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CONTROL AND/OR QUANTIFICATION OF TARGET STIMULATION
VOLUME OVERLAP AND INTERFACE THEREFOR

CROSS-REFERENCE TO RELATED APPLICATIONS

The present application claims priority to U.S. Provisional Patent Application Serial
Nos. 61/521,572 filed August 9, 2011, 61/549,053 filed October 19, 2011 and 61/651,282
filed May 24, 2012, the content of each of which is hereby incorporated by reference herein

in their entireties.

FIELD OF THE INVENTION

The present invention pertains to quantification and/or control of overlap of an
estimated volume of tissue activated by a stimulation over a target volume of stimulation.
Embodiments of the present invention pertain to control and display of graphical user
interfaces via which to control (actual or simulated) a stimulation leadwire implanted in a
patient and via which to view actual and/or estimated effects of a parameter set applied to the
leadwire, in comparison with a target volume of activation. Aspects of the present invention
pertain to leadwires and controls and displays thereof as described in U.S. Pat. App. Ser. No.
12/454,330, filed May 15, 2009 (“the "330 application), U.S. Pat. App. Ser. No. 12/454,312,
filed May 15, 2009 (“the ’312 application), U.S. Pat. App. Ser. No. 12/454,340, filed May
15, 2009 (“the ’340 application™), U.S. Pat. App. Ser. No. 12/454,343, filed May 15, 2009
(“the 343 application”), U.S. Pat. App. Ser. No. 12/454,314, filed May 15, 2009 (“the ’314
application”), U.S. Prov. Pat. App. Ser. No. 61/468,884, filed March 29, 2011 (“the *884
application”), U.S. Prov. Pat. App. Ser. No. 61/468,887, filed March 29, 2011 (“the *887
application”), U.S. Prov. Pat. App. Ser. No. 61/468,891, filed March 29, 2011 (“the "891
application”), U.S. Prov. Pat. App. Ser. No. 61/468,897, filed March 29, 2011 (“the '897
application”), U.S. Prov. Pat. App. Ser. No. 61/468,901, filed March 29, 2011 (“the "901
application”), and U.S. Prov. Pat. App. Ser. No. 61/521,626, filed August 9, 2011 (“the ’626
application”), the content of each of which is hereby incorporated by reference herein in their

entireties.

BACKGROUND INFORMATION

Electrical stimulation of an anatomical region, e.g., deep brain stimulation (DBS),
such as of the thalamus or basal ganglia, or spinal cord stimulation (SCS) therapy, is a

clinical technique for the treatment of disorders such as essential tremor, Parkinson’s disease
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(PD), and other physiological disorders. DBS may also be useful for traumatic brain injury
and stroke. Pilot studies have also begun to examine the utility of DBS for treating dystonia,

epilepsy, and obsessive-compulsive disorder.

A stimulation procedure, such as DBS, typically involves first obtaining preoperative
images, ¢.g., of the patient’s brain, such as by using a computed tomography (CT) scanner
device, a magnetic resonance imaging (MRI) device, or any other imaging modality. This
sometimes involves first affixing to the patient’s skull spherical or other fiducial markers that
are visible on the images produced by the imaging modality. The fiducial markers help
register the preoperative images to the actual physical position of the patient in the operating

room during the later surgical procedure.

After the preoperative images are acquired by the imaging modality, they are then
loaded onto an image-guided surgical (IGS) workstation, and, using the preoperative images
displayed on the IGS workstation, a neurosurgeon can select a target region, e.g., within the
brain, an entry point, ¢.g., on the patient’s skull, and a desired trajectory between the entry
point and the target region. The entry point and trajectory are typically carefully selected to
avoid intersecting or otherwise damaging certain nearby critical structures or vasculature,

e.g., of the brain.

In the operating room, the physician marks the entry point on the patient’s skull, drills
a burr hole at that location, and affixes a trajectory guide device about the burr hole. The
trajectory guide device includes a bore that can be aimed to obtain the desired trajectory to
the target region. After aiming, the trajectory guide is locked to preserve the aimed trajectory
toward the target region. After the aimed trajectory has been locked in using the trajectory
guide, a microdrive introducer is used to insert the surgical instrument along the trajectory
toward the target region, e.g., of the brain. The surgical instrument may include, among other
things, a recording electrode leadwire, for recording intrinsic electrical signals, e.g., of the
brain; a stimulation electrode leadwire, for providing electrical energy to the target region,
e.g., of the brain; or associated auxiliary guidewires or guide catheters for steering a primary

instrument toward the target region, e.g., of the brain.

The stimulation electrode leadwire, which typically includes multiple closely-spaced
electrically independent stimulation electrode contacts, is then introduced to deliver the
therapeutic stimulation to the target region, e.g., of the brain. The stimulation electrode

leadwire is then immobilized, such as by using an instrument immobilization device located
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at the burr hole entry, e.g., in the patient’s skull, in order for the stimulation therapy to be

subsequently performed.

The subthalamic nucleus (STN) represents the most common target for DBS
technology. Clinically effective STN DBS for PD has typically used electrode contacts in the
anterior-dorsal STN. However, STN DBS exhibits a low threshold for certain undesirable
side effects, such as tetanic muscle contraction, speech disturbance and ocular deviation.
Highly anisotropic fiber tracks are located about the STN. Such nerve tracks exhibit high
electrical conductivity in a particular direction. Activation of these tracks has been
implicated in many of the DBS side effects. However, there exists a limited understanding of
the neural response to DBS. The three-dimensional (3D) tissue medium near the DBS
electrode typically includes both inhomogeneous and anisotropic characteristics. Such

complexity makes it difficult to predict the particular volume of tissue influenced by DBS.

After the immobilization of the stimulation clectrode leadwire, the actual stimulation
therapy is often not initiated until after a time period of about two-weeks to one month has
clapsed. This is due primarily to the acute reaction of the tissue to the introduced electrode
leadwire (e.g., the formation of adjacent scar tissue), and stabilization of the patient’s disease
symptoms. At that time, a particular one or more of the stimulation electrode contacts is
selected for delivering the therapeutic stimulation, and other stimulation parameters are

adjusted to achieve an acceptable level of therapeutic benefit.

A system and method can estimate stimulation volumes, and display models of a
patient anatomy and/or a stimulation leadwire, via which to graphically identify the estimated
stimulation volumes and how they interact with various regions of the patient anatomy, for

example, as described in the *330, *312, *340, ’343, and ’314 applications.

The systems and methods can be used to explore target regions of stimulation and
stimulation therapies to determine which therapy regimen is best suited for a particular
patient or group of patients. The system is configured to display a graphical user interface
via which to visually indicate a position of the leadwire in the patient anatomy and/or an
actual or estimated effect of stimulation parameters applied to the stimulation leadwire, for
example in the form of a volume of estimated activation (VOA), and/or via which to modify

the parameter settings to be applied to the stimulation leadwire.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates representations of different scenarios of VOA and target region
overlap and corresponding score function results, according to example embodiments of the

present invention.

Figure 2 is a graph plotting false positive scores against true positive scores of VOA
to target region overlap, calculated for various stimulation settings, according to an example

embodiment of the present invention.

Figure 3 is a screenshot of a graphical user interface for displaying anatomical,
mechanical, electrical, and/or stimulation dependent components, and stimulation controls,

according to an example embodiment of the present invention.

Figure 4 is a screenshot of a variation of the graphical user interface of Figure 3, with
modified spill and overlap controls, according to an example embodiment of the present

invention.

Figure 5 is a screenshot of a graphical user interface for displaying a leadwire control
box and corresponding highlighting of selected electrodes, according to an example

embodiment of the present invention.

Figure 6 is a graph showing a relationship between volume overlap and spill at

various stimulation settings.

Figure 7 is a screenshot of a graphical user interface, in which a contact control box is
displayed for a selected contact, and stimulation parameters are displayed for non-selected

contacts, according to an example embodiment of the present invention.

DETAILED DESCRIPTION

Example embodiments of the present invention are directed to quantifying a degree to
which an estimated volume of activation (VOA) matches another obtained volume, such as,
for example, a specified anatomical volume such as the sub-thalamic nucleus (STN), another
VOA such as one which corresponds to another set of stimulation parameters, a side effect
volume, and a target volume of activation, e.g., that is set with respect to a particular
stimulation therapy. The example embodiments discussed below are discussed with respect
to degree of match to a target volume or side effect volume, but the discussion below

similarly applies to other volume types. Example embodiments of the present invention also
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pertain to selection of a best VOA in accordance with a quantified similarity between each of

a plurality of VOAs and another volume, such as the target volume of activation.

For example, a target volume can be manually or automatically obtained, e.g., as
described in the ’330, ’312, 340, ’343, ’314, and ’626 applications (and can be output using
systems described therein). The target volume can be of a region of a patient’s brain for DBS
or other anatomical region, e.g., for SCS. A VOA can be calculated and/or set as described
for example in the 330, ’312, ’340, ’343, 314, and ’626 applications (and can be output
using systems described therein). The system is configured to compare a VOA
corresponding to a set of stimulation parameters, such as pulse width and/or voltage
amplitude of one or more clectrodes of an implanted leadwire, to the target volume, and
quantify the similarity between the VOA and target volume, ¢.g., in the form of a degree of
overlap of the volumes and/or spillover of the VOA beyond the boundaries of the target

volume.

The following notations will be used below in discussions of target volumes and
VOAs: V=VOA; and T = target volume of activation, where the VOA refers to a volume of
tissue to be activated by application of stimulation parameters to a leadwire implanted in a
patient, for example for spinal cord or deep brain stimulation, and the target volumes are
those targeted to be activated. The VOA refers to an actually stimulated region or a region
estimated to be activated in view of the applied stimulation parameters. Additionally, side
effect volumes of activation refer to volumes where a side effect occurs or is estimated to

occur because of the stimulation.

According to example embodiments of the present invention, a system and method
includes consideration by a computer processor of one or more, ¢.g., all, of four kinds of
subsets, including (1) V intersect T (i.c., the area where the target volume and the VOA
overlap), (2) V intersect T complement (where T complement is everything in a considered
anatomical region that is not within the target volume), (3) V complement intersect T (i.c.,
the area of the target volume with which the VOA does not overlap), and (4) V complement
intersect T complement (i.e., the area of the considered anatomical region in which neither
the VOA nor the target volume fall). According to an example embodiment of the present
invention, the system uses quantities of these four metrics to describe everything about two
data sets, i.e., a data set corresponding to the VOA and a data set corresponding to the target

volume. Ideally V should agree with T, and their complements should agree with each other.
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According to an example embodiment of the present invention, based on the Jaccard

Vﬁ;(eq. 1), where m symbolizes the
U

index, the system is configured to calculate

intersection and U symbolizes the union. Thatis, V' T refers to the area that is common to
both Vand T, and V' UT refers to the combination of the area that is within V and not within

T, the area that is within T and not within V, and the are in which T and V overlap.

Where the result of the calculation is 1, there is perfect agreement between T and V.
Where the result of the calculation if 0, there is no agreements between T and V, i.e., this
occurs where "7 = 0. A result that falls between 0 and 1 characterizes a degree of
agreement between the volumes that is greater than no agreement but less than perfect

agreement.

According to an example embodiment of the present invention, the system is
configured to output the result of the calculation as a characterization of the degree of
agreement between the target volume and VOA. For example, in a predefined mode of the
system, as the user modifies stimulation settings, the system is configured to responsively

update a score displayed in a user interface.

For any voxel within the considered anatomical space, if the voxel is within both T
and V, the voxel may be referred to herein as a true positive; if the voxel is within both T
compliment and V, the voxel may be referred to herein as a false positive; if the voxel is
within both T and V complement, the voxel may be referred to herein as a false negative; and
if the voxel is within both T complement and V complement, the voxel may be referred to
herein as a true negative.  Therefore, for example, eq. 1 can be expressed as

true _ positives

— — - However, eq. 1 does not quantify or
true _ positives + false  positives + false negatives

characterize true negatives. That is, eq. 1 indicates a ratio of the overlapping regions to the
combination of regions within either of the target volume and the VOA, but its result is not

affected by a consistency of area not falling within the considered volumes.

In an alternative example embodiment, based on the Rand index, the system is further
configured to quantify a consistency between the target volume and VOA in a manner by
which the quantification reflects true negatives. According to an example, the system is

[VT]+[V T ]
[VOuT]+[V T ]

configured to calculate (eq. 2), where V° is the area of V complement
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and T° is the area of T complement. Compared to eq. 1, ¢q. 2 adds true negative to both the
numerator and denominator. Specifically, the numerator includes all voxels in which V and
T agree and all voxels in which V¢ and T® agree; and the denominator includes all voxels in

the considered area.

Where the result of the calculation using eq. 2 is 1, there is perfect agreement between
T and V, and their compliments. However, where there is no agreement between T and V,
the result is usually not 0 because there usually is at least some agreement between V¢ and
TC. Instead, where there is no agreement between T and V, the result varies depending on the

arca being considered, such that the greater the area being considered (and thus the greater

VENT*), the greater the result. Similarly, where there is some agreement between T and V
and also some agreement between V< and T¢, the result reflects both the agreement between T
and V and also the agreement between V* and T°. According to an example embodiment of
the present invention, the system is configured to output the result of the calculation as a
characterization of the degree of agreement between the target volume and VOA and between

their compliments.

An embodiment using eq. 2 is advantageous over an embodiment in which eq. 1 is
used because it is advantageous to assign a greater value for those instances where there is
more overlap of the complement areas. On the other hand, an embodiment in which eq. 1 is
used is advantageous because of the simplicity of the characterization using a value between

0 and 1 to indicate a degree of overlap.

However, the embodiments discussed above using eq. 1 or eq. 2 each provides for two
very different scenarios a same respective score. For example, the two scenarios can be as
shown in figure 1. In the first scenario represented by part (a) of figure 1, V. =10, T = 10,
and I = 5, where ‘I’ is the intersection of T and V. In the second scenario represented by part
(b) of figure 1, V. = 15, T = 5, and I = 5, such that T is completely included within V.
Applying eq. 1 to each of the two scenarios provides a result of 5/15. (Further in this regard,
the denominator in the first scenario is 15 even though each of V and T is 10, because V and
T overlap at portion I, and portion I is counted just once. Similarly, the denominator in the
second scenario is 15 even though T is 5 and V is 15, because T corresponds to I and
therefore completely overlaps V at portion I, and portion I is counted just once. Stated

otherwise, in the second scenario, T can be ignored with respect to the denominator.)
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Similarly, applying eq. 2 to cach of the two scenarios provides a result of

S5+[considered area—15]
15+[considered _area—15]

In this regard, eq. 2 differs from eq. 1 in that eq. 2 further

considers the true negative area V“ N7, which is all of the considered area except for any
arca that falls within any of T, V, and I (which is 15 in both of the first and second scenarios,

1.e., the true negatives in both the first and second scenarios are the same).

That eq. 1 and eq. 2 do not differentiate between the first and second scenarios,
despite that so much less of V is external to T in the first scenario than the second scenario,
and despite that so much more of T is external to V in the first scenario than the second
scenario, indicates that information is lost by these equations, i.e., information representative

of such differences.

Accordingly, in an example embodiment of the present invention, the system and
method quantifies a correspondence of V to T by plotting values representative of the
correspondence in a receiver operating characteristic (ROC) graph. Figure 2 shows an
example ROC graph. For example, the system calculates a true positive value and a false
positive value, and plots in the ROC graph a point representative of the intersection of the
calculated values, which intersection point is a quantification of the overlap of the VOA and
the target volume. For example, the abscissa can be set to be representative of the false
positive value and the ordinate can be set to be representative of the true positive value, as
shown in figure 2. Such points have been plotted in the graph of figure 2 for a plurality of

stimulation settings to obtain a curve, i.e., a ROC curve.

According to an example embodiment of the present invention, the true positive value

Vor and the false positive value is For

is , such that the true positive and false positive

values will always fall at one of, or between, 0 and 1.

Generally speaking, as the value of a stimulation parameter, e.g., a stimulation
amplitude or pulse width, is increased, the size of the VOA increases. Therefore, often the
increase of the value of the stimulation parameter causes the overlap of the VOA over the
arca of the of the target volume to increase, but also causes the overlap of the VOA over T° to
increase. The ROC curve can be used to find a good balance between activating area
belonging to the target volume and avoiding activation of area belonging to the complement

of the target volume. For example, parameters corresponding to point 1,1 on the ROC curve
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(where V encompasses all of T and T°) are usually undesirable, and parameters corresponding
to point 0,0 on the ROC curve (where V does not encompass any of T¢, but also does not
encompass any of T) are also usually undesirable. Accordingly, a point on the ROC curve
that falls somewhere between points 0,0 and 1,1, and the stimulation parameters

corresponding to that point, can be selected as candidate parameters.

The ROC curve often includes a knee where the curve begins to slope more
drastically towards 1,1. Accordingly, the user viewing the ROC curve output by the system
can select a point on the ROC to select ideal stimulation parameters. For example, in an
example embodiment, the ROC curve is presented in a user interface in which the user is able
to use an input device to select a point on the ROC curve, to which selection the system is
configured to respond by selecting the parameters corresponding to said selected point, as
ideal stimulation parameter settings, either to be output as a suggestion to the clinician or to
automatically apply to the implanted leadwire. For example, the user can select the point

which appears to the user as most closely corresponding to the knee.

In an example embodiment, the system outputs a graphical representation of the VOA
in an anatomical atlas space and/or overlapping a representation of the implanted leadwire
and/or overlapping the target volume. The clinician can use the output information to
determine whether to use the suggested parameter settings or to tweak the parameter settings

until the clinician finds favorable settings.

Thus, according to an example embodiment, the system outputs the ROC graph,
including the plotted curve, and the clinician can manually select a point within the curve, in
order to select the corresponding settings. The system can responsively output the
corresponding settings and/or set the implanted leadwire according to the corresponding
settings, as discussed above, and/or can output a representation of the corresponding volume

as discussed above.

The curve can be constructed of points corresponding to many different stimulation
parameter combinations, including different combinations of active electrodes, different
amplitude settings for the various electrodes, different pulse widths, etc. The system plots the
points, and a knee point, and its corresponding parameters, can be selected, as discussed
above. Additionally, different curves can be plot for different selected stable settings, i.¢., for
cach of the plotted curves, the value(s) of one or more respective ones of the stimulation

parameters are the same for all plotted values, the values of other respective parameters being
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changed. For example, different curves can be plotted for different leadwire positions, i.c.,
the leadwire position is the same for all plotted points of such a curve; or different curves can
be plotted for different pulse widths, i.e., the pulse width is the same for all plotted points of
the curve; etc. Any parameter can be selected as a stable parameter whose value remains the

same for all plotted values of the respective curve.

In an example embodiment, different curves can be plotted for different patients.
Thus, different points can be selected for different patients. This can be advantageous
because the curves can be drastically different for different patients. For example, it can
occur that for a first patient, the true positive and false positive values are the same for many
or all parameter settings, such that the ROC curve is actually approximately a straight line
having a slope of 1, so that the ROC curve for the patient provides no reason to increase the
VOA, because the overlap with T¢ is increased at the same rate as the overlap with T. On the
other hand, the ROC curve plotted for another patient can include a point at which the true
positive begins to increase at a faster rate than the false positive until an approximate leveling
off of the slope. A different set of parameter settings would therefore be selected for the
second patient, due to the gain achieved by increasing the parameter setting to the curve point

where this leveling off occurs.

Thus, the ROC curve(s) both quantify the T and V overlap and help with selection of

optimal parameter settings.

According to an alternative example embodiment of the present invention, the system
applies a mutual information formula to generate a score representative of the degree to
which V corresponds to T. In this regard, the probability that a random selected area, ¢.g.,
voxel, belongs to V is V/[total considered area]; the probability that it belongs to T is T/[total
considered area]; the probability that it belongs to V¢ is V/[total considered area]; the
probability that it belongs to T° is T/[total considered area]; and the probability that it
belongs to 1 is I/[total considered area]. However, for example, given information that, for
example, the random selected area belongs to T, can change the probability that it belongs to
V. For example, if T=10 and I=5, then, with such given information, the probability that it
belongs to V is .5. The mutual information formula quantifies such effects on probabilities
given the overlaps of the various considered areas (T, V, T¢, V). That is, it quantifies how
information concerning one of the considered arcas affects the probabilities of the areca
belonging to others of the considered areas, and it characterizes how the partitioning of the

arca into T and T° reflects the partitioning of the area into V and V*, and vice versa.

-10-
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In the following, the braces {} indicate that reference is being made to the partitions
(the data set representing the volume and its complement), whereas the letters V and T,

without the braces, indicates that reference is being made to the volumes themselves.

Formally, P(V) can be defined as the probability that a randomly chosen voxel
belongs in V, P(T) can be defined as the probability that a randomly chosen voxel belongs in
T, P(V®) can be defined as the probability that a randomly chosen voxel belongs in V¢, and
P(T®) can be defined as the probability that a randomly chosen voxel belongs in T¢.

Entropies (measures of unpredictability) for the partitions: {V} (i.e., the set of V and
V), {T} (i.c., the set of T and T¢), and {V,T} (i.c., the combination of the sets of V, V%, T,

and T) can then be defined as:
o H({V})=-P(V) log(P(V)) - P(V") log(P(V)) (eq. 3);
o H({T}) =-P(T) log(P(T)) - P(T) log(P(T)) (eq. 4); and

o H({V.T}) = -P(V.T) log(P(V,T)) - P(V,T) log(P(V,T%)) - P(VE,T) log.(P(V",T)) -
P(VE,TY) loge(P(VE, T (eq. 5).

Mutual information can then be computed, according to an example embodiment of the
present invention, as MI = H({T}) + H({V}) - H({V,T}) (eq. 6). In an example embodiment,
the computed mutual information value is output as a quantification of the correspondence

between the target volume and the VOA.

In an example embodiment, the system calculates a normalized mutual information,
which has a value of one of, or between, 0 and 1 or a different definition dependent
maximum value that is less than 1. The normalized mutual information value can be
calculated in a number of alternative ways. For example, the normalized mutual information

2MI . e
value can be calculated as (eq. 7). The resulting value indicates the

H{VH)+H{T))

degree of correspondence between the VOA and the target volume, where 0 represents no
overlap, and 1 or a different definition dependent maximum value less than 1 corresponds to

perfect overlap.

According to an alternative example embodiment, the system calculates the sum of
the entropy of the two partitions ([T, T°] and [V, V°]) minus twice the mutual information,
re., H{T}) + H({V}) — 2MI (eq. 8), which results in a score that can be normalized to a

value at one of, or between, 0 and 1. This quantity measures the extent to which knowledge
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of one partition reduces uncertainty about the other partition and is known as the variation of
information (see Marina Meila, “Comparing Clusterings by the Variation of Information,”
Learning Theory and Kernel Machines: 173-187 (2003), which is incorporated by reference
herein in its entirety). Note that variation of information may also be written as
H(V|T)*H(T|V), i.e., the sum of the entropy of the T partition given the V partition and the
entropy of the V partition given the T partition.

As discussed in, for example, the *330, 312, *340, *343, 314, and ’626 applications,
certain anatomical regions, referred to herein as side effect regions, can be set as regions in
which stimulation is preferably avoided. While a VOA might closely match a target volume,
it can also overlap a portion or all of one or more of such side effect regions. Selecting
stimulation parameters can therefore include a balancing between meeting a target region and
avoiding to some extent such side effect regions. According to an example embodiment of
the present invention, the system is configured to calculate a measure of a correspondence of
a VOA to a target region and also to calculate a measure of a correspondence of the VOA to
one or more side effect regions. Based on output of such measures, a user can select
stimulation settings that provide a VOA that strikes a good balance between obtaining a good
correspondence between the VOA and the target region and a weak correspondence between
the VOA and the one or more side effect regions. For example, the system can calculate the
correspondence between the VOA and the side effect regions using any of the methods
described above, ¢.g., eq. 1, eq. 2, the ROC graph/curve, the mutual information formula, or

the entropy formula.

According to an example embodiment of the present invention, the system plots the
target overlap and side effect overlap scores for a plurality of stimulation settings in a shared
graph space. For example, the abscissa can correspond to the sets of stimulation settings for
which the scores have been calculated and the ordinate can correspond to the score, or vice
versa. According to an example of this embodiment, the system is configured to connect the
plotted target region scores to form a first curve and to connect the plotted side effect region
scores to form a second curve. According to an example of this embodiment, the system is
configured to graphically identify whether a plotted score is associated with the target region
or with the side effect region. For example different colors, hatching, or size of the nodes
and/or connecting lines can be used for differentiation. The user is thereby visually informed
of the correspondence between target and side effect region overlap for the different settings.

The user is then able to select those settings which the user determines provides the best
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trade-off between target region overlap and side effect region avoidance. For example, in an
example embodiment, the system provides the integrated graph in a user interface in which
the user is able to select a point within the graph corresponding to one of the sets of
parameter settings. Responsive to such selection, the system is configured to display
information regarding the selected settings, e.g., amplitude, pulse width, rate, electrode
combination, etc.; and/or display the corresponding VOA, e.g., in spatial relation to the target
region and/or side effect region(s), and/or in spatial relation to a graphical representation of
the implanted leadwire, and/or in spatial relation to anatomical structures, e.g., atlas
structures and/or medical image structures. Alternatively or additionally, the system
responds to the selection by programming the implanted pulse generator (IPG) with the
selected settings. Alternatively, the interface includes a separate selectable input element, in

response to selection of which, the system programs the IPG with the selected settings.

According to the embodiment in which the ROC curves are plotted for the target and
side effect region overlap, in an example embodiment, in order to visually indicate the
correlation between the curves for the target region(s) and side effect region(s), the system
plots the scores in a three-dimensional coordinate space, where a first axis corresponds to the
false positive score, a second axis corresponds to the true positive score, and the third axis
corresponds to the stimulation settings for which the scores were calculated. Alternatively,
the system outputs a separate, e.g., two-dimensional, graph for each set of parameter settings
for which the scores are calculated, where one of the axes corresponds to the false positive
scores and another of the axes corresponds to the true positive scores, but where all plotted
scores of the respective graph correspond to a single one of the sets of parameter settings.
The user can then select the graph which includes those plotted points the user determines
reflects the best trade-off between matching the target volume(s) and avoiding the side effect

volume(s).

It is noted that there may be more than one target region. In an example embodiment,
the system treats the multiple regions as multiple sub-regions of a single target region for
which a respective score is calculated and output. Alternatively, the system calculates a
single composite target region score based on the scores for the multiple target regions, e.g.,
an average of the scores. According to an example variant of this embodiment, the system
differently weights different ones of the target regions. For example, one target region can be
set as being more important than another target region, and the system therefore assigns a

greater weight to the score calculated for the more important region. For example, different
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target regions may be associated with different therapeutic effects, which effect their
importance. (The system can similarly calculate a single side effect region score based on
scores calculated for multiple side effect regions. Further, different side effect regions can be
differently weighted, e.g., because of the type or severity of the side effects with which they

are associated.)

As noted above, in an example embodiment, separate scores are calculated and output
for cach of the target regions. Their scores can be plotted in a graph, one of whose axes
corresponds to the sets of stimulation settings. The user can then select the settings providing
the best balance between coverage of the multiple target regions. According to the
embodiment in which an ROC graph is output, a three-dimensional graph may be output,
where one of the axes corresponds to the sets of stimulation settings. Alternatively, a
different graph can be output for each set of stimulation settings for which the calculations

are made.

According to an example embodiment of the present invention, the system calculates
for a set of stimulation settings a single score based on the scores calculated for the one or
more target regions and the one or more side effect regions. For example, an average or
weighted average of all of the scores can be calculated, e¢.g., where the side effect region
scores are assigned a negative value and the target region scores are assigned a positive value.
The different target and side effect regions can be weighted differently, as noted above.
According to an embodiment in which the ROC graph is used, a single composite true
positive score can be calculated and a single composite false positive score can be calculated
for a single set of stimulation parameters, based on the overlap and/or spill of a plurality of
target and side effect regions, where, for example, the side effect regions are assigned a
negative value for their true positive scores and a positive value for their false positive scores
and vice versa for the target regions. According to this embodiment as well, different regions

can be differently weighted.

According to an example embodiment of the present invention, a system includes a
processor that is configured to obtain one or more medical images, ¢.g., magnetic resonance
image (MRI) or computed tomography (CT) image, of an anatomical region of a patient, and
display the image(s) or an anatomical atlas conforming to the image(s) in a graphical user
interface (GUI). The image can be one taken after implantation of a leadwire, such that the
leadwire is displayed in the image. Alternatively (or additionally), a leadwire model can be

superimposed by the processor over a part of the displayed image corresponding to the
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location of the leadwire in the anatomical region of the patient. In an example embodiment,
the GUI includes controls for controlling stimulation parameters to be set for the electrodes
(also referred to herein as “electrode contacts”) of the leadwire (also referred to herein as
“lead”), for actual programming of the leadwire to stimulate a portion of the displayed
anatomical region of the patient and/or for simulation of such stimulation. In an example
embodiment of the present invention, the processor is configured to provide in the GUI a
legend that identifies, e.g., by color coding or hatching, various structures of the displayed
image or atlas, to help the user better understand the relative positions of significant
structures within the display, e.g., relative to the leadwire or one or more of the displayed

anatomical structures.

Figure 3 shows a GUI according to an example embodiment of the present invention.
The GUI includes a display of an atlas of a region of a patient’s brain. The displayed atlas
(and/or medical image) can be two dimensional or three dimensional. In figure 3, it is three
dimensional. Although the features described with reference to figure 3 pertain to the brain,
the features can similarly be provided with respect to any anatomical region of a patient.
Additionally, while figure 3 shows an atlas of a brain that has been conformed to medical
images of a user, the features can similarly be applied to the actual medical images, by

overlaying the described controls and graphical elements over the medical images.

The displayed atlas includes representations of a plurality of anatomical structures.
They include a sub-thalamic nucleus (STN) graphic 114, a thalamus graphic 118, a red
nucleus graphic 120, a globus pallidus graphic 122, and an optic nerve graphic 124. Figure 3
is a grayscale image. However, the GUI can be presented in color, and the graphics
representing the different anatomical structures can be presented in different colors to more
clearly identify their boundaries. For example, the STN graphic 114 can be displayed in
bright green, the thalamus graphic 118 can be displayed in grey, the red nucleus graphic 120
can be displayed in a muted red, the globus pallidus graphic 122 can be displayed in a muted
green, and the optic nerve graphic 124 can be displayed in yellow. Where structures overlap
cach other, the overlapping structures can each be discernible using appropriate transparency

levels.

In an example embodiment, and as shown in figure 3, the GUI further includes a
structure menu 100 that includes a listing, e.g., by name, of one or more, ¢.g., all, of the
separately represented structures, where ecach listing is displayed immediately adjacent a

swatch of the color used for its representation. For example, “STN” can be displayed
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immediately adjacent a swatch of bright green, represented in the grayscale image of figure 3
as a bright box. As shown in figure 3, the listing can be divided into different sections that
cach corresponds to a respective category of information. For example, the top section of the
structure menu 100 in figure 3 can include those displayed structures that are considered most
relevant to the therapeutic stimulation being studied or applied, and the bottom section can
include those displayed structures that are considered less relevant to the therapy. What is
considered most relevant to the therapy can be predetermined, e.g., based on the patient’s
condition, such as whether the patient is a PD or Alzheimer’s patient, or can be set by the

clinician.

Instead of or in additional to displaying the different structures using different colors
or shades, the system can use different respective hatchings for their display. The swatches

of the structure menu 100 can accordingly show the respective hatchings.

Besides for anatomical structures, the processor can display in the GUI defined
relevant mechanical and/or electrical structures. For example, figure 3 includes a lead
graphic 116 representing the implanted leadwire and displayed in a bright blue, and a contact
graphic 125 for each electrode contact of the leadwire, displayed in yellow. The structure
menu 100 can further identify one or more of such mechanical and/or electrical structures.
For example, the structure menu 100 of figure 3 lists “lead” adjacent a swatch of the color

used for its representation.

In an example embodiment of the present invention, the system displays defined
stimulation regions. For example, a user or system selected and/or defined target region,
which, as described above, is an ideal area targeted for stimulation, can be displayed with a
target region graphic 110. Additionally (or alternatively) a volume of estimated activation
(VOA) for a given stimulation parameter set can be displayed with an active simulation
graphic 112. Such areas can also be displayed with respective colors and/or hatchings. For
example, the target region graphic 110 can be displayed in bright blue and the active
simulation graphic 112 can be displayed in bright red. The structure menu 100 can also
include a listing of one or both (or none) of these structures adjacent respective swatches of

their respective colors and/or hatchings.

In an example embodiment of the present invention, the GUI is user-interactive, e.g.,
by point and click using an input device such as a mouse, stylus, or even the user’s finger, or

by keyboard manipulation, for selecting and deselecting the text listings and/or their
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corresponding swatches in the structure menu 100, in accordance with which the system adds
or removes the respective color and/or hatching of the structure corresponding to the selected
item of the structure menu 100. For example, while the STN graphic 114 is displayed in
bright green, the user can select its corresponding swatch or label in the structure menu 100,
in response to which selection, the system updates the GUI so that the STN graphic 114 is no
longer displayed with that color. This may be helpful to allow the user to highlight those of
the included structures that are of interest to the user, the other structures essentially

becoming background by their grayscale, black, or other similar presentation.

In an example embodiment of the present invention, the GUI includes controls for
modifying the stimulation settings of the electrode contacts, actually and/or virtually as
proposed changes in a simulation to study the effects of the proposed changes to the settings
on the stimulation. According to example embodiment, the system calculates scores as
discussed above based on estimated overlap with one or more target and/or side effect

regions.

According to an example embodiment of the present invention, the GUI includes a
spill control 103 that can be manipulated by the user to slide along a spill bar 102 and/or
includes an overlap control 105 that can be manipulated by the user to slide along an overlap
bar 104. Where both are provided, manipulation of one may cause an automatic change of

the position of the other.

The spill control 103 can be manipulated to change the amount of allowed spill of the
VOA beyond the boundaries of the target region. For example, referring to figure 3, the spill
control 103 can be shifted to the right to increase the amount of spill, and to the left to lower
the amount of spill. In an alternative example embodiment, an exact amount of spill is not
increased or lowered; rather, a threshold is raised or lowered. For example, according to this
embodiment, the spill control 103 can be shifted to the right to raise the threshold of

maximum allowed spill, and to the left to lower the threshold of maximum allowed spill.

In this regard, it is often not possible to set stimulation parameters of the electrode
contacts to produce a region of activated tissue that corresponds exactly to the target region
of stimulation. While increasing the amplitude of settings of one or more electrode contacts
may produce a larger estimated stimulation region to fill a greater amount of the target
region, such increase of amplitude often results in a larger amount of the estimated

stimulation region that extends beyond the boundaries of the target stimulation region at one
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or more locations. Increasing the threshold amount of allowed spill therefore often allows the
system to suggest stimulation parameters for filling a greater amount of the target stimulation
region. In an example embodiment of the present invention, in response to the user sliding
the spill control 103 to revise the spill threshold, the system accordingly modifies the spill
threshold, finds a set of stimulation parameters that, if applied to the electrode contacts, is
estimated to provide the greatest fill of the target region while not exceeding the spill
threshold, and modifies the active simulation graphic 112. In an example embodiment, one
or more eclectrode contacts and/or overall leadwire parameter settings can be displayed.
According to this embodiment, the system can also update such settings in response to the

user’s sliding of the spill control 103, where such change results in a different parameter set.

The overlap control 105 can be similarly operated to increase or decrease the amount
of the target region to be filled. According to an alternative example embodiment of the
present invention, the overlap control 105 can be operated to raise or lower a threshold of

overlap, according to which the overlap amount can be increased or decreased.

The increase of the amount of the target region to be filled may (but not necessarily)
require a reduction of the spill threshold. For example, the user can slide the overlap control
105 to the right as an instruction to modify the stimulation settings so that the VOA fills a
greater amount of the target region (where such parameters are feasible), but such
modification of the stimulation settings may result in a VOA that spills over beyond the
boundaries of the target region more than the set spill threshold. Accordingly, in such an
instance, according to an example embodiment, the system automatically adjusts the spill
amount/threshold in response to the user’s instruction. Where this happens and the system
finds parameters that would produce a VOA that more completely fills the target region as
instructed by the user, and in an embodiment in which the spill control 103 is displayed
besides for the overlap control 105, the system accordingly shifts the spill control 103 to the
right along spill bar 102, and adjusts the active simulation graphic 112 accordingly.

Similarly, the decrease in allowed amount of spill set by user-manipulation of the spill
control 103 may (but not necessarily) require a reduction in required overlap. Accordingly,
in such an instance, according to an example embodiment, the system automatically adjusts
the overlap amount/threshold in response to the user’s instruction, and, according to an

example embodiment, automatically adjusts a position of the spill control 103.
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According to the embodiment in which the overlap control 105 corresponds to an
overlap threshold, in an example embodiment, the overlap threshold is a minimum percentage
of the target volume with which the VOA is to overlap. For example, in an example
embodiment, for a minimum overlap threshold set by user-manipulation of the overlap
control 105, the system determines the set of stimulation parameters that provides a VOA that
meets the set minimum overlap threshold with the least spill. Similarly, in response to user-
manipulation of the spill control 103, the system determines the set of stimulation parameters
that provides a VOA that meets the set maximum spill threshold with the most overlap.
According to an alternative example embodiment of the present invention, in response to a
shift of the spill control 103 or a shift of the overlap control 105, the system determines a set
of stimulation parameters that provides a best of possible VOAs (corresponding to different
possible sets of stimulation parameters) that meets the thresholds, where what is considered
best depends on a score calculated for the VOA, e.g., according to one of the scoring methods

described above (which can include consideration of side effect regions as well).

According to an alternative example embodiment, the overlap threshold is a
maximum percentage of the target volume with which the VOA is to overlap. In response to
user-manipulation of the overlap control 105, the system determines the set of stimulation
parameters that provides a VOA with the most overlap not exceeding the maximum
threshold.  Alternatively, the system determines the set of stimulation parameters that
provides a VOA having the best score of VOAs meeting the maximum threshold, for
example, where the score is determined using one of the methods described above (which can

include consideration of side effect regions as well).

According to an alternative example embodiment, whether the set threshold is a
minimum or a maximum depends on a direction in which the user moves the overlap control
105. For example, if the user shifts the overlap control 105 to increase the threshold, then it
is treated as a minimum threshold, and if the user shifts the overlap control 105 to decrease

the threshold, then it is treated as a maximum threshold.

According to an example embodiment, where the user slides the overlap control 105
to increase the fill amount by more than is feasible, the system finds the parameters that
produces the greatest fill amount, and automatically adjusts the position of the overlap control
105 accordingly. Similarly, where the user slides the spill control 103 to increase the spill

threshold by an amount not required to obtain the greatest feasible fill amount of the target
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region, according to an example embodiment, the system adjusts the spill threshold to the

spill amount required for the greatest fill amount of the target region.

In an example embodiment of the present invention, the system textually quantifies
the spill amount and/or overlap amount. For example, figure 3 shows that the spill amount is
18% (and that the amount by which the VOA does not spill beyond the target region is 82%),
and that the overlap amount is 48% (and that the amount by which the VOA does not overlap
18 52%). The spill amount can be expressed as a percentage of the VOA, and the overlap
amount can be expressed as a percentage of the target region. For example, with reference to
figure 3, 82% of the VOA is within the target region and 18% of the VOA spills beyond the
boundaries of the target region; and 48% of the target region is filled by the VOA and 52% of

the target region is not filled by the VOA. According to an alternative example embodiment,

c

the spill corresponds to and is therefore dependent on a predefined considered area

in which the VOA and target regions can be positioned.

Alternatively, other measures can be used. For example, the system can express the
amounts as any number between 0 and 1. With respect to spill amount, the system can, for
example, determine the greatest technically and/or safely feasible VOA and set the spill
amount of 1 as representing the spill resulting by such settings. Similarly, with respect to
overlap amount, the system can, for example, determine the greatest amount of the target
region that can technically and/or safely possibly be filled, and set the overlap amount of 1 as

representing such a fill amount.

Figure 4 shows an alternative example embodiment of the spill and overlap bars and
controls. In figure 4, an overlap control 205 is displayed as a terminal of an overlap bar 204,
and can be dragged upwards or downwards to correspondingly lengthen or shorten the
overlap bar 204 and correspondingly raise or lower the overlap amount. Similarly, a spill
control 203 is displayed as a terminal of a spill bar 202, and can be dragged downwards or
upwards to correspondingly lengthen or shorten the spill bar 202 and correspondingly raise or
lower the spill amount. Other graphical representations can be used instead. For example,
the controls 203 and 205 can be omitted, and the bars themselves can be dragged in one of
the directions to change their respective lengths. Alternatively, arrows can be displayed and
selectable for changing the lengths of the bars. Alternatively, the lengths can be modifiable

by manipulation of keys of a keyboard without manipulation of a graphical control.
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In an example embodiment of the present invention, the system records the spill and
overlap amounts of each of a plurality of stimulations parameter sets actually applied or
simulated over time, and generates and outputs to the user a graph, as illustrated in figure 6,
showing the different spill levels, overlap levels, and/or differences therebetween. The user
can use such information, for example, in deciding the level of overlap to try to attain. In the
graph of figure 6, the line beginning at approximately 40 represents the overlap amount, the
line beginning just below 10 represents the spill amount, and the line beginning just above 30
represents the difference between the overlap and spill amounts. For example, the spill curve
can plot percentages of respective VOAs (corresponding to the settings corresponding to one
of the axes of the graph) that spill beyond the target volume, the overlap curve can plot
percentages of the target volume that are overlapped by the respective VOAs, and the

difference curve can plot the differences between those values. Alternatively, the spill curve

c

can plot the values of

calculated for the different settings and the overlap curve can

plot the values of calculated for the different settings. The latter embodiment may be

advantageous because the same area is considered for evaluating the spill values for the
different VOAs, whereas according to the former embodiment, the percentages are of the
complete volume of each of the VOAs themselves, and are consequently percentages of
different sized volumes. According to yet another embodiment, the spill values of the spill
curve are numbers of voxels of the respective VOAs that do not overlap the target volume,
and the overlap values of the overlap curve are numbers of voxels of the respective VOAs
that overlap the target volume. Whichever calculations are used for obtaining the spill and
overlap values, the difference curve plots the differences between those calculated values for

a plurality of sets of stimulation parameters.

Alternatively, scores can be calculated and output, e.g., in graphs, as described above,
e.g., using eq. 1, eq. 2, the ROC graph(s), the mutual information formula, or the entropy

formula.

Referring again to figure 3, in an example embodiment of the present invention, the
system is configured to display a contact control box 106 within, e.g., overlaid on, the
anatomical atlas/image for modifying the parameters of a respective electrode contact. For
example, a separate respective contact control box 106 can simultaneously be displayed for

cach of the electrode contacts. Alternatively, each of the contact graphics 125 can be
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separately selectable, in response to which selection the respective contact control box 106
corresponding to the selected contact graphic 125 is selectively displayed, the others not
being displayed. Alternatively, when none of the electrode contact graphics 125 are selected,
the system omits from the display all of the contact control boxes 106, and when any one of
the contact graphics 125 is selected, the system responsively displays all of the contact
control boxes 106, since the settings of one contact may affect the user’s decision as to how
to set another of the contacts. According to this embodiment, after the contact is selected, the
user can deselect, e.g., by selecting any part of the GUI other than any of the contacts

graphics 125 and contact control boxes 106, or by reselecting the same contact graphic 125.

In an example embodiment, the user can interact with displayed components of the
displayed contact control box 106 to modify the settings of the electrode contact to which it
corresponds. Such interaction can be, for example, by way of mouse, stylus, finger, or

keyboard entry.

In an example embodiment of the present invention, the control elements displayed
within the contact control box 106 are limited to only those with which interaction provides
for modification of respective settings of the particular electrode to which it corresponds.
Control elements for modifying settings of the leadwire as a whole and that are not specific to
any one clectrode can be displayed in a separate region of the GUI. For example, figure 3
shows display of such controls at the left side of the GUI separate from the anatomical image

and/or atlas display.

In an example embodiment of the present invention, responsive to selection of one of
the contact graphics 125, the system modifies the display of the selected contact graphic 125.
For example, it can be displayed with a different color or in a different, e.g., brighter, shade
of the same color, to visually indicate to the user which contact has been selected and/or for

which the contact control box 106 is displayed.

In an example embodiment of the present invention, even where only a single contact
control box 106 corresponding to a selected one of the contact graphics 125 is displayed, one
or more presently set settings of the other contacts are displayed in the anatomical image
and/or atlas alongside the respective other contacts and/or with a connector from the
displayed settings to the respective contacts to which they correspond, e.g., as shown in

figure 7.
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In an example embodiment of the present invention, the system displays a leadwire
control box 500 in the GUI, e.g., beside the anatomical image and/or atlas, ¢.g., as shown in
figure 5. The leadwire control box 500 can include controls for modifying various settings of
the leadwire and its electrode contacts. The leadwire control box can include a model of the
leadwire, including respective electrode components representing each of the electrode
contacts of the leadwire. Each of the displayed electrode components can be separately
selectable, in response to which selection the selected electrode component is highlighted and
its settings can be modifiable by interaction with other displayed controls. In an example
embodiment, besides for or instead of highlighting the selected electrode component of the
model leadwire of the separate leadwire control box 500, the respective contact graphic 125
displayed in the anatomical image and/or atlas is highlighted in response to the selection of
the electrode component in the leadwire control box 500, thereby visually informing the user
of the relationship of the selected electrode to the displayed anatomical image and/or atlas. In
an example embodiment, the respective contact control box 106 corresponding to the selected
electrode contact can be displayed in addition to or instead of the control elements of the

leadwire control box 500 for controlling the specific electrode that has been selected.

The various methods described herein can be practiced, each alone, or in various

combinations.

An example embodiment of the present invention is directed to a processor, which
may be implemented using any conventional processing circuit and device or combination
thereof, e.g., a Central Processing Unit (CPU) of a Personal Computer (PC) or other
workstation processor, to execute code provided, e¢.g., on a hardware computer-readable
medium including any conventional memory device, to perform any of the methods described
herein, alone or in combination. In certain example embodiments, the processor may be
embodied in a remote control device. The memory device may include any conventional
permanent and/or temporary memory circuits or combination thereof, a non-exhaustive list of
which includes Random Access Memory (RAM), Read Only Memory (ROM), Compact
Disks (CD), Digital Versatile Disk (DVD), and magnetic tape.

An example embodiment of the present invention is directed to a hardware computer-
readable medium, e.g., as described above, having stored thereon instructions executable by a

processor to perform the methods described herein.
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An example embodiment of the present invention is directed to a method, e.g., of a
hardware component or machine, of transmitting instructions executable by a processor to

perform the methods described herein.

An example embodiment of the present invention is directed to an output device

configured to output any of the GUIs described herein.

The above description is intended to be illustrative, and not restrictive. Those skilled
in the art can appreciate from the foregoing description that the present invention can be
implemented in a variety of forms, and that the various embodiments can be implemented
alone or in combination. Therefore, while the embodiments of the present invention have
been described in connection with particular examples thercof, the true scope of the
embodiments and/or methods of the present invention should not be so limited since other
modifications will become apparent to the skilled practitioner upon a study of the drawings,

specification, and the following claims.
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What 1s claimed is:

1. A computer-implemented method, comprising:

determining, by a computer processor, a volume of activation (VOA) of tissue
estimated to be activated by stimulation provided according to a set of stimulation
parameters; and

generating and outputting, by the processor, a first score for the VOA based on an
amount by which the VOA overlaps another obtained volume and based on a size of an area

formed by a combination of the VOA and the other obtained volume.

2. The method of claim 1, wherein the other obtained volume is one of a specified
anatomical volume and a VOA of tissue estimated to be activated by stimulation provided

according to a different set of stimulation parameters.

3. The method of claim 1, wherein:

. . . T
the generating of the first score includes calculating ro ;

VouTl

V represents the VOA;
T represents the other obtained volume;
M represents intersection; and

U represents union.

4. The method of claim 1, wherein the first score is generated further based on a size of a
predetermined area of which the area formed by the combination of the VOA and the other

obtained stimulation volume forms a part.

5. The method of claim 1, wherein the other obtained volume is a target stimulation
volume.
6. The method of claim 5, further comprising:

generating and outputting a second score for the VOA based on an amount by which

the VOA overlaps an obtained side effect volume in which stimulation is to be avoided.

7. The method of claim 6, wherein the second score is generated further based on a size

of an area formed by a combination of the VOA and the side effect volume.
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8. The method of claim 5, wherein the first score is further based on an amount by which

the VOA overlaps an obtained side effect volume in which stimulation is to be avoided.

9. A computer system, comprising:
a computer processor configured to:
determine a volume of activation (VOA) of tissue estimated to be activated by
stimulation provided according to a set of stimulation parameters; and
generate and output a first score for the VOA based on an amount by which
the VOA overlaps another obtained volume and based on a size of an area formed by

a combination of the VOA and the other obtained volume.

10. A computer-readable medium having stored thercon instructions executable by a
processor, the instructions which, when executed by the processor, cause the processor to
perform a method, the method comprising:

determining a volume of activation (VOA) of tissue estimated to be activated by
stimulation provided according to a set of stimulation parameters; and

generating and outputting a first score for the VOA based on an amount by which the
VOA overlaps another obtained volume and based on a size of an arca formed by a

combination of the VOA and the other obtained volume.

11. A computer-implemented method, comprising:

determining, by a computer processor, a volume of activation (VOA) of tissue
estimated to be activated by stimulation provided according to a set of stimulation
parameters; and

generating and outputting, by the processor, a first score for the VOA based on an
amount by which the VOA overlaps another obtained volume and based on a size of a

predetermined area that includes both the VOA and the other obtained volume.
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12. The method of claim 11, wherein:

VNT]+V T ]
[VOUT]+[VnT]’

the generating of the first score includes calculating

V represents the VOA;

T represents the other obtained volume;

T represents a portion of an area in which the other obtained volume is not present;
V* represents a portion of the area in which the VOA is not present;

M represents intersection; and

U represents union.

13.  The method of claim 11, wherein the other obtained volume is a target stimulation

volume.

14. The method of claim 13, further comprising:
generating and outputting a second score for the VOA based on an amount by which

the VOA overlaps an obtained side effect volume in which stimulation is to be avoided.

15.  The method of claim 14, wherein the second score is generated further based on a size

of a predetermined area that includes both the VOA and the side effect volume.

16.  The method of claim 13, wherein the first score is further based on an amount by
which the VOA overlaps an obtained side effect volume in which stimulation is to be

avoided.

17. A computer system, comprising:
a computer processor configured to:
determine a volume of activation (VOA) of tissue estimated to be activated by
stimulation provided according to a set of stimulation parameters; and
generate and output a first score for the VOA based on an amount by which
the VOA overlaps another obtained volume and based on a size of a predetermined

area that includes both the VOA and the other obtained volume.
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18. A computer-readable medium having stored thercon instructions executable by a
processor, the instructions which, when executed by the processor, cause the processor to
perform a method, the method comprising:

determining a volume of activation (VOA) of tissue estimated to be activated by
stimulation provided according to a set of stimulation parameters; and

generating and outputting a first score for the VOA based on an amount by which the
VOA overlaps another obtained volume and based on a size of a predetermined area that

includes both the VOA and the other obtained volume.

19. A computer-implemented method, comprising:

determining, by a computer processor, a volume of activation (VOA) of tissue
estimated to be activated by stimulation provided according to a set of stimulation
parameters; and

generating and outputting, by the processor, a first score for the VOA based on an
amount by which the VOA overlaps another obtained volume and based on an amount of the

VOA that does not overlap the other obtained volume.

20.  The method of claim 19, wherein the other obtained volume is a target stimulation

volume.

21.  The method of claim 20, further comprising:
generating and outputting a second score for the VOA based on an amount by which

the VOA overlaps an obtained side effect volume in which stimulation is to be avoided.

22.  The method of claim 21, wherein the second score is generated further based on an

amount of the VOA that does not overlap the side effect volume.

23.  The method of claim 20, wherein the first score is further based on an amount by
which the VOA overlaps an obtained side effect volume in which stimulation is to be

avoided.

24, The method of claim 19, wherein the first score includes a first sub-score that
represents the amount by which the VOA overlaps the other obtained volume and a second
sub-score that represents the amount of the VOA that does not overlap the other obtained

volume, the first and second sub-scores being output.
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25. The method of claim 24, wherein:

the generating of the first sub-score includes calculating r ; T :

. ' ' e
the generating of the second sub-score includes calculating v ;C :

V represents the VOA;

T represents the other obtained volume;

T represents a portion of an area in which the other obtained volume is not present;
and

M represents intersection.

26.  The method of claim 24, wherein the outputting includes plotting the first and second
sub-scores as a single coordinate on a graph, a first axis of the graph corresponding to
possible values of the first sub-score and a second axis of the graph corresponding to possible

values of the second sub-score.

27.  The method of claim 26, wherein the plotted coordinate representing the first and
second sub-scores is one of a plurality of coordinates plotted in the graph, others of the
plotted coordinates representing respective pairs of sub-scores calculated for other sets of

stimulation parameters.

28. The method of claim 27, further comprising:

displaying in the graph a curve formed by connecting the plotted coordinates.

29. The method of claim 28, further comprising:

automatically selecting, by the processor and based on a characteristic of the curve,
one of the sets of stimulation parameters for which coordinates have been plotted in the
graph; and

outputting the selected set of stimulation parameters.
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30. A computer system, comprising:
a computer processor configured to:
determine a volume of activation (VOA) of tissue estimated to be activated by
stimulation provided according to a set of stimulation parameters; and
generate and output a first score for the VOA based on an amount by which
the VOA overlaps another obtained volume and based on an amount of the VOA that

does not overlap the other obtained volume.

31. A computer-readable medium having stored thercon instructions executable by a
processor, the instructions which, when executed, cause the processor to perform a method,
the method comprising:

determining a volume of activation (VOA) of tissue estimated to be activated by
stimulation provided according to a set of stimulation parameters; and

generating and outputting a first score for the VOA based on an amount by which the
VOA overlaps another obtained volume and based on an amount of the VOA that does not

overlap the other obtained volume.

32. A computer-implemented method, comprising:
determining, by a computer processor, a volume of activation (VOA) of tissue
estimated to be activated by stimulation provided according to a set of stimulation
parameters; and
generating and outputting, by the processor, a first score for the VOA based on an
amount by which the VOA overlaps an obtained side effect volume and based on at least one
of:
a size of an areca formed by a combination of the VOA and the side effect
volume;
a size of a predetermined area that includes both the VOA and the side effect
volume; and
an amount of the VOA that does not overlap the side effect volume;
wherein the side effect volume includes at least one volume tagged as a region in

which tissue stimulation is to be avoided.

-30-



WO 2013/023076 PCT/US2012/050174

33.  The method of claim 32, wherein the first score contributes negatively to a composite
score calculated for the VOA based on the first score and a second score that characterizes a
correspondence of the VOA to a target volume tagged as a region in which tissue stimulation

is targeted, the second score contributing positively to the composite score.

34, A computer-implemented method, comprising;:

displaying, by a computer processor and in a graphical user interface, a first user-
manipulable control, in response to a manipulation of which a first threshold is modifiable,
the first threshold defining an extent to which a volume of activation (VOA) of tissue
estimated to be activated by a stimulation is to correspond to a target volume of tissue to be

stimulated.

35. The method of claim 34, wherein the first threshold is one of a minimum and a

maximum percentage of the target volume with which the VOA overlaps.

36.  The method of claim 35, further comprising:

responsive to a user-manipulation of the control, determining, by the processor, a set
of stimulation parameters that meets a value of the first threshold set by the manipulation of
the control; and

outputting a representation of the determined set of stimulation parameters.

37.  The method of claim 36, wherein the output representation of the determined set of
stimulation parameters includes a display of a VOA estimated for the determined set of

stimulation parameters.

38.  The method of claim 36, wherein the determining includes determining stimulation
parameters estimated to result in one of a plurality of VOAs that, compared to all others of
the VOAs, includes least spill beyond boundaries of the target volume, all of the plurality of
VOASs meeting the first threshold.

39.  The method of claim 34, wherein the first threshold is a maximum percentage of the

VOA permitted to be non-overlapping with the target volume.
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40.  The method of claim 39, further comprising:
displaying in the graphical user interface a second user-manipulable control, in
response to a manipulation of which a second threshold is modifiable, wherein the second

threshold is a minimum percentage of the target volume with which the VOA must overlap.

41.  The method of claim 40, further comprising:

responsive to a user-manipulation of the first control, determining, by the processor, a
set of stimulation parameters that meets a value of the first threshold set by the manipulation
of the first control and that meets a value of the second threshold; and

outputting a representation of the determined set of stimulation parameters.

42. The method of claim 41, wherein the determining includes determining a plurality of
sets of stimulation parameters that each meets the values of the first threshold and the second
threshold, calculating a score for each of the plurality of sets, and selecting one of the

plurality of sets for which a best of the scores has been calculated.

43.  The method of claim 40, further comprising:
responsive to user-manipulation of one of the first and second controls, automatically

manipulating, by the processor, the other of the first and second controls.

44.  The method of claim 34, wherein the first user-manipulable control is slidable
between a first position of the graphical user interface corresponding to a first threshold value
and a second position of the graphical user interface corresponding to a second threshold

value.

45.  The method of claim 34, further comprising:

responsive to a user-manipulation of the control, determining, by the processor, a set
of stimulation parameters that meets a value of the first threshold set by the manipulation of
the control; and

outputting a representation of the determined set of stimulation parameters.

46.  The method of claim 45, wherein the determining includes determining a plurality of
sets of stimulation parameters that cach meets the value of the first threshold, calculating a
score for each of the plurality of sets, and selecting one of the plurality of sets for which a

best of the scores has been calculated.
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47, The method of claim 45, wherein:

the first threshold defines a boundary beyond which a first characteristic of
correspondence between the VOA and the target volume cannot extend; and

the determining includes determining a plurality of sets of stimulation parameters that
cach meets the value of the first threshold, and selecting from the plurality of sets of
stimulation parameters, a set that is estimated to provide a VOA that, compared to VOAs
with which all others of the plurality of sets are associated, that minimizes a value of a second

characteristic of correspondence between the VOA and the target volume.

48, The method of claim 45, wherein:

the first threshold defines a boundary beyond which a first characteristic of
correspondence between the VOA and the target volume cannot extend; and

the determining includes determining a plurality of sets of stimulation parameters that
cach meets the value of the first threshold, and selecting from the plurality of sets of
stimulation parameters, a set that is estimated to provide a VOA that, compared to VOAs
with which all others of the plurality of sets are associated, that maximizes a value of a

second characteristic of correspondence between the VOA and the target volume.

49.  The method of claim 45, wherein the output representation of the determined set of
stimulation parameters includes a display of a VOA estimated for the determined set of

stimulation parameters.

50. A computer system, comprising:

a computer processor configured to display in a graphical user interface a first user-
manipulable control, in response to a manipulation of which a first threshold is modifiable,
the first threshold defining an extent to which a volume of activation (VOA) of tissue
estimated to be activated by a stimulation is to correspond to a target volume of tissue to be

stimulated.

-33-



WO 2013/023076 PCT/US2012/050174

51. A computer-readable medium having stored thercon instructions executable by a
processor, the instructions which, when executed by the processor, cause the processor to
perform a method, the method comprising:

displaying in a graphical user interface a first user-manipulable control, in response to
a manipulation of which a first threshold is modifiable, the first threshold defining an extent
to which a volume of activation (VOA) of tissue estimated to be activated by a stimulation is

to correspond to a target volume of tissue to be stimulated.

52. A computer-implemented method, comprising:

for each set of a group of sets of stimulation parameters:

calculating, by a computer processor, a value representative of spill, by a
volume of estimated activation (VOA) of tissue corresponding to the respective set of
stimulation parameters, beyond another obtained volume; and

calculating, by the processor, a value representative of overlap of the
respective VOA with the other obtained volume; and
displaying, by the processor, a graph in which each of the calculated values are

plotted.

53.  The method of claim 52, wherein the other obtained volume is a target volume of

tissue activation.

54.  The method of claim 52, wherein all of the spill representative values calculated for
the group are connected in the graph to form a first curve, and all of the overlap values

calculated for the group are connected in the graph to form a second curve.

55.  The method of claim 54, further comprising:

for each set of the group of sets, calculating, by the processor, a difference between
the respective spill representative value and overlap representative value calculated for the
respective set; and

plotting the difference values as a displayed difference curve.

56.  The method of claim 55, wherein the difference curve is a third displayed curve of the

graph.
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57.  The method of claim 54, wherein each of the spill representative values is calculated
as a percentage of the respective VOA that does not overlap the target volume, and each of
the overlap representative values is calculated as a percentage of the target volume

overlapped by the respective VOA.

58.  The method of claim 54, wherein each of the spill representative values is calculated
as a percentage of a predefined area in which the VOAs and the target volume are included
that is overlapped by the respective VOA and not overlapped by the target volume, and each
of the overlap representative values is calculated as a percentage of the target volume

overlapped by the respective VOA.

59.  The method of claim 54, wherein each of the spill representative values is calculated
as number of voxels of the respective VOA that do not overlap the target volume, and each of
the overlap representative values is calculated as a number of voxels of the respective VOA

that do overlap the target volume.

60. A computer system, comprising:
a computer processor configured to:
for each set of a group of sets of stimulation parameters:
calculate a value representative of spill, by a volume of estimated
activation (VOA) of tissue corresponding to the respective set of stimulation
parameters, beyond another obtained volume; and
calculate a value representative of overlap of the respective VOA with
the other obtained volume; and
display in a display device a graph in which each of the calculated values are

plotted.

-35-



WO 2013/023076 PCT/US2012/050174

61. A computer-readable medium having stored thercon instructions executable by a
processor, the instructions which, when executed by the processor, cause the processor to
perform a method, the method comprising:
for each set of a group of sets of stimulation parameters:
calculating a value representative of spill, by a volume of estimated activation
(VOA) of tissue corresponding to the respective set of stimulation parameters, beyond
another obtained volume; and
calculating a value representative of overlap of the respective VOA with the
other obtained volume; and

displaying a graph in which each of the calculated values are plotted.
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