and anisotropy surrounding the electrode can alter the shape of the electric

field and the subsequent neural response to stimulation. The anisotropy and inhomogeneity

of such tissue medium can be accounted for by the FEM solver 106 and the electrical model

110 incorporating 3D conductivities of the tissue. As one example, diffusion tensor imaging



(DTI) can be employed to estimate an electrical conductivity tensor of the tissue medium

surrounding one or more electrodes.

[0060] For instance, diffusion tensor imaging (DTI) can be employed to characterize

the diffusional behavior of water in tissue on a voxel-by-voxel basis in terms of a matrix

quantity from which the diffusion coefficient can be obtained corresponding to any direction

in space. The electrical conductivity tensor (σ) of a tissue medium is obtainable from the

corresponding diffusion tensor (D) determined for the tissue medium. The hypothesized

relationship between electrical conductivity and water diffusion in tissue is prompted by the

observation that in a structured medium the two processes are related through mutual respect

for the boundary conditions imposed by the tissue geometry. It has been determined that a

value of the electrical conductivity tensor σ can be obtained for each voxel (e.g., from DTI

data) using a linear transform of the matrix D :

σ = (σe/de)D Equation 1

where σe is the effective extracellular conductivity, and

de is the effective extracellular diffusivity.

The diffusion tensors obtained from a corresponding DTI modality can be transformed to

conductivity tensors, as discussed above, and incorporated into the electrical model 110 and

the FEM solver 106.

[0061] The FEM solver 106 thus can solve for the spatial and temporal voltage

distribution (e.g., a potential distribution (Ve)) 112 that is generated in the tissue medium in

response to electrical stimulation in the tissue according to the stimulation parameters 114.

The unit of potential distribution can correspond to a single voxel, which can represent a

pixel or a set of plural. For example, the FEM solver 106 can determine the potential

distribution 112 in the anatomical region of tissue, which can vary according to the tissue

model utilized by the FEM solver 106. The potential distribution 112 thus can represent the

electric field for each voxel for predefined electrode contact geometry and stimulation

parameters. As one example, the FEM solver 106 can be implemented as a Fourier FEM

solver that accounts for the capacitance of the electrode-tissue interface under voltage-

controlled stimulation. The FEM solver thus can incorporate the DTI-based tissue

conductivities and the reactive components of the electrode-tissue interface into a single

system of equations.



[0062] One or more thresholds 116 can be applied to the potential distribution 112 to

ascertain (or predict) whether an activation potential has been achieved for each given unit

(e.g., voxel) of the potential distribution. The thresholds 116 can be predefined and applied

to the potential distribution 112 to determine a corresponding VTA 104 according to whether

a corresponding activating potential has been achieved for each voxel. The VTA 104 can be

computed for a defined set of stimulation parameters 114, such that a plurality of VTAs 104

can be determined to define a corresponding search space. The system 100 can re-compute

the VTA 104 (and appropriate intermediate values) for each set of stimulation parameters,

which procedure is schematically represented by connection 118. That is, a corresponding

search space of VTAs 104 can be determined over a range of stimulation parameters 114.

The resulting search space of VTAs 104 can be analyzed by an optimization method 120 to

ascertain the set of design and stimulation parameters to achieve the target VTA 102.

[0063] The thresholds 116 can be implemented by employing a neurostimulation

predictor that ascertains whether a corresponding activating potential has been reached for.

As one example, a Fourier FEM DBS electrode model can be coupled to an axon or neuron

model (e.g., a field-neuron model) for the anatomical region to determine whether an

activation potential exists for each voxel. Appropriate thresholds 116 can be defined for the

axon or neuron model sufficient to trigger an activating potential in the aggregate FEM

analysis.

[0064] An alternative approach to the field-neuron simulations described above is the

use of an activating function-based technique. One example of such an activating function

that can be employed to approximate the neuron response to electrical stimulation is a second

difference of the extracellular potential distribution along a neural process ( 2Ve/ x2), where

Ve represents the potential of a given voxel. The second difference provides a quantitative

estimate of the polarization of the axon or neuron in response to an applied electric field. The

second difference thus can be applied to the potential distribution to define 3D surfaces that

encompass the volume, where 2Ve/ x2 is a suprathreshold for axonal activation for the given

stimulation parameters 114.

[0065] By way of illustration, FIG. 3 depicts a graph that includes an example

of 2Ve/ x2 function that can be utilized as a predictor of neural activation. In the example of

FIG. 3, the 2Ve/ x2 values are plotted as a function of electrode-axon distance measured

from the center of the electrode. An absolute threshold (indicated by a dashed line 142) is

one type of simple predictor that can provide a low level of accuracy in predicting neural

activation. An alternative approach is to perform a curve fitting function to provide a



corresponding variable threshold (indicated by solid line 144) that approximates clinical raw

data.

[0066] Yet another alternative approach is to determine the 2Ve/ x2 threshold values

as a function of pulse width and voltage. Specifically, d Ve/ x threshold values are

recorded, and these values are expressed as a function of cathodic voltage (V) times pulse

width (PW, µs). This expression allows two stimulation parameters to be condensed into a

single number for prediction of thresholds. Further, threshold values recorded this way were

found to be valid for a wide range of electrode designs and stimulation parameters. These

values can then be used to create 2D spatial contours that are swept around the z-axis to

define the VTA volume. For purposes of volume calculations, it is often convenient to

describe the VTA contours with analytical functions. For example, each contour can be

described by an ellipse:

(x - xθ)2 / a2 + (y - yθ)2 / b2 = 1 Equation 2

where xθ, y0 is the center of the ellipse, and

a and b are the semimajor and semiminor axes, respectively (assuming b<a).

The semimajor and semiminor coefficients are calculated from the following: a = distance of

threshold value from electrode contact along x-axis; b = maximum y value of 2D threshold

contour. In this example contour, the center of the electrode contact can be defined as being

located on the origin and the center of each ellipse is xθ = a, y0 = 0. With this

method, 2Ve/ x2 threshold values and VTA volumes can be predicted for a wide range of

electrode designs and stimulation parameters.

[0067] FIG. 4 depicts an example of spatial ellipsoid-based predictors 148 that can be

implemented as described above. The predictors 148 can be applied to a variety of electrode

design and stimulation parameters. In the example of FIG. 4, corresponding 2Ve/ x2

predictors for voltage-controlled stimulation are overlaid on filled 2Ve/ x2 threshold

contours, as represented by the associated indicator bar located to the right of the figure. The

2Ve/ x2 threshold contours can be generated from the integrated field neuron model, as

described herein.

[0068] By way of further example, FIGS. 5 and 6 depict example images 150 and

152, respectively, demonstrating different VTAs that can be determined for deep brain

stimulation by applying different tissue models for the same activating function. For sake of



consistency, similar reference characters refer to the same structural and anatomical parts in

each of the FIGS. 5 and 6.

[0069] In FIG. 5, the VTA, indicated at 154, is determined for a tissue model where

the tissue medium is represented as being isotropic and homogeneous. In FIG. 6, the

image 152 demonstrates the VTA, indicated at 156 for a model that represents the tissue

medium as being inhomogeneous and anisotropic (a more complex and usually more accurate

tissue representation), such as a DTI-based tissue medium. A comparison of the approaches

demonstrates the resulting differential activation of surrounding anatomical structures.

[0070] Each of the tissue models utilized to derive the images of FIGS. 5 and 6

includes a tissue encapsulation layer 160 around the electrode shaft 162. The electrode shaft

162 extends through the thalamus 164 and terminates with its distal end located within or

adjacent the subthalamic nucleus (STN) 166. A plurality of electrode contacts 168 are

disposed in a spaced apart relationship along the length of the shaft 162. The VTA 154

corresponds to a volume of tissue within a boundary defined by activating function applied

for a given set of stimulation parameters one of the contacts 168 within the STN 166. In FIG.

8, the VTA 156 similarly corresponds to a volume of tissue within a boundary defined by

activating function applied for the same given set of stimulation parameters at a single

contact within the STN 166. The VTA 154 (FIG. 5) and the VTA 156 (HG. 6) generated

under the two conditions were matched for electrode impedance.

[0071] Referring back to FIG. 2, the system 100 also includes a VTA evaluation

block 120 that is operative to search through the VTAs 104 to determine which VTA best

matches the target VTA 102 for achieving a desired therapeutic effect. The evaluation block

120 can be implemented as a computer-implemented (or computer-assisted) algorithm that

evaluates the candidate VTAs 104 in the search space. Each of the candidate VTAs 104 thus

has a set of electrode design and stimulation parameters that provides the candidate VTA.

The evaluation block, for example, can include a scoring function 122 that assigns a score to

each candidate VTA 104. The score can help a user select the set of design and stimulation

parameters to best achieve the target VTA 102 from the VTA search space. Alternatively,

the evaluation block 120 can automatically select the VTA matching the target VTA 102

based, at least in part, on the score provided for each VTA 104 in the search space. The

VTAs 104 and their scores can be displayed to a user, such as by providing corresponding

data to a display or other output device (e.g., a printer).

[0072] As one example, the evaluation algorithm of the evaluation block 120 can

employ one or more criteria that establishes: (a) one or more regions in which activation is



desired; or (b) one or more regions in which activation should be avoided. The criteria can be

provided as part of a statistical atlas brain from which the target VTA was ascertained for a

given patient. For example, the scoring function 122 can determine a score of how each

candidate VTA maps against desired and undesired regions relative to the target VTA 102.

In one example, the scoring function 122 computes the score as a function of the number of

VTA voxels that map to the one or more regions in which activation is desired, and the

number of VTA voxels map to the one or more regions in which activation is undesired. As

another example, these two quantities may be weighted differently such as, for instance, if

avoiding activation of certain regions is more important than obtaining activation of other

regions (or vice-versa). In yet another example, these two quantities may be used as separate

scores. As another example, the evaluation block 120 and scoring function 122 can be

implemented based on documented therapeutic effect and assign a corresponding raw score to

each VTA and its associated stimulation parameters.

[0073] By way of further example, to determine a target VTA for treatment of

Parkinson's disease, the raw score provided by the scoring function 122 can correspond to

documented improvement according to blinded UPDRS evaluation. The VTAs can also be

designated with one or more primary symptoms of improvement, such as rigidity,

bradykinesia, and/or tremor. The VTA can also be designated as being non-therapeutic when

a given VTA is identified with a clinically defined side effect type (e.g., muscle contraction,

parasthesia, and the like). The designation symptomatic relief and side effects can also be

weighted and applied to scoring criteria according to the perceived conditions (e.g., through

clinical testing) associated with a given VTA. Other scoring criteria can exist for Parkinson's

disease as well as for other types of disorders that can be utilized by the evaluation block 120.

The scoring function 122 thus can provide an indication of the therapeutic and non-

therapeutic effect associated with the VTAs 104, which can be weighted accordingly. Such

scoring can be ascertained by evaluating the candidate VTAs 104 relative to a statistical VTA

data structure, such as is utilized to determine the target VTA for the given patient.

[0074] As a further example, VTA data structure can be provided in the form of a 3D

probabilistic map or functional VTA atlas. VTA data, for example, can be acquired for

plurality (e.g. , hundreds or thousands) of patients so that VTA 104 for each patient can

provide quantitative relationship between the VTA and a desired therapeutic effect for the

patients. For example, each of the VTAs 104 can be broken up into a voxelized grid in which

each voxel retains the score determined for the respective VTA. The voxel matrix can be

statistically analyzed to provide a corresponding probability value for each voxel in the



matrix that represents a statistical score for each voxel in the functional atlas. With a

sufficiently large search space, a corresponding target VTA thus can be identified based on

the aggregate set of VTAs 104 in the search space. Side effect pathways can also be

integrated into the 3D probabilistic map of therapeutic VTAs as areas to avoid when defining

the target VTA 102 for a given patient. The resulting probabilistic VTA map can be utilized

to determine the target VTA based on imaging data for a given patient and a clinical

assessment of the given patient. The assessment can involve qualitative and/or quantitative

assessment of the patient's condition, such as described herein.

[0075] FIG. 7 depicts an example of an electrode design system 200 that can be

implemented according to an aspect of the invention. The system 200 can be implemented as

computer-executable instructions running in one or more computers or other processor-based

systems. The system 200 includes a parameterization space 202 that includes parameters that

represent one or more design parameters that can be varied to provide an electrode design

204, electrical stimulation and/or chemical stimulation for achieving a desired therapeutic

effect. The purpose of the system 200 is to determine which parameter or combination of

plural design parameters can provide a VTA that best matches a target VTA 206 for a given

patient. One or more of the parameters for the electrode design or available ranges can be

established by a user input, for example.

[0076] The target VTA 206 defines a region of tissue that, if stimulated by an electric

field from the electrode located therein, generates an action potential that has been

determined to achieve a desired therapeutic effect. The therapeutic effect and the location of

the target VTA 206 can vary according to the disorder of a particular patient. The target

VTA 206 can be predetermined for a given patient, such as described herein.

[0077] As an example, FIG. 8 depicts an image 300 that includes a representation of a

target VTA 302 that can be utilized to determine the electrode design parameters for a given

target nucleus. As shown in FIG. 8, an electrode 304 includes a plurality of contacts 306, at

least one of which is located in the target VTA 302. The electrode shaft extends through the

thalamus 308 and through at least a portion of the STN 310. In the example of FIG. 8, the

target VTA 302 comprises a region that encompasses the dorsal STN and ZI/H2, such as

represents a preliminary definition of a target VTA for STN DBS. Those skilled in the art

will appreciate that the design system 200 (FIG. 7) is applicable to determining target VTAs

for other nuclei in the brain as well as in other anatomical regions.

[0078] Referring back to FIG. 7, the parameterization space 202 includes a range of

electrode structure parameters 208. For the example of an electrode having a plurality of



cylindrical electrode contacts, the electrode structure parameters 208 can include the height,

diameter and spacing (or distribution) of the electrode contacts along the electrode shaft. As

an example, a predefined range of values for the height and diameter parameters can be

stored as part of the parameterization space (e.g., by setting limits for minimum and

maximum height and diameters). Relationships between parameters can also be

parameterized, such as the aspect ratio (d/h), in the parameterization space 202. The aspect

ratio further can be utilized to constrain the optimization procedure, such as by limiting the

search space to a predefined range of aspect ratios (e.g., d/h < some predefined value), which

can be set according to the shape and size of the target VTA 206.

[0079] The parameterization space 202 can also include electrode stimulation

parameters 210, such as voltage or current amplitude, frequency, pulse width and pulse

shape. The stimulation parameters can be applied to one or more electrode contacts

uniformly or different set stimulation parameters can be applied to each electrode contact

independently of the other electrode contacts. The contact location and trajectory of the

electrode within an anatomical region can be included as parameters 212 in the

parameterization space 202 identifying relative electrode and contact placement in an

anatomical region. For example, the contact location can be centered in the anatomical

region defined by the target VTA 206 and the trajectory can be set to a corresponding

standard trajectory for the target nucleus. Alternatively, such parameters can be varied, as

described with respect to other example embodiments described herein.

[0080] An optimization method 214 controls the parameter searching over the

parameterization space 202. The optimization method 214 can evaluate a design VTA 216

for an instance of the parameterization space 202 relative to the target VTA 206 to ascertain

which instance (or subset of instances) of the parameterization space provides a design VTA

that best matches the target VTA. The optimization method 214 can include one or more

search algorithms programmed to determine the electrode design 204.

[0081] As one example, the optimization method 214 can include an electrode

structure search 218 that is programmed to search the parameterization space 202 to

determine one or more instances of electrode structure parameters. For example, the

electrode structure search 218 can initialize the parameterization space 202 to set the

electrode structure parameters 208 (height and diameter) to predetermined dimensions, such

as can be arbitrarily set or can be set based on various criteria (e.g., empirical or clinical

studies). The electrode location/trajectory parameters 212 can remain fixed during

application of the electrode structure search 218. The electrical stimulation parameters 210



can be varied for a given set of electrode structure parameters 208 to provide maximal design

VTA coverage relative to the target VTA 206, as described herein.

[0082] The system 200 includes an electrode field model 220 and a tissue model 222

that are employed by a VTA predictor 224 to determine the design VTA 216 for a given

instance or over a set of plural instances of the parameterization space 202. The VTA

predictor 224 predicts the neural response to stimulation, corresponding to the design

VTA 216, by applying the potential distribution of the electrical field model 220 to the

neuron/axon model 222. The neural response to extracellular stimulation is dependent on

several factors, including, for example: (1) the electrode geometry (e.g., the electrode

structure parameters 208); (2) the electrode stimulation parameters 210 (e.g., stimulus

waveform, stimulation frequency, pulse width, etc.); (3) the shape of the electric field (e.g., as

determined by the inhomogeneous and anisotropic bulk tissue properties); (4) the neuron

geometry; (5) the neuron position relative to the stimulating electrode; and (6) the neuron

membrane dynamics. Some or all these factors can be represented in the electric field model

220 and the neuron/axon model 222.

[0083] As one example, the electric field model 220 can be implemented as a

computer-solvable FEM mesh based on the electrode structure parameters 208 and the

stimulation parameters 210 in the parameterization space 202. The electric field model 220

thus can include a stimulating electrode model that represents the morphology (or structure)

of the electrode, as established by the electrode structure parameters 208 employed by the

electrode structure search 218. The electric field model 220 can also include a representation

of the conductivity of a thin layer of tissue encapsulating the particular electrode, which

provides the electrode tissue interface. The electric field model 220 can also explicitly

represent the electrode impedance and the electrode capacitance. The electric field model

220 also includes tissue conductivity model that represents the anatomical structure

surrounding the electrode. As described herein, the tissue conductivity model can include

data that represents inhomogeneous or anisotropic properties of the tissue near the stimulation

electrode, such as can be obtained by DTI imaging or by using other techniques described

herein. Alternatively, the tissue conductivity model might include data that represents tissue

near the stimulation electrode as being homogeneous and isotropic, such as described herein.

The electric field model 220 thus represents a potential distribution in the tissue medium for a

given set of parameters (e.g., electrode structure and electrode stimulation parameters) in

parameterization space 202.



[0084] The neuron/axon model 222 can include a multi-compartment neuron or axon

model that positions the modeled neurons or axons at specifiable positions along one or more

nerve pathways in the FEM mesh defined by the electric field model 220. In addition to

properties of individual neurons, the neuron/axon model 222 may depend on one or more of

the parameters (e.g., electrode structure parameters 208 and electrical stimulation parameters

210) of the stimulation being modeled. For example, the stimulation pulse width will affect

the neuron response. Therefore, in one example, the neuron/axon model 222 can be tailored

to a specific value for one or more DBS stimulation parameters. By way of further example,

the nerve pathways can be ascertained using DTI-derived imaging data, or by using anatomic

atlas data, or any other appropriate technique.

[0085] Those skilled in the art will understand appreciate various neuron models or

axon modeling techniques that could be employed in the system 200. An example of an axon

model is described in Cameron C. Mclntyre et al., "Modeling the Excitability of Mammalian

Nerve Fibers: Influence of Afterpotentials on the Recovery Cycle," J . Neurophysiology, Vol.

87, February 2002, pp. 995-1006, which is incorporated by reference herein in its entirety,

including its disclosure of axon models. In another example, a more generalized neuronal

model can be used, an example of which is described in Cameron C. Mclntyre et al.,

"Cellular Effects of Deep Brain Stimulation: Model-Based Analysis of Activation and

Inhibition," J . Neurophysiology, Vol. 91, April 2004, pp. 1457-1469, which is incorporated

by reference herein in its entirety. The neuron/axon model 222 describes how the neurons

will respond to an applied electric field; namely whether the neuron will fire and whether the

neurons will generate a propagating action potential.

[0086] As a further example, the neuron model 222 geometries are typically broken

up into many (e.g. , hundreds) of compartments. The VTA predictor 224 can co-register the

various compartments of the neuron/axon model 222 within the FEM mesh of the electric

field model 220. This co-registration allows calculation of the extracellular potentials from

the applied electric field along the complex neural geometry. After the extracellular

potentials are determined for each neural compartment as a function of time during the

applied stimulation, for each neural position relative to the electrode, the neuron/axon model

222 can be used to test whether the applied stimulus exceeded the neural threshold that

triggers an action potential.

[0087] As another example, using the neuron/axon model 222 to simulate how the

neurons (e.g., which are located as determined from the DTI-derived conductivity data)

behave, the threshold value of the second difference of electric field that will result in such



propagating action potentials can be calculated. The stimulating influence of the electric field

(as represented by the electric field model 220) is applied to the neuron/axon model neurons

to define a threshold value. This threshold value can then used to define the boundary of the

design VTA in the non-uniform conductivity tissue, similar to as discussed above with

respect to FIG. 2.

[0088] The electrode structure search 218 can vary the electrode height and diameter

over the range of predefined values, such as mentioned above. Corresponding design VTAs

can be determined over the range of parameter values. Those skilled in the art will appreciate

that various constraints that can be programmed into the electrode structure search 218 or into

the parameterization space 202 to reduce computational complexity of the design system.

For example, it may be desirable to constrain the diameter to height (aspect) ratio to remain

below a predetermined value (e.g., d/h > 1), which value further can vary according to the

shape and volume of the target VTA 206. Those skilled in the art will appreciate various

ways to quantify the shape and size of the target VTA 206 such that an appropriate VTA

aspect ratio can be established to constrain the optimization accordingly.

[0089] The optimization method 214 can also include one or more scoring

functions 226 that are employed to evaluate at least some of the design VTAs 216 in the

search space relative to the target VTA 206. Different search components of the optimization

method can utilize the same scoring function or different scoring functions can be utilized for

different searches. As one example, each design VTA (corresponding to an iteration of the

electrode structure search 218) can be scored according to the following equation:

Score = (VTA
1n target/VTA target) * ( 1 - VTA

et
/Xvolume), Equation 3

where: VTA
1n

target corresponds to the portion of the design VTA 216 that
resides within the target VTA 206,

VTA
out target

corresponds to the p
r

ortion of the desig
o

n VTA 216 that

resides outside of the target VTA 206, and
Xvolume defines the penalty for stimulation spread outside of the
target VTA.

The highest scoring electrode design VTA will represent the maximal volume overlap

between the stimulation VTA and the target VTA while providing a penalty for VTA spread

outside of the target VTA. In practice, variants of the above scoring equation (as well as

other scoring functions) can be used to hone in on an appropriate value for the Xvolume

parameter.
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[0090] As part of the electrode structure search 218, one or more of the electrode

stimulation parameters 210 can be adjusted for the given electrode structure design so that the

design VTA spreads to or near to the edge of the target VTA 206. Alternatively, the

electrode structure search 218 can iteratively adjust one or more electrode structure

parameters while the electrode stimulation parameters remain constant, generating a new

design VTA 216 for each iteration. Those skilled in the art will appreciate various

approaches that can be utilized to generate design VTAs 216 over the entire or a subset of the

parameterization space. Those skilled in the art will further appreciate approaches that can be

employed to constrain the parameterization space to expedite the optimization process.

[0091 ] The results of the electrode structure search 218 can provide one or more

electrode designs 204. For example, the electrode structure search 218 can provide a

plurality of electrode designs (e.g., having defined electrode structure and electrode

stimulation parameters) that result in respective design VTAs that best match the target VTA

206.

[0092] By way of illustration, FIGS. 9, 10 and 1 1 depict images 312, 314 and 316,

respectively, that include example design VTAs generated for an electrode contact of a given

electrode structure (e.g., as defined by electrode structure parameters 208) 304 for different

stimulation parameters. In each of FIGS. 9, 10 and 11, the same reference numbers are used

to refer to the same structural parts as introduced with respect to FIG. 8. The VTAs

generated at the respective contact result in some amount of VTA
1n target and some amount of

VTA
0U

t target, both of which vary as a function of the stimulation parameter settings and the

electrode contact geometry.

[0093] In FIG. 9 the image 312 includes a design VTA 320 constructed for a

stimulation voltage of about -2 V at the respective contact. In FIG. 10, the image 314

includes a design VTA 322 for a stimulation voltage of about -2.5 V at the respective contact.

In FIG. 11, the image 316 includes a design VTA 324 for a stimulation voltage of about -3 V

at the respective contact.

[0094] In FIGS. 8, 9, 10 and 11, for purposes of simplicity of explanation and for

sake of comparison, it is assumed that the electrode geometry remains constant. By applying

the above-described scoring criteria, the example of FIG. 10 has the highest score and, thus,

can be utilized to establish the electrical stimulation parameters 210 associated with the given

set of electrode structure parameters 208 for the electrode design of FIG. 7. It will be

appreciated that more than three different stimulation parameters can (and typically will) be

evaluated and scored as part of the electrode structure search 218.



[0095] Referring back to FIG. 7, it is again noted that the electrode location/trajectory

parameters 212 can remain fixed during the optimization of electrode design associated with

the electrode structure search 218 and a contact spacing search 232 (when implemented).

The surgical trajectory for electrode implantation in a given nucleus is relatively

standardized. As one example, a general trajectory for STN DBS approximately 65 degrees

up from the axial plane and approximately 10 degrees off the saggital plane. As another

example, the general trajectory for GPi DBS can be approximately 70 degrees up from the

axial plane and approximately 5 degrees off the saggital plane. The particular trajectory used

in an individual patient, however, is chosen based on pre-operative imaging data to avoid

major blood vessels, sulci, and the ventricles.

[0096] The electrode/location and trajectory parameters 212 thus can be set to

standard electrode trajectories for a given nucleus (adjusted to avoid major blood vessels,

sulci, and the ventricles) with the contact location at the anatomical center of the nucleus.

The parameter values can remain fixed during the electrode structure search 218, such as

described above. After a subset of one or more electrode designs has been determined for the

target VTA, the optimization method 214 can vary electrode structure and stimulation

parameters to accommodate surgical variability (e.g., associated with surgical placement of

the electrode) and anatomical variability (e.g., associated with imaging techniques for

determining anatomical and electrical models).

[0097] The optimization method 214 can also include a variability adjustment

component 230. The adjustment component 230 can refine a portion of the search space to

and reevaluate the efficacy of one or more electrode designs to account for variability that

would be expected clinically. One source of clinical variability is the stereotactic accuracy of

the electrode placement. For example, it has been determined that there exists approximately

1 mm of uncertainty in all directions in three dimensional space when implanting many types

of electrodes, such as DBS electrodes. Therefore, the variability adjustment component 230

can reevaluate the electrode structure parameters for each of a plurality of best-performing

electrode designs 204, such as by adjusting the electrode location/trajectory parameter 212 to

reflect the approximately 1 mm of uncertainty in three-dimensional space.

[0098] As an example, a plurality (e.g., two or more, such as five) of the top scoring

electrode designs 204 for the target VTA 206 can be subjected to further analysis including

scoring. For example, the electrode location and trajectory can be incrementally adjusted

(e.g., relative to the geometric center of the target VTA) in the dorsal/ventral,

anterior/posterior, and medial/lateral directions) and the resulting design VTAs 216 can be



scored according the sub-optimal electrode placements. The electrodes location parameters

can be adjusted, for example, in predetermined increments that are less than or equal to the

amount of defined variation.

[0099] The surgical trajectory of the electrode in the 3D anatomical region can also

be varied, such as in a plurality of increments over a range (e.g. , +/- 5 degrees) relative to the

axial plane and in similar increments over a range (e.g., +/- 5 degrees) relative to the saggital

plane. Each of the finalist DBS electrode designs 204 will thus be assigned a plurality of

scores for each associated design VTAs 216 resulting from the incremental adjustments (to

accommodate variation in location and trajectory). The set of VTA scores for each of the

incrementally adjusted respective electrode design 204 being reevaluated can be aggregated

to provide an aggregate total score for each design. The average VTA scores for each

electrode design 204 further can be averaged and the highest scoring electrode design can be

selected as representing an optimal DBS electrode contact for the given target nucleus. The

same scoring function 226 (e.g., Equation 3) can be utilized by the variability adjustment

component 230 as is used by the electrode structure search 218. Alternatively, different

scoring functions could be utilized, such as by applying weighting differently according to

variations in the electrode/trajectory parameters 212 differently (e.g., imposing an increased

penalty as the variations increase).

[001 00] By way of example, existing neurostimulation devices are being equipped

with current steering capabilities (e.g., implantable pulse generators having 8 or 16

independent current sources). The existence of current steering technology in

neurostimulation becomes an attractive mode of operation in a situation where two (or more)

contacts are located within the target VTA, but neither is in a position to adequately stimulate

the target VTA without spreading stimulation into neighboring side effect regions. A

possible solution is to balance stimulation through the two contacts, possibly with unequal

stimulus amplitudes, such that the target VTA is maximally stimulated.

[001 0 1] The optimization method 214 can also employ a contact spacing search 232 to

define a contact spacing that further maximizes the design VTA coverage with respect to the

target VTA 206. Based on current steering analysis, there exists a contact spacing that

maximizes VTA coverage along the trajectory of the electrode shaft. The optimization

method 214 can employ the contact spacing search 232, such as in situations when more than

one electrode contact will be activated to supply electric fields that may interact spatially

and/or temporally. As one example, the optimization method 214 can activate the contact



spacing search 232 to evaluate the effects of current-steering, such as in situations when the

top scoring electrode design fails to meet a minimum score relative to the target VTA 206.

[00102] As one example, the contact spacing search 232 can search the

parameterization space 202 according to spatially and/or temporally overlapping electric

fields generated from multiple electrodes. The contact spacing search 232 can score the

resulting design VTAs to determine which design or set of electrode designs having multiple

contacts with independently controllable sources, best matches the target VTA. It should be

noted that the electrode structure search 218 can be implemented as part of or in conjunction

with the contact spacing search 232. As a result, the combination of electrode structure

search 218 and the contact spacing search 232 can be employed to identify a contact spacing

in conjunction with other electrode structure parameters (e.g., height and diameter for each

contact) 208 that will afford a maximal VTA coverage along the trajectory of the electrode

shaft. Thus, the contact spacing search 232 can be utilized to adjust the spacing between one

or more pairs of electrodes in the electrode design 204 to determine spacing parameters for

the electrode design that provides a design VTA 216 that more closely matches the target

VTA 206.

[001 03] The optimization method 214 can evaluate the impact of electrode trajectory

variability and electrode location variability with respect to the added VTA coverage that can

be attained with current steering contacts. The contact spacing search 232 can result in the

electric field model 220 representing two or more electric field distributions, which can

overlap according to the spacing and charge distribution of the respective fields. The spacing

between electrode contacts can be defined in the parameterization space 202 by appropriate

spacing parameters defined in the electrode structure parameters 208. Those skilled in the art

will understand ways to construct appropriate electric field model 220 for the multiple

contact electrode based on the teachings contained herein.

[00104] The variability adjustment 230 can also be utilized in conjunction with the

contact spacing search 232 and the resulting multi-contact electrode design 204, similar to as

described with respect to the single contact methodology. The variability adjustment

component can thus identify a theoretically optimal trajectory that should be used with the

determined optimal contact design and contact spacing (e.g., as defined by the electrode

structure parameters 208 of the resulting electrode design 204).

[001 05] In view of the foregoing, it will be appreciated that the design system 200 thus

can provide a nuclei-specific single contact electrode design or a multiple contact design that

is customized to the anatomical and electrical constraints of the target nucleus (e.g., the STN



or GPi). By also accounting for the potential variability in electrode placement and

trajectory, such an electrode design should afford increase resilience to surgical placement

variability while also maximizing VTA coverage for the target VTA.

[001 06] As described herein, the resulting stimulation parameters for the electrode

design can be employed to program an IPG or other stimulation device for applying

stimulation to an electrode constructed according to the structural parameters, thereby

achieving neurostimulation that substantially matches the target VTA.

[001 07] Those skilled in the art will further appreciate that the design system 200 thus

can provide a VTA-specific single contact electrode design or a multiple contact design that

is customized to the anatomical and electrical constraints of the target nucleus (e.g., the STN

or GPi). Additional information about how to design an electrode for a patient-specific target

VTA is disclosed in the above-incorporated U.S. Patent Application No. 11/606,260. By also

accounting for the potential variability in electrode placement and trajectory, such an

electrode design should afford increase resilience to surgical placement variability while also

maximizing VTA coverage of the target VTA. As described herein, the resulting stimulation

parameters for the electrode design 204 can be employed to program an IPG or other

stimulation device for applying stimulation to an electrode constructed according to the

structural parameters, thereby achieving neurostimulation that substantially matches the

target VTA 206.

[001 08] By way of example, the electrode design 204, including stimulation

parameters, can be communicated via an interface 236 to an IPG 238. For instance, the

interface 236 can be implemented as a physical communication interface (e.g., including an

electrically conductive or optical link) or a wireless communication interface (e.g., Bluetooth,

or an inductive coupling). The IPG 238 can be programmed via the interface 236 prior to

implanting the IPG or post-implantation. Those skilled in the art will understand and

appreciate various types of connections and communication protocols that can be utilized for

programming the IPG 238 with stimulation parameters, which may involve commercially

available and proprietary methods. Additionally, the system 200 can have more than one

interface capable of programming the IPG, a selected one of such interfaces can vary

depending on the type of IPG and whether it has been implanted in vivo.

[001 09] In view of the foregoing, it will be appreciated that additional variations in the

VTA shape can be achieved by adjusting other design parameters, such as the number of

contacts and spacing, the electrical stimulation parameters and the like. Those skilled in the

art will appreciate that the methods and systems described herein can be employed to



customize an electrode design 204 to maximize VTA spread for a given target nucleus.

While the foregoing approach has been described with respect to electrical stimulation, those

skilled in the art will understand that the approach is equally applicable to localized chemical

stimulation of tissue in the nervous system.

[001 10] By way of further example, FIGS. 12, 13 and 14 demonstrate the effects of

electrode geometry on VTA for a particular nucleus, namely the ventral intermediate nucleus

of the thalamus (VIM) 478. For instance, FIG. 12 depicts an electrode 480 having a single

contact 482 inserted into the thalamus 484. In the example of FIG. 12 the electrode is

positioned at the anatomical center of the VIM 478. The VIM is a long narrow nucleus

measuring approximately 8 mm (dorsal-ventral) by approximately 3mm (anterior-posterior)

by approximately 12 mm (medial-lateral).

[001 11] FIG. 13 depicts a VTA 480 for an electrode 482 having first electrode design

parameters. In the example of FIG. 13, the electrode 482 includes a contact 484 that

corresponds to a standard electrode contact geometry (e.g., having a height of approximately

1.5 mm, diameter of approximately 1.27 mm, providing a surface area ~ 6 mm ), with

stimulation settings of - 1 V and 90 µs pulse width at 130 Hz. The aspect ratio (d/h) of the

electrode contact 484 is approximately 0.4. The electrode design of FIG. 19 produces the

VTA 480 to fills approximately 26% of the VIM 478 before spreading outside the target

VTA defined by the VIM.

[001 12] FIG. 14 depicts a VTA 490 for an electrode 492 having a second (customized)

electrode design parameters, which are different from those of the electrode 482 of FIG. 13,

such as may be determined according to an aspect of the invention. In the example of FIG.

20, the electrode includes a contact 494 that is also positioned at the anatomical center of the

VIM. The electrode contact 494 is designed with a diameter of approximately 0.75 mm and a

height of approximately 2.54 mm height to provide an aspect ratio of approximately 0.4,

which more closely matches the aspect ratio of the VIM 478 than the example electrode in

the example of FIG. 13. For sake of comparison, the electrode contact 494 has approximately

the same contact surface area as the example of FIG. 13 and depicts a corresponding design

VTA 490 under the same stimulation (stimulation voltage of about - 1 V and 90 µs pulse

width). The design of FIG. 14 conditions results in better stimulation of the VIM 478 by

producing a VTA that fills 33% of the volume, which is about a 28% increase compared to

the VTA 480 in the example of FIG. 13. Additionally, the custom electrode design 492 can

result in approximately 7% more stimulation of the VIM 478 with no increase in spread

outside the boundary of the target VTA defined by the VIM.



[001 13] FIG. 15 depicts example data from stimulation testing at one electrode contact

in one patient (in total 163 stimulation parameter settings were tested across 6 patients), such

as can be employed to provide patient data for use in constructing the VTA data structure

based on similar data acquired for a plurality of patients. The DBS data were acquired with a

fixed stimulation frequency of 130 Hz and a fixed stimulus pulse width of 0.06 ms.

[001 14] FIG. 15A depicts quantitative data for rigidity measurements that were

acquired with a clinical impedance measurement device (model RA-I, Neuro Kinetics). In

FIG. 15A, higher values of mechanical impedance represent greater rigidity.

[001 15] FIG. 15B depicts example data for finger tapping bradykinesia measurements

that were acquired with solid state gyroscopes (model G-I, NeuroKinetics). In FIG. 15B,

higher values represent lower bradykinesia.

[001 16] FIG. 15C represents Paresthesia data rated on a 10 point scale, as reported by

the patient. FIGS. 15D and 15E represent rigidity Bradykinesia data, respectively, that have

been rescored on a normalized scale from 1 to -1. Scores above 0 indicate improvement and

scores below 0 indicate worsening relative to the OFF DBS baseline. Shaded areas indicate

stimuli above the paresthesia threshold.

[00117] FIG. 16 (including FIGS. 16A-K) depicts examples of patient-specific

stimulation models that can be employed in connection with determining a target VTA

according to an embodiment of the invention. FIG. 16A illustrates 3D nuclei (e.g. thalamus

and STN) were fit to the pre-operative MRI of each subject. FIG. 16B illustrates a pre

operative MRI that has been co-registered with a post-operative MRI to identify the

implanted DBS electrode location. FIG. 16C illustrates, for each tested hemisphere (n=7),

the electrode location defined relative to the pertinent nuclei.

[001 18] FIG. 16D illustrates each patient- specific model transformed into the context

of a single atlas brain. The atlas brain included both anatomical and diffusion tensor imaging

data and was used to predict neural activation from the stimulation protocol.

[001 19] FIG. 16E illustrates DTI-based conductivity tensors with color indicating

fractional anisotropy described the tissue electrical properties. FIG. 16F depicts each patient-

specific model having a unique DBS electrode location. FIG. 16G illustrates that each

experimentally tested stimulation parameter setting results in a unique voltage distribution,

which varies according to the stimulation parameters. FIG. 16H illustrates a theoretical

volume of tissue activated (VTA) by each tested setting (n=163) was calculated.

[00120] Each VTA was assigned a clinical score, as shown in FIG. 161 for rigidity, in

FIG. 16J for bradykinesia, and in FIG. 16K for paresthesia. Those skilled in the art will



understand and appreciate that each VTA can also (or alternatively) be provided other

clinically relevant scores, including quantitative and/or qualitative assessments of the

patient's condition.

[00121] FIG. 17 (including HGS. 17A through 17D) depicts examples of clinical

outcomes for different electrode placements and stimulation parameters. FIG. 17A illustrates

DBS electrode locations for all patients (n=7 hemispheres) in the context of the atlas brain.

FIG. 17B depicts VTAs generated for all electrode locations and stimulation protocols

(n=163 VTAs), shown superimposed on each other. Each VTA had an assigned clinical

score for rigidity, bradykinesia, and parathesia.

[00122] FIG. 17C depicts summated activation volume associated with improved

rigidity. FIG. 17D depicts summated activation volume associated with improved

bradykinesia. The left column of FIGS. 17 C and 17D shows all VTAs with improvement in

rigidity or bradykinesia, while the right column of FIGS. 17 C and 17D shows only VTAs

corresponding to stimulation settings that did not also generate paresthesias.

[00123] FIG. 18 (including FIGS. 18A through 18F) depicts probabilistic stimulation

target VTAs. Each targetVTA can be assigned a clinical score for rigidity and bradykinesia

as well as for other conditions. Each VTA was voxelized onto a 3D grid of 0.5 mm cubes

that encompassed the entire brain region evaluated with DBS. A statistically defined level of

clinical improvement was then defined for each voxel based on the VTAs that overlapped

with that voxel. In FIGS. 18A through 18F, the blue volumes indicate the stimulation region

associated with at least 50% (FIG. 18A) or 75% (FIG. 18B) improvement in normalized

clinical scores of rigidity. The pink volumes indicate 50% (FIG. 18C) or 75% (FIG. 18D)

improvement in bradykinesia. FIGS. 18E and 18F illustrate combined rigidity and

bradykinesia volumes by aggregating the respective volumes determined for FIG. 18A and

18C as well as the volumes from FIGS. 18B and 18D.

[001 24] FIG. 19 is a table demonstrating examples of the type of information that can

be used to populate the VTA data structure. While the table of FIG. 19 depicts patient data

for 6 patients and 163 VTAs, it will be appreciated that the VTA data structure can (and

typically) be generated based on a larger population size. However, six or fewer may suffice

to provide a statistical database.

[001 25] In FIG. 19, for each patient, an indication of primary symptoms is included.

Also included are the patient's age, sex, years post-surgical, the hemisphere stimulated.

Electrode and stimulation parameters are also provided, including the impedance and voltage

range for each of a plurality of contacts for each of the VTAs. In the example table of FIG.



19, the electrodes include four contacts although greater or fewer contacts can be employed.

Additionally, each patient could be treated with a different electrode configuration.

[001 26] As depicted, data is acquired for a number of VTAs for each patient, such as

according to the electrode placement and stimulation parameters described herein. One or

more clinical scores (not shown) are also associated with each of the VTAs for each patient in

the VTA data structure. For example, each VTA can be assigned a clinical score, such as for

rigidity, for bradykinesia, and for paresthesia (e.g., see FIGS. 161, 16J and 16K). Those

skilled in the art will understand appreciate various clinical rating systems (including

qualitative and/or quantitative metrics) that can be employed to score these as well as other

patient conditions for each VTA.

[001 27] In view of the foregoing, FIG. 20 illustrates one example of a computer

system 500 that can be employed to execute one or more embodiments of the invention by

storing and/or executing computer executable instructions. Computer system 500 can be

implemented on one or more general purpose networked computer systems, embedded

computer systems, routers, switches, server devices, client devices, various intermediate

devices/nodes or stand alone computer systems. Additionally, computer system 500 can be

implemented on various mobile clients such as, for example, a personal digital assistant

(PDA), laptop computer, pager, and the like, provided it includes sufficient processing

capabilities.

[00128] Computer system 500 includes processing unit 501, system memory 502, and

system bus 503 that couples various system components, including the system memory, to

processing unit 501. Dual microprocessors and other multi -processor architectures also can

be used as processing unit 501. System bus 503 may be any of several types of bus structure

including a memory bus or memory controller, a peripheral bus, and a local bus using any of

a variety of bus architectures. System memory 502 includes read only memory (ROM) 504

and random access memory (RAM) 505. A basic input/output system (BIOS) 506 can reside

in ROM 504 containing the basic routines that help to transfer information among elements

within computer system 500.

[001 29] Computer system 500 can include a hard disk drive 507, magnetic disk drive

508, e.g., to read from or write to removable disk 509, and an optical disk drive 510, e.g., for

reading CD-ROM disk 511 or to read from or write to other optical media. Hard disk drive

507, magnetic disk drive 508, and optical disk drive 510 are connected to system bus 503 by

a hard disk drive interface 512, a magnetic disk drive interface 513, and an optical drive

interface 514, respectively. The drives and their associated computer-readable media provide



nonvolatile storage of data, data structures, and computer-executable instructions for

computer system 500. Although the description of computer-readable media above refers to

a hard disk, a removable magnetic disk and a CD, other types of media that are readable by a

computer, such as magnetic cassettes, flash memory cards, digital video disks and the like, in

a variety of forms, may also be used in the operating environment; further, any such media

may contain computer-executable instructions for implementing one or more parts of the

present invention.

[001 30] A number of program modules may be stored in drives and RAM 505,

including operating system 515, one or more application programs 516, other program

modules 517, and program data 518. The application programs and program data can include

functions and methods programmed to determine a target VTA as well as to determine design

parameters for stimulation of the target VTA in a given patient, such as shown and described

herein.

[001 3 1] A user may enter commands and information into computer system 500

through one or more input devices 520, such as a pointing device (e.g., a mouse, touch

screen), keyboard, microphone, joystick, game pad, scanner, and the like. For instance, the

user can employ input device 520 to edit or modify a domain model. Additionally or

alternatively, a user can access a user interface via the input device to create one or more

instances of a given domain model and associated data management tools, as described

herein. These and other input devices 520 are often connected to processing unit 501 through

a corresponding port interface 522 that is coupled to the system bus, but may be connected by

other interfaces, such as a parallel port, serial port, or universal serial bus (USB). One or

more output devices 524 (e.g., display, a monitor, printer, projector, or other type of

displaying device) is also connected to system bus 503 via interface 526, such as a video

adapter.

[00132] Computer system 500 may operate in a networked environment using logical

connections to one or more remote computers, such as remote computer 528. Remote

computer 528 may be a workstation, computer system, router, peer device, or other common

network node, and typically includes many or all the elements described relative to computer

system 500. The logical connections, schematically indicated at 530, can include a local area

network (LAN) and a wide area network (WAN).

[001 33] When used in a LAN networking environment, computer system 500 can be

connected to the local network through a network interface or adapter 532. When used in a

WAN networking environment, computer system 500 can include a modem, or can be



connected to a communications server on the LAN. The modem, which may be internal or

external, can be connected to system bus 503 via an appropriate port interface. In a

networked environment, application programs 516 or program data 518 depicted relative to

computer system 500, or portions thereof, may be stored in a remote memory storage device

540.

[001 34] What have been described above are examples and embodiments of the

invention. It is, of course, not possible to describe every conceivable combination of

components or methodologies for purposes of describing the invention, but one of ordinary

skill in the art will recognize that many further combinations and permutations of the present

invention are possible. Accordingly, the invention is intended to embrace all such alterations,

modifications and variations that fall within the scope of the appended claims. In the claims,

unless otherwise indicated, the article "a" is to refer to "one or more than one."



CLAIMS

What is claimed is:

1. A computer-implemented method comprising:

storing in memory a volume of tissue activation (VTA) data structure that is derived from

analysis of a plurality of patients;

receiving patient data for a given patient, the patient data representing an assessment of a

patient condition; and

evaluating the VTA data structure relative to the patient data to determine a target VTA

for achieving a desired therapeutic effect for the given patient.

2 . The method of claim 1, wherein the target VTA has a boundary defined in a three-

dimensional coordinate system for the patient.

3 . The method of claim 1, further comprising determining at least one of a structural

parameter and a stimulation parameter that can provide a design VTA that substantially matches

the target VTA.

4 . The method of claim 3, wherein the structural parameter comprises electrode design

parameter data and the stimulation parameter comprises electrical stimulation parameter data.

5 . The method of claim 4, further comprising selecting an electrode design according to the

electrode design parameter data.

6 . The method of claim 5, further comprising programming an implantable pulse generator

according to the electrical stimulation parameter data for the selected electrode design such that

application of the respective electrical stimulation data to an implanted electrode structure results

in stimulation of tissue that substantially achieves the target VTA for the given patient.



7 . The method of claim 3, further comprising searching through a plurality of VTAs by

adjusting the at least one of a structural parameter and a stimulation parameter to determine the

design VTA that best matches the target VTA for achieving the desired therapeutic effect.

8. The method of claim 7, further comprising scoring each of the plurality of VTAs as a

prospective design VTA to provide a score that characterizes an amount of overlap between each

prospective design VTA and the target VTA.

9 . The method of claim 8, wherein the target VTA has a boundary defined in a three-

dimensional coordinate system for the patient the scoring, the method further comprising

applying a penalty to the scoring according to a spread of the design volume of tissue activation

that extends outside the boundary of the target VTA.

10. The method of claim 9, wherein the score is determined according to:

Score = (VTA 1n targbet/VTA targbet) * ( 1 - VTA
out target

/Xvolume),

where: VTA 1n target corresponds to the portion of the design VTA that resides
within the target VTA,

VTA
out target

corres rponds to the rportion of the desig n VTA that resides

outside of the target VTA, and
Xvolume defines the penalty for stimulation spread outside of the target

VTA.

11. The method of claim 1, wherein the VTA data structure further comprises a plurality of

statistical atlas brains, each of the plurality of statistical atlas brains comprising data that

statistically characterizes a therapeutic effect for a plurality of VTAs acquired for the plurality of

patients.

12. The method of claim 11, wherein the data in the VTA data structure further comprises

stimulation parameters associated with each of the plurality of VTAs.

13. The method of claim 11, wherein the data in the VTA data structure further comprises at

least one clinical score associated with each of the plurality of VTAs.



14. The method of claim 11, wherein each of the statistical atlas brains further comprises a

statistical representation of data that identifies a likelihood of desirable therapeutic effects

associated with providing stimulation for each of the plurality of VTAs.

15. The method of claim 14, wherein each of the statistical atlas brains further comprises

statistical information corresponding to negative or undesirable therapeutic effects associated

with providing stimulation for each of the respective VTAs.

16. The method of claim 3, further comprising morphing the design VTA to fit the

corresponding anatomical region of the given patient and storing data representing the morphed

design VTA to provide patient- specific data corresponding to the design VTA.

17. The method of claim 1, further comprising updating the VTA data structure in response

to acquiring clinical data for at least one additional patient.

18. A system for determining a volume of tissue activation for achieving a desired

therapeutic effect for a given patient, the system comprising:

a volume of tissue activation (VTA) data structure stored in memory, the VTA data

structure being derived from analysis anatomical and electrical data acquired for a plurality of

patients;

patient data stored in the memory, the patient data representing an assessment of a patient

condition for the given patient; and

a processor programmed to execute instructions for:

evaluating the VTA data structure relative to the patient data to determine a target

VTA for achieving a desired therapeutic effect for the given patient, and

determining at least one of a structural parameter and a stimulation parameter that

can provide a design VTA for the given patient that substantially matches the target

VTA.



19. The system of claim 18, further comprising an interface configured for communicatively

coupling the system to a stimulation device, the processor being programmed to program the

stimulation device according to the stimulation parameter to achieve a desired therapeutic effect

for the given patient.

20. The system of claim 18, wherein the processor is programmed to employ an optimization

algorithm programmed to search through a plurality of VTAs in the VTA data structure by

adjusting the at least one of a structural parameter and a stimulation parameter to determine the

design VTA that best matches the target VTA for achieving the desired therapeutic effect.
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