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(57) ABSTRACT 

A method of creating an atlas that contains electrophysi 
ological information related to at least one of a plurality of 
living subjects. In one embodiment, the method includes the 
steps of choosing a brain image volume as a common image 
volume of reference, acquiring electrophysiological infor 
mation for a target of interest, relating the acquired electro 
physiological information to spatial coordinates in the brain 
image volume of the target of interest, and registering the 
brain image volume of the target of interest to the common 
image volume of reference so as to create an atlas in Which 
any spatial coordinates of the brain of the target of interest 
are related to atlas coordinates in the atlas such that the 
acquired electrophysiological information associated With 
the related spatial coordinates in the brain image volume of 
the target of interest can be related to atlas coordinates in the 
atlas, and vice versa. 
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Fig. 2b 

Fig. 2a 
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Fig. 7 
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Choosing a brain image volume as a common image volume 
\ of reference from a plurality of brain image volumes 

l 
Acquiring electrophysiological information for one of the 

\ plurality of living subjects 

l 
Relating the acquired electrophysiological information to 

\ spatial coordinates in the brain image volume of the 
corresponding living subject 

l 
Registering the brain image volume of the corresponding 

\ living subject to the common image volume of reference so 
' as to create an atlas 
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Acquiring from the target of interest pre-operatively at least one piece of 

\ information associated with the state of brain condition of the target of interest 

l 
Accessing remotely an atlas that contains electrophysiological information related 

\ to a plurality of living subjects, wherein the atlas is formed with a plurality of 
clusters, each cluster being related to a state of brain condition and having a 
plurality of optimal positions for a deep brain stimulator distributed therein 

l 
Entering the acquired information from the target of interest to the atlas to ?nd a 

\ match between the acquired information and the electrophysiological information 
contained in the atlas 
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Y 
Automatically obtaining an optimal position in the brain of the target of interest for 

\ placing a deep brain stimulator from one of the plurality of optimal positions for a 
deep brain stimulator distributed in the plurality of clusters 
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ELECTROPHYSIOLOGICAL ATLAS AND 
APPLICATIONS OF SAME 

CROSS-REFERENCE TO RELATED PATENT 
APPLICATION 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 10/833,504, ?led Apr. 28, 2004, 
entitled “APPARATUS AND METHODS OF OPTIMAL 
PLACEMENT OF DEEP BRAIN STIMULATOR,” by 
Benoit M. DaWant, the disclosure for Which is incorporated 
herein by reference in its entirety, Which itself claims the 
bene?t, pursuant to 35 U.S.C. § 119(e), of provisional US. 
patent application Serial No. 60/466,219, ?led Apr. 28, 
2003, entitled “APPARATUS AND METHODS OF COM 
PUTERIZED AT LAS-GUIDED POSITIONING OF DEEP 
BRAIN STIMULATORS,” by Benoit M. DaWant, Which is 
incorporated herein by reference in its entirety. 

[0002] Some references, Which may include patents, 
patent applications and various publications, are cited and 
discussed in the description of this invention. The citation 
and/or discussion of such references is provided merely to 
clarify the description of the present invention and is not an 
admission that any such reference is “prior art” to the 
invention described herein. All references cited and dis 
cussed in this speci?cation are incorporated herein by ref 
erence in their entireties and to the same eXtent as if each 
reference Was individually incorporated by reference. In 
terms of notation, hereinafter, “[n]” represents the nth ref 
erence cited in the reference list. For eXample, [9] represents 
the 9th reference cited in the reference list, namely, G. 
Rhode, A. Aldroubi and B. M. DaWant, “The Adaptive-bases 
algorithm for intensity-based nonrigid image registration, 
”IEEE Transactions on Medical Imaging, vol. 22, no. 11, pp 
1470-1479, 2003. 

FIELD OF THE INVENTION 

[0003] The present invention generally relates to an atlas, 
and in particular to the creation and/or utiliZation of an atlas 
that contains electrophysiological information related to one 
or more living subjects for optimal placement of one or more 
deep brain stimulators placement in a brain of a target of 
interest. 

BACKGROUND OF THE INVENTION 

[0004] Since its ?rst Food and Drug Administration (here 
inafter “FDA”) approval in 1998, deep-brain stimulation 
(hereinafter “DBS”) has gained signi?cant popularity in the 
treatment of a variety of brain-controlled disorders, includ 
ing movement disorders [1, 2]. The therapy of the DBS has 
signi?cant applications in the treatment of tremor, rigidity, 
and drug induced side effects in patients With Parkinson’s 
disease and essential tremor. Generally, such treatment 
involves placement of a DBS electrode lead through a burr 
hole drilled in the patient’s skull, folloWed by placement of 
the electrode lead and then applying appropriate stimulation 
signals through the electrode lead to the physiological target. 
The placement portion of the treatment, involving stereo 
tactic neurosurgical methodology, is very critical, and has 
been the subject of much attention and research. In particu 
lar, ?nding the deep brain target and then permanently 
placing the electrode lead so that it ef?ciently stimulates 
such target is very important. 
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[0005] Yet ?nding the optimal physiological target in deep 
brain stimulation implants for the treatment of movement 
disorders is a particularly complicated task. This is espe 
cially true for the treatment of symptoms that cannot be 
tested at the operating table during the electrode lead 
implantation. For instance, it is practically impossible to test 
Walking and postural stability in Parkinson’s Disease (here 
inafter “PD”) patients during the DBS lead implantation. 
TWo other major PD symptoms, Rigidity and Akinesia, are 
also considered dif?cult to evaluate quantitatively during 
DBS lead implantation. On the other hand, the surgical 
targets of interest involve deep brain nuclei or subregions 
Within the subthalamus or globus pallidus intemus. These 
structures are not visible in any current imaging modalities, 
such as magnetic resonance imaging (hereinafter “MRI”), 
X-ray computeriZed tomography (hereinafter “CT”), or 
Positron Emission Tomography (hereinafter “PET”). 

[0006] Ideally, the optimal target for the DBS therapy 
should be located Within the stimulation range of 1 or 2 
contacts, each contact measuring 1.5 mm separated by either 
1.5 mm or 0.5 mm. Effective stimulation results When the 

contacts surround the optimal target [3, 4]. For eXample, as 
shoWn in FIG. 1, for placement of a 4-contact electrode lead 
of a deep brain stimulator 100, Which has a tip portion 170, 
a central body portion 150 and associated contacts 110, 120, 
130 and 140 (Medtronic #3387 or #3389 quadripolar lead®, 
Medtronic, Inc., Minneapolis, Minn.), in the proXimity of 
functional areas Which one may refer to as targets or targeted 
regions, a preferable scenario is that tWo contacts 110 and 
120 of the quadripolar lead 100 lie above and the other 
contacts 130 and 140 lie beloW a target. For this eXample of 
the lead, each of the contacts 110, 120, 130, and 140 has a 
length, d1, Which is substantially around 1.5 mm for a 
Medtronic #3387 or #3389 quadripolar lead®, and the 
distance betWeen tWo neighboring contacts, for eXample, 
130 and 140, is d2, Where d2=1.5 mm for Medtronic #3387 
quadripolar lead®, and d2=0.5 mm for Medtronic #3389 
quadripolar lead®, respectively. If the contacts are located as 
little as 2 mm aWay from the desired target, ineffective 

stimulation results, Which may be due to several reasons: failure to capture control of the group of neurons, (ii) 

stimulation of non-desirable areas resulting in unpleasant 
stimulation, or (iii) necessity for higher stimulus intensities 
to produce the desired effect resulting in reduced battery life 
of the implantation, or an any combination of these or other 
reasons. At least for these reasons, targeting the speci?c 
neurons of interest for the DBS therapy requires millimetric 
precision and alloWance for variability among patients. 
Therefore, the process of implantation of a DBS electrode 
lead requires stereotactic neurosurgical methodology, i.e., 
the use of a common reference coordinate system to target 
structures Within the brain of a target of interest. Typically, 
the process of implantation of a DBS electrode folloWs a 
step-Wise progression of initial estimation of target local 
iZation based on imaged anatomical landmarks, (ii) intra 
operative microanatomical mapping of key features associ 
ated With the intended target or target position of the brain 
of a target of interest, (iii) adjustment of the ?nal target of 
implantation by appropriate shifts in three dimensional 
space, and (iv) implantation of a quadripolar electrode With 
contacts located surrounding the ?nal desired target or target 
position of the brain of the target of interest. 
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[0007] Because of the invisibility of deep brain targets or 
target positions of interest in any current imaging modalities, 
such as MRI, CT, or PET, the location of these targets can 
only be inferred approximately from the position of adjacent 
structures that are visible in the images. To augment the 
information that these images provide, printed anatomic 
atlases or electronic versions of these have been used. 
Anatomic atlases, such as the Schaltenbrand-Wahren atlas 
[14], involve a series of unevenly spaced brain sections that 
have been histologically stained to reveal the structures and 
substructures of interest. When digitiZed, these atlases can 
be superimposed on the pre-operative images using land 
marks visible both in the atlas and in the image volumes. 
Although it represents a partial solution to the target iden 
ti?cation problem, this approach seems to suffer from a 
number of shortcomings [15]. First, available anatomic 
atlases have been created from one single brain [16] or from 
several hemispheres pertaining to different individuals [14]. 
When a single brain is used, information is limited to one 
sectioning plane per hemisphere. When several brains are 
used, these atlases shoW non-contiguous anatomy in inter 
secting orthogonal slices. Registration (i.e. spatial align 
ment) of these atlases to the image volumes also raises a 
number of issues. The standard procedure is to register atlas 
and image volumes using the inter commisural anterior 
commissure (hereinafter “AC”)-posterior commissure 
(hereinafter “PC”) reference system. This method is one in 
Which the AC and PC points are manually selected in the 
image volumes. The image volumes are ?rst translated to 
align the AC points. They are then rotated to align the 
AC-PC line and the midsagittal planes. Unfortunately, this 
technique results in substantial misregistration errors. A 
better approach proposed by St-Jean et al. [17] involves 
digitiZing the Schaltenbrand-Wahren atlas, stacking indi 
vidual slices, and creating three-dimensional (hereinafter 
“3D”) structures from these slices through interpolation. 
These 3D structures are then registered to one magnetic 
resonance (hereinafter “MR”) image volume by identifying 
homologous landmarks, thus creating an MR image volume 
on Which labels from the atlas can be projected. But, this 
procedure only guarantees that the landmarks are registered 
to each other. In a later publication [15], the authors 
acknoWledge that this limitation plus the fact that the 
creation of the 3D structures involves interpolating tWo 
dimensional (hereinafter “2D”) atlas slices that can be 
betWeen 0.5 mm and 3 mm apart limit the accuracy and 
therefore the clinical usefulness of this approach. 

[0008] In current clinical practice, the initial target local 
iZation is manually selected on MR images based on AC-PC 
coordinates. The initial target localiZation is re?ned by 
intra-operatively probing a surrounding region of the initial 
target With a recording and/or a stimulating electrode. First 
a recording electrode is placed into the initial target local 
iZation to characteriZe neuronal ?ring patterns, Which are in 
turn used to infer locations of deep brain nuclei relevant to 
the targeted region. A stimulating electrode is then placed 
into the inferred location to elicit responses in an aWake 
patient. Both of these sources of information alloW neuro 
surgeons, neurologists, and neurophysiologists to establish 
functional borders and to mentally reconstruct a somatotopic 
organiZation of the structures of interest so as to identify a 
?nal target location at Which a deep brain stimulator is to be 
placed. It can be a lengthy process (sometimes extending for 
hours in the aWake patient) and it requires expertise in 
neurosurgery, neurophysiology, and clinical neurology [18, 
19]. This combined expertise is available only at a limited 
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number of sites, Which limits access to the procedure to 
about 3000 patients per year despite the estimated 180,000 
patients per year Who Would bene?t from it in the United 
States alone. Great clinical relevance Would be gained if 
electrophysiological information could be captured from a 
large population, processed, and represented in a Way that 
Would make it usable for guidance purposes. 

[0009] Therefore, a heretofore unaddressed need exists in 
the art to address the aforementioned de?ciencies and inad 
equacies. 

SUMMARY OF THE INVENTION 

[0010] In one aspect, the present invention relates to a 
system for creating an atlas for optimal placement of a deep 
brain stimulator in a brain of a target of interest. In one 
embodiment, the system includes a data storage device, an 
image acquisition device for acquiring a brain image volume 
from the brain of the target of interest, and a data acquisition 
device for acquiring electrophysiological information from 
the brain of the target of interest. 

[0011] Furthermore, the system includes a data processing 
device operably coupled to the data storage device, the 
image acquisition device and the data acquisition device, 
respectively. The data processing device is adapted for, 
among other things, performing the steps of relating the 
acquired electrophysiological information to spatial coordi 
nates in the acquired brain image volume of the target of 
interest, and registering the acquired brain image volume of 
the target of interest to a common image volume of reference 
so as to create an atlas in Which spatial coordinates of the 
brain of the target of interest are related to atlas coordinates 
such that the acquired electrophysiological information 
associated With the related spatial coordinates in the 
acquired brain image volume of the target of interest can be 
related to atlas coordinates in the atlas, and vice versa. The 
data processing device is adapted for further performing the 
step of storing the atlas in a digitiZed format of ?les in the 
data storage device. 

[0012] Moreover, the system includes a user interface in 
communication With the atlas, Which has an architecture to 
be accessible over a netWork. The user interface is used for 
populating the atlas With neW electrophysiological informa 
tion acquired from a target of interest, accessing the elec 
trophysiological information from the atlas, and obtaining 
the electrophysiological information from in the atlas in one 
of a text format, an image format and a mixture thereof, 
respectively. In one embodiment, the obtained electrophysi 
ological information includes an initial optimal target posi 
tion for at least one deep brain stimulator to be placed in a 
brain of a target of interest. 

[0013] In one embodiment, the data storage device 
includes a memory. The image acquisition device is 
arranged, in use, to acquire a computeriZed tomographical 
image and/or a magnetic resonance image for a target of 
interest. In one embodiment, the data acquisition device 
includes at least one microelectrode, and/or at least one 
stimulation electrode placed in a brain of a target of interest 
for acquiring intra-operative information for the target of 
interest. The data acquisition device further includes at least 
one deep brain stimulator placed in the brain of the target of 
interest for acquiring post-operative information. 
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[0014] The electrophysiological information to be 
acquired includes pre-operative information, intra-operative 
information and post-operative information for a target of 
interest, respectively. In one embodiment, the pre-operative 
information includes at least one piece of information asso 
ciated With presenting complaints, locations of symptoms 
related to one or more diseases, type and degree of the one 
or more diseases, uni?ed Parkinson’s disease rating scale 
scores both on and off medications, mini-mental status 
examination, medications and dosages, cognitive perfor 
mance, gait performance, pre-operative target positions, and 
any mixture thereof. The symptoms have at least one of 
upper extremity rigidity, loWer extremity rigidity, upper 
extremity dystonia and loWer extremity dystonia. The uni 
?ed Parkinson’s disease rating scale scores are a rating tool 
for evaluating mentation, behavior and mood, activities of 
daily living, motor activity, and complication of therapy for 
a target of interest undergoing treatment. 

[0015] The intra-operative information includes at least 
one piece of information associated With at least one micro 
electrode, Where the information includes microelectrode 
recordings, a position of the microelectrode recordings, a 
label of a structure in Which the microelectrode recordings 
is located, and any mixture thereof. The microelectrode 
recordings are characteriZed by a ?ring rate that measures 
tonic activity and indices that measures phasic activity, 
Where the indices include a burst index, a pause ratio, a 
pause index, and an interspike interval histogram. Other 
characteristic features may also be extracted from the micro 
electrode recordings and can also be utiliZed. The intra 
operative information may also includes at least one piece of 
information associated With at least one stimulation elec 
trode, Where the information includes voltages applied to the 
at least one stimulation electrode, a response of a target of 
interest undergoing treatment to the stimulation, differences 
in voltage betWeen disappearance of symptoms and appear 
ance of side effects, a position of the at least one stimulation 
electrode, a ?nal intra-operative target position of a deep 
brain stimulator to be placed, and any mixture thereof. The 
response of the target of interest undergoing treatment to the 
stimulation includes loss of rigidity, location Where the loss 
of rigidity is observed, appearance of side effects, and/or 
location affected by these side effects. 

[0016] The post-operative information comprises at least 
one piece of information associated With at least one deep 
brain stimulator, Where the information includes a position 
of the at least one deep brain stimulator in post-operative 
computeriZed tomographical images, optimal setting of the 
at least one deep brain stimulator, overall assessment of a 
target of interest after placement of the at least one deep 
brain stimulator, and any mixture thereof. 

[0017] In another aspect, the present invention relates to a 
method of creating an atlas. The atlas contains electrophysi 
ological information related to at least one of a plurality of 
living subjects, Where any portion of interest of a brain of 
one of the plurality of living subjects and corresponding 
image volume may be identi?ed by a set of corresponding 
spatial coordinates. 

[0018] In one embodiment, among other things, the 
method includes the step of choosing a brain image volume 
as a common image volume of reference from a plurality of 
brain image volumes, each of the plurality of brain image 
volumes being acquired pre-operatively from a brain of one 
of the plurality of the living subjects. 
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[0019] The method further includes the steps of acquiring 
electrophysiological information for one of the plurality of 
living subjects, and relating the acquired electrophysiologi 
cal information to spatial coordinates in the brain image 
volume of the corresponding living subject. Furthermore, 
the method includes the step of registering the brain image 
volume of the corresponding living subject to the common 
image volume of reference so as to create an atlas in Which 
any spatial coordinates of the brain of the corresponding 
living subject are related to atlas coordinates in the atlas such 
that the acquired electrophysiological information associ 
ated With the related spatial coordinates in the brain image 
volume of the corresponding living subject can be related to 
atlas coordinates in the atlas, and vice versa. Moreover, the 
method includes the step of storing the atlas in a digitiZed 
format of ?les. The atlas has an architecture to be accessible 
over a netWork. 

[0020] Additionally, the method includes the steps of 
populating the atlas With neW electrophysiological informa 
tion acquired from a target of interest, accessing the elec 
trophysiological information from the atlas, and obtaining 
the electrophysiological information from the atlas in one of 
a text format, an image format and a mixture thereof, 
respectively. In one embodiment, the obtained electrophysi 
ological information includes an initial optimal target posi 
tion for at least one deep brain stimulator to be placed in a 
brain of a target of interest. 

[0021] In yet another aspect, the present invention relates 
to a system that contains electrophysiological information 
related to at least one of a plurality of living subjects, Where 
any portion of interest in the brain of one of the plurality of 
living subjects and corresponding brain image volume may 
be identi?ed by a set of corresponding spatial coordinates. 

[0022] In one embodiment, the system includes a data 
storage device, and an atlas stored in the data storage device 
for containing the electrophysiological information. The 
atlas is created such that When a brain image volume is 
registered to the atlas, any spatial coordinates of the brain 
image volume are related to corresponding atlas coordinates 
in the atlas, and vice versa. The atlas has an architecture to 
be accessible over a netWork and is in communication With 
a user interface. The user interface, in one embodiment, is 
used for populating the system With neW electrophysiologi 
cal information acquired from a target of interest, accessing 
the electrophysiological information from the system, and 
obtaining the electrophysiological information from in the 
system in one of a text format, an image format and a 
mixture thereof, respectively. The system further includes a 
controller in communication With the data storage device. 
The data storage device has a memory. 

[0023] In a further aspect, the present invention relates to 
a computer readable medium or media. In one embodiment, 
the computer readable medium or media includes a data 
structure and a user interface in communication With the 
data structure. The data structure relates to an atlas that 
contains electrophysiological information related to at least 
one of a plurality of living subjects, Where any portion of 
interest for the brain of the at least one of the plurality of 
living subjects and corresponding image volume may be 
identi?ed by a set of corresponding spatial coordinates. 
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[0024] In one embodiment, the atlas is created such that 
When a brain image volume of a living subject is registered 
to the atlas, any spatial coordinates in the brain image 
volume of the living subject are related to corresponding 
atlas coordinates in the atlas, and vice versa. Therefore, the 
electrophysiological information associated With spatial 
coordinates from Which the electrophysiological informa 
tion is acquired in the brain of the living subject can be 
related to atlas coordinates in the atlas, and vice versa. The 
atlas is stored in a digitiZed format of ?les. 

[0025] The data structure, in one embodiment, includes a 
plurality of transformations and corresponding inverses of 
the plurality of transformations. Each of a plurality of 
transformations registers a brain image volume to the atlas, 
Where the brain image volume is acquired from one of the 
plurality of living subjects. 

[0026] In yet a further aspect, the present invention relates 
to a method for optimal placement of a deep brain stimulator 
in a brain of a target of interest. In one embodiment, the 
method includes the step of acquiring from the target of 
interest pre-operatively at least one piece of information 
associated With a state of brain condition of the target of 
interest. The state of brain condition is related to a type of 
a disease, and/or a degree of the disease. The information 
associated With the state of brain condition of the target of 
interest includes presenting complaints, locations of symp 
toms related to one or more diseases, type and degree of the 
one or more diseases, uni?ed Parkinson’s disease rating 
scale scores both on and off medications, mini-mental status 
examination, medications and dosages, cognitive perfor 
mance, gait performance, pre-operative target positions, and 
any mixture thereof of the target of interest. 

[0027] Furthermore, the method includes the steps of 
accessing remotely an atlas that contains electrophysiologi 
cal information related to a plurality of living subjects, 
Where any portion of the brain of one of the plurality of 
living subjects and corresponding brain image volume may 
be identi?ed by a set of corresponding spatial coordinates, 
entering the acquired information from the target of interest 
to the atlas to ?nd a match betWeen the acquired information 
and the electrophysiological information contained in the 
atlas, and automatically obtaining an optimal position in the 
brain of the target of interest for placing a deep brain 
stimulator from the matched information. In one embodi 
ment, the atlas is stored in a memory device associated With 
a central host computer. The accessing step includes the step 
of accessing the atlas over a netWork from a client computer. 
The central host computer and client computer are coupled 
to and in communication With the netWork, respectively. The 
netWork, in one embodiment, has at least one of a public 
netWork, a dedicated netWork, a local netWork, and any 
combination of them. The public netWork, in one embodi 
ment, comprises the Internet. 

[0028] Moreover, the method includes the steps of acquir 
ing electrophysiological information intra-operatively from 
the brain of the target of interest and adjusting the optimal 
position in the brain of the target of interest for placing a 
deep brain stimulator accordingly. Additionally, the method 
includes the steps of ?nding a ?nal optimal position in the 
brain of the target of interest for placing a deep brain 
stimulator from the adjusted optimal position and placing a 
deep brain stimulator in the brain of the target of interest. 
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Also, in one embodiment, the method includes the steps of 
doWnloading information related to the optimal position in 
the brain of the target of interest for placing a deep brain 
stimulator from the matched information to a local computer 
and adjusting the optimal position in the brain of the target 
of interest for placing a deep brain stimulator from the 
doWnloaded information. The method further includes the 
step of updating the atlas from information related to the 
target of interest. 

[0029] In another aspect, the present invention relates to a 
method for optimal placement of a deep brain stimulator in 
a brain of a target of interest. In one embodiment, the method 
includes the step of acquiring from the target of interest 
pre-operatively at least one piece of information associated 
With a state of brain condition of the target of interest. 
Furthermore, the method includes the steps of accessing 
remotely an atlas that contains electrophysiological infor 
mation related to a plurality of living subjects, Wherein the 
atlas is formed With a plurality of clusters, each cluster being 
related to a state of brain condition and having a plurality of 
optimal positions for a deep brain stimulator distributed 
therein, entering the acquired information from the target of 
interest to the atlas to ?nd a match betWeen the acquired 
information and the electrophysiological information con 
tained in the atlas, and automatically obtaining an optimal 
position in the brain of the target of interest for placing a 
deep brain stimulator from one of the plurality of optimal 
positions for a deep brain stimulator distributed in the 
plurality of clusters. 

[0030] These and other aspects of the present invention 
Will become apparent from the folloWing description of the 
preferred embodiment taken in conjunction With the folloW 
ing draWings, although variations and modi?cations therein 
may be affected Without departing from the spirit and scope 
of the novel concepts of the disclosure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] FIG. 1 schematically shoWs one eXample of a 
quadricpolar deep brain stimulator that can be utiliZed to 
practice the present invention. 

[0032] FIG. 2 schematically shoWs a platform that can be 
utiliZed to practice the present invention: (a) a perspective 
vieW of the platform, and (b) a perspective vieW of the 
platform With a guiding member in place. 

[0033] FIG. 3 schematically shoWs a system that can be 
utiliZed to practice the present invention. 

[0034] FIG. 4 shoWs a post-operative CT image of a 
patient after the bilateral DBS implantation according to one 
embodiment of the present invention. 

[0035] FIG. 5 shoWs images of the ?nal DBS positions 
acquired intra-operatively from a group of 8 patients With 
corresponding atlas coordinates visually shoWn according to 
one embodiment of the present invention: (a) a sagital vieW 
of the left side subthalamic nucleus (hereinafter “STN”) 
targets, (b) a transverse vieW of the left side STN targets, (c) 
a coronal vieW of the left side STN targets, (d) a sagital vieW 
of the right side STN targets, (e) a transverse vieW of the 
right side STN targets, and a coronal vieW of the right 
side STN targets. 
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[0036] FIG. 6 shows images of the ?nal DBS positions 
acquired post-operatively from a group of 8 patients With 
corresponding atlas coordinates visually shoWn according to 
one embodiment of the present invention: (a) a sagital vieW 
of the left side STN targets, (b) a transverse vieW of the left 
side STN targets, (c) a coronal vieW of the left side STN 
targets, (d) a sagital vieW of the right side STN targets, (e) 
a transverse vieW of the right side STN targets, and a 
coronal vieW of the right side STN targets. 

[0037] FIG. 7 shoWs images of the ?nal DBS positions 
acquired intra-operatively from a group of 18 patients With 
corresponding atlas coordinates visually shoWn according to 
one embodiment of the present invention: (a) a sagital vieW 
of the left side and right side STN targets, (b) a transverse 
vieW of the left side and right side STN targets, and (c) a 
coronal vieW of the left side and right side STN targets. 

[0038] FIG. 8 is a ?oWchart shoWing a method for creat 
ing an atlas containing electrophysiological information 
related to at least one living subject according to one 
embodiment of the present invention. 

[0039] FIG. 9 is a ?oWchart shoWing a method for optimal 
placement of a deep brain stimulator in a brain of a target of 
interest according to one embodiment of the present inven 
tion. 

[0040] FIG. 10 shoWs microelectrode recording (herein 
after “MER”) signals acquired from a target of interest and 
features extracted from the MER signals according to one 
embodiment of the present invention: (a) the MER signals at 
a position above the STN, (c) the MER signals at the middle 
of the STN, and (e) the MER signals at a position beloW the 
STN; and (b), (d), and (f), each shoWing an interspike 
interval (hereinafter “ISI”) histogram and feature values 
corresponding to the MER signals of (a), (c), and (e), 
respectively. 

[0041] FIG. 11 shoWs mean burst index (hereinafter “BI”) 
color-coded and superimposed on MR images according to 
one embodiment of the present invention: (a) a sagital vieW 
of the mean BI, and (b) a coronal vieW of the mean BI. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0042] The present invention is more particularly 
described in the folloWing examples that are intended as 
illustrative only since numerous modi?cations and varia 
tions therein Will be apparent to those skilled in the art. 
Various embodiments of the invention are noW described in 
detail. Referring to the draWings, like numbers indicate like 
parts throughout the vieWs. As used in the description herein 
and throughout the claims that folloW, the meaning of 
“a,”“an,” and “the” includes plural reference unless the 
context clearly dictates otherWise. Also, as used in the 
description herein and throughout the claims that folloW, the 
meaning of “in” includes “in” and “on” unless the context 
clearly dictates otherWise. Moreover, titles or subtitles may 
be used in the speci?cation for the convenience of a reader, 
Which has no in?uence on the scope of the invention. 
Additionally, some terms used in this speci?cation are more 
speci?cally de?ned beloW. 

Mar. 31, 2005 

DEFINITIONS 

[0043] The terms used in this speci?cation generally have 
their ordinary meanings in the art, Within the context of the 
invention, and in the speci?c context Where each term is 
used. 

[0044] Certain terms that are used to describe the inven 
tion are discussed beloW, or elseWhere in the speci?cation, 
to provide additional guidance to the practitioner in describ 
ing various embodiments of the invention and hoW to 
practice the invention. For convenience, certain terms may 
be highlighted, for example using italics and/or quotation 
marks. The use of highlighting has no in?uence on the scope 
and meaning of a term; the scope and meaning of a term is 
the same, in the same context, Whether or not it is high 
lighted. It Will be appreciated that the same thing can be said 
in more than one Way. Consequently, alternative language 
and synonyms may be used for any one or more of the terms 
discussed herein, nor is any special signi?cance to be placed 
upon Whether or not a term is elaborated or discussed herein. 
Synonyms for certain terms are provided. Arecital of one or 
more synonyms does not exclude the use of other synonyms. 
The use of examples anyWhere in this speci?cation, includ 
ing examples of any terms discussed herein, is illustrative 
only, and in no Way limits the scope and meaning of the 
invention or of any exempli?ed term. LikeWise, the inven 
tion is not limited to various embodiments given in this 
speci?cation. 

[0045] As used herein, “around”, “about” or “approxi 
mately” shall generally mean Within 20 percent, preferably 
Within 10 percent, and more preferably Within 5 percent of 
a given value or range. Numerical quantities given herein are 
approximate, meaning that the term “around”, “about” or 
“approximately” can be inferred if not expressly stated. 

[0046] As used herein, the term “living subject” refers to 
a human being such as a patient, or an animal such as a lab 
testing monkey. 
[0047] As used herein, the term “target of interest” refers 
to a living subject under treatment or test. 

[0048] As used herein, “target,”“position of interest,” and 
“target region” are synonyms in the speci?cation and refer 
to an object of stimulation in a deep brain of a living subject 
for treatment of a brain-controlled disorder. 

[0049] As used herein, “stimulation” refers to increase 
temporarily the activity of a body organ or part thereof 
responsive to an input signal to the body organ or part. 

[0050] The terms “project,”“map,” and “transform,” as 
used herein, are synonyms in the speci?cation and refer to 
a transformation of a point of interest from a source image 
volume to a target image volume, and vice versa. 

[0051] The terms “place,”“implant,” and “insert,” as used 
herein, are synonyms in the speci?cation and refer to put or 
embed a device, such as a microelectrode recording lead, 
macrostimulation lead, and/or a deep brain stimulator, into 
a target region of a brain of a living subject. 

OVERVIEW OF THE INVENTION 

[0052] Optimal placement of a deep brain stimulator com 
prises an iterative procedure and associated means for 
performing the task. A target region of a brain of a target of 
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interest is chosen pre-operatively based on anatomical land 
marks identi?ed on MR images. This target region or 
position is used as an initial position that is re?ned intra 
operatively using information at least from one of micro 
electrode recordings and macrostimulation. For example, 
?rst a microelectrode recording lead is placed into the initial 
position to characteriZe neuronal ?ring patterns, Which are, 
in turn, used to infer locations of deep brain nuclei relevant 
to the target region. Aunipolar macrostimulation lead is then 
placed into the inferred location to elicit responses in an 
aWake patient. Both of these sources of electrophysiological 
information alloW neurosurgeons, neurologists, and neuro 
physiologists to establish functional boundaries and to 
reconstruct a somatotopic organiZation of the structures of 
interest so as to identify a ?nal target position at Which a 
deep brain stimulator is to be placed. Because the length of 
the procedure increases With the time it takes to adjust the 
DBS to its ?nal position, a good initial position is critical. 
On the other hand, creation of an atlas that contains elec 
trophysiological information captured during the procedure 
for visualiZation of these functional boundaries so as to 
identify target positions of interest Would gain great clinic 
relevance and facilitate the process to ?nd an optimal initial 
position for placement of a DB5 for a target of interest. 

[0053] The present invention, in one aspect, relates to a 
method of creating an atlas that contains electrophysiologi 
cal information related to at least one of a plurality of living 
subjects, Where any portion of the brain of one of the 
plurality of living subjects and corresponding brain image 
volume may be identi?ed by a set of corresponding spatial 
coordinates. 

[0054] Referring to FIG. 8, a representative ?oWchart 800 
of the method according to one embodiment of the present 
invention is shoWn. At step 801, a brain image volume is 
chosen as a common image volume of reference from a 

plurality of brain image volumes, Where each of the plurality 
of brain image volumes is acquired pre-operatively from the 
brain of one of the plurality of the living subjects. At step 
803, electrophysiological information for one of the plural 
ity of living subjects is acquired. At step 805, the acquired 
electrophysiological information is related to spatial coor 
dinates in the brain image volume of the corresponding 
living subject. At step 807, the brain image volume of the 
corresponding living subject is registered to the common 
image volume of reference so as to create an atlas in Which 
any spatial coordinates of the brain of the corresponding 
living subject are related to atlas coordinates in the atlas such 
that the acquired electrophysiological information associ 
ated With the related spatial coordinates in the brain image 
volume of the corresponding living subject can be related to 
atlas coordinates in the atlas, and vice versa. The atlas has 
an architecture to be accessible over a netWork. 

[0055] Furthermore, the method includes the step of stor 
ing the atlas in a digitiZed format of ?les. Additionally, the 
method includes the steps of populating the atlas With neW 
electrophysiological information acquired from a target of 
interest, accessing the electrophysiological information 
from the atlas, and obtaining the electrophysiological infor 
mation from the atlas in one of a text format, an image 
format and a mixture thereof, respectively. 
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[0056] In another aspect, the present invention relates to a 
method of optimal placement of a deep brain stimulator in 
a brain of a target of interest by using an atlas that contains 
electrophysiological information related to a plurality of 
living subjects. 

[0057] Referring to FIG. 9, a representative ?oWchart 900 
of the method according to one embodiment of the present 
invention is shoWn. At step 902, at least one piece of 
information associated With a state of brain condition of the 
target of interest is acquired from the target of interest 
pre-operatively. The state of brain condition is related to a 
type of a disease, and/or a degree of the disease. At step 904, 
an atlas that contains electrophysiological information 
related to a plurality of living subjects is accessed remotely. 
The atlas is formed With a plurality of clusters, Where each 
cluster is related to a state of brain condition and have a 
plurality of optimal positions for a deep brain stimulator 
distributed therein. At step 906, the acquired information 
from the target of interest is entered into the atlas to ?nd a 
match betWeen the acquired information and the electro 
physiological information contained in the atlas. And at step 
908, an optimal position in the brain of the target of interest 
for placing a deep brain stimulator is automatically obtained 
from one of the plurality of optimal positions for a deep 
brain stimulator distributed in the plurality of clusters. 

[0058] These and other aspects of the present invention are 
more speci?cally described beloW. 

METHODS, IMPLEMENTATIONS AND 
EXAMPLES OF THE INVENTION 

[0059] Patients and Data and Image Acquistions 

[0060] In one embodiment of the present invention, a 
group of 8 patients Who undergo deep brain stimulator 
implantation at a target of the STN is chosen to gather a set 
of data for evaluating the invented method. The group of 
patients and the number of patients are employed merely as 
an example to acquire a set of data for practicing the present 
invention, and the use of the group of patients and the 
number of patients should not limit the scope of the present 
invention. Each patient, Was assigned a number from S1 to 
S8 as his or her identi?cation. The data Was collected after 

obtaining an Independent Research Board (hereinafter 
“IRB”) approval at Vanderbilt University. 

[0061] The set of data related to electrophysiological 
information to be acquired for each patient is categoriZed in 
terms of pre-operative information, intra-operative informa 
tion and post-operative information, respectively. 

[0062] The pre-operative information in general includes 
at least one piece of information associated With a state of 
brain condition of a target of interest that is related to a type 
of a disease, and a degree of the disease. Other information 
may also be acquired. In one embodiment, the information 
associated With the state of brain condition generally 
includes presenting complaints, locations of symptoms 
related to one or more diseases, type and degree of the one 
or more diseases, uni?ed Parkinson’s disease rating scale 
scores both on and off medications, mini-mental status 
examination, medications and dosages, cognitive perfor 
mance, gait performance, pre-operative target positions, and 
any mixture thereof. The symptoms have at least one of 
upper extremity rigidity, loWer extremity rigidity, upper 
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extremity dystonia and lower extremity dystonia. The uni 
?ed Parkinson’s disease rating scale scores are a rating tool 
for evaluating mentation, behavior and mood, activities of 
daily living, motor activity, and complication of therapy for 
the patient undergoing treatment. 

[0063] The intra-operative information in general includes 
at least one piece of information associated With at least one 
microelectrode, Where the information includes microelec 
trode recordings, a position of the microelectrode record 
ings, a label of a structure in Which the microelectrode 
recordings is located, and any mixture thereof. Other infor 
mation may also be acquired. The microelectrode recordings 
are characteriZed by a ?ring rate (hereinafter “FR”) that 
measures tonic activity and indices that measures phasic 
activity, Where the indices include a BI, a pause ratio 
(hereinafter “PR”), a pause index (hereinafter “PI), and an 
ISI histogram. The intra-operative information also includes 
at least one piece of information associated With at least one 
stimulation electrode, Where the information includes volt 
ages applied to the at least one stimulation electrode, a 
response of the patient undergoing treatment to the stimu 
lation, differences in voltage betWeen disappearance of 
symptoms and appearance of side effects, a position of the 
at least one stimulation electrode, a ?nal intra-operative 
target position of a deep brain stimulator to be placed, and 
any mixture thereof. Other information may also be 
acquired. The response of the patient undergoing treatment 
to the stimulation includes loss of rigidity, location Where 
the loss of rigidity is observed, appearance of side effects, 
and/or location affected by these side effects. 

[0064] The post-operative information in general com 
prises at least one piece of information associated With at 
least one deep brain stimulator, Where the information 
includes a position of the at least one deep brain stimulator 
in post-operative computeriZed tomographical images, opti 
mal setting of the at least one deep brain stimulator, overall 
assessment of the patient after placement of the at least one 
deep brain stimulator, and any mixture thereof. Other infor 
mation may also be acquired. 

[0065] At each stage of the deep brain stimulator implan 
tation for a patient undergoing treatment, the electrophysi 
ological information related to the patient is acquired either 
by devices such as an image acquisition device and a data 
acquisition device, and/or by a surgical team Who is in 
charge of the treatment of the patient. The image acquisition 
device is arranged, in use, to acquire a CT image and/or a 
MR image for the patient. Any types of clinic available CT 
imaging systems and MR imaging systems can be used for 
patient image acquisition to practice the present invention. 
In one embodiment, the data acquisition device has at least 
one microelectrode and/or at least one stimulation electrode 
placed in predetermined target positions of the brain of the 
patient, for acquiring intra-operative information. The at 
least one stimulation electrode, in one embodiment, includes 
a unipolar macrostimulation lead. The data acquisition 
device further has at least one deep brain stimulator placed 
in the ?nal target position of the brain of the patient for 
acquiring post-operative information. Additionally, the data 
acquisition device has a micropositioning drive for record 
ing positions of the at least one microelectrode, the at least 
one stimulation electrode and the ?nal target position for the 
at least one deep brain stimulator to be placed, respectively. 
Implantation procedures of the at least one deep brain 
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stimulator for the patient and corresponding data acquisi 
tions according to one embodiment of the present invention 
are detailed in the folloWing sections. 

[0066] All patients undergoing consideration for a DBS 
implantation at the target of the STN are ?rst evaluated by 
a neurologist specialiZing in movement disorders, and their 
medications are adjusted to optimiZe their condition. If 
patients reach advanced Parkinsonian symptoms, such as 
rigidity, bradykinesia, tremor, and dyskinesia, despite opti 
mal medical therapy, they are considered for the surgical 
therapy by a multi-disciplinary group involving neurology, 
neurosurgery, neurophysiology, and neuropsychiatry spe 
cialists. Target selection is decided upon by the surgical team 
if no contraindications exist. A majority of patients With the 
above symptoms are recommended for STN targeting of 
DBS therapy. 

[0067] Pre-operative target identi?cation is performed by 
the functional neurosurgeon and is based on an identi?cation 
of the AC-PC location seen on MR image (3D SPGR 
volumes, TR: 12.2 msec, TE: 2.4 msec, voxel dimensions 
0.85><0.85><1.3 mm3) pre-operatively. For the STN target, a 
preliminary point is chosen at 4 mm posterior, 12 mm 
lateral, and 4 mm inferior to the mid-commissural point. The 
adjustments for the initial intended target are made based on 
the Width of the third ventricle and anatomical asymmetries 
noted on the MR image scan, but these adjustments usually 
have less than 1 mm deviations from the initial intended 
target location. 

[0068] In general, a target position of treatment for a target 
of interest is selected by a surgical team, based on pre 
operatively acquired information that is associated With a 
state of brain condition of the target of interest. The infor 
mation associated With the state of brain condition of the 
target of interest comprises presenting complaints, locations 
of symptoms related to one or more diseases, type and 
degree of the one or more diseases, uni?ed Parkinson’s 
disease rating scale scores both on and off medications, 
mini-mental status examination, medications and dosages, 
cognitive performance, gait performance, pre-operative tar 
get positions, and any mixture thereof of the target of 
interest. 

[0069] Traditional methodology for carrying out this step 
Wise target localiZation and implantation procedure has been 
based on an externally ?xed, rigid ?xture, called a stereo 
tactic frame that encompasses the patient’s head and upon 
Which the micro-manipulating equipment can be mounted 
and maneuvered With sub-millimetric precision. These vari 
ous stereotactic frames have been optimiZed to obtain accu 
rate images used to create the initial target trajectory and 
plan and then to reduce erroneous movement associated With 

passage of the test electrodes and the ?nal implantation These frames typically require mounting the day of surgery, 

subsequent imaging With either CT and/or MR image axial 
slices, and target planning prior to starting the actual pro 
cedure of intra-operative mapping and ultimate placement of 
the electrode implantation into the ?nal target. 

[0070] Recently, a FDA approved miniature stereotactic 
frame, called a Star?x platform (FHC Corporation, BoWdo 
inham, Me.), has become clinically available. This device, 
also referred as a platform hereafter, as shoWn in FIGS. 2A 
and 2B, alloWs for more versatility With elective stereotactic 
procedures, such as DBS implantation, and can be utiliZed to 
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practice the present invention. Other platforms including 
other stereotactic frames in clinical use can also be used to 
practice the present invention. The Star?x platform or frame 
is used in this particular embodiment to relate spatial coor 
dinates in the OR to spatial coordinates in the images. The 
construction and/or use of the atlas do not depend on the 
speci?c frame being used. The platform 200 has a platform 
body 210, an adjustor 220 attached to the platform body 210 
and a plurality of legs 230 outWardly and equal-angularly 
extending from the platform body 210. Each of the plurality 
of legs 230 has a hole 280 at an end portion for receiving a 
corresponding ?ducial marker post 240 implanted into the 
outer table of the skull of a patient so as to secure the 
platform 210. The platform 210 also has a guiding member 
250. The guiding member 250 has a plurality of guiding 
tubes 260 including a center guiding tube 270. The positions 
of the guiding tubes 260 including the central tube 270 can 
be adjusted by the adjustor 220. The platform 210 is 
currently manufactured as a customiZed tripod that can be 
mounted onto bone-based ?ducial marker posts 240. Each 
platform is uniquely manufactured based on a stereotacti 
cally planned trajectory using softWare designed to math 
ematically relate the location of such bone markers With 
respect to brain structures The bone-based ?ducial 
marker having a ?uid-?lled cylinder that is visible on both 
CT and MR images is detachably attached to a post that is 
implanted into the outer table of the skull. These images can 
then be used in the stereotactic softWare to designate a 
trajectory in relation to the bone-based marker posts. The 
plan is sent to the manufacturer Who then translates the 
stereotactic plan into a customiZed platform for a given 
trajectory through a rapid prototyping facility. The resultant 
platform is shipped to the hospital Within a certain time 
frame and is used for mounting the same types of micro 
manipulators that are used on traditional stereotactic frames. 
The remaining portion of the procedure is the same With 
respect to intra-operative localiZation of the ?nal target of 
implantation With the patient aWake. 

[0071] Each patient undergoing surgery receives either 
one (for unilateral DBS implantation) or tWo (for bilateral 
DBS implantation) platforms. Each leg of the platform is 
attached to a corresponding bone-implanted post. For each 
patient, the acquisition of data proceeds in three stages. First, 
under anesthesia, the ?ducial marker posts are implanted 
onto predetermined positions on the skull of the patient, 
?ducial markers such as AcustarTM ?ducial markers (Z-Kat, 
Inc., HollyWood, Fla.) are attached to the posts. The use of 
this marker and post in open craniotomies has been reported 
on earlier Other ?ducial markers and posts can also be 
used to practice the present invention. CT and MR image 
volumes are acquired by the image acquisition device With 
the patient anesthetiZed and head taped to the table to 
minimiZe motion. For examples, CT images acquired at 
kvp=120 V, exposure=350 mas, 512x512 pixels ranging in 
siZe from 0.49 to 0.62 mm, slice thickness=2 mm for one 
patient, 1.3 mm for 2 patients, 1 mm for all others. MR 
images are 3D SPGR volumes, TR: 12.2, TE: 2.4, voxel 
dimensions 0.85><0.85><1.3 mm3 except for patient S7 for 
Which the voxel dimensions are 1><1><1.3 mm3. After image 
acquisition, the ?ducial markers are removed. With the help 
of MR-CT registration softWare, for instance, VoXimo (FHC 
Corporation, BoWdoinham, Me.), the surgeon selects the 
initial target points based on AC-PC coordinates and asso 
ciated entry points on the surface of the skull. In addition, 
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the centroids of the markers and the directions of their posts 
are determined from the acquired images. These data are 
sent electronically to a fabrication plant Where a customiZed 
platform is manufactured to ?t the posts and provide an 
opening positioned over the entry point and oriented toWard 
the target. These data are also saved in a data storage device 
such as a memory to form a database. In one embodiment, 
the data saved in the data storage device forms a relational 
database. The data saved in the data storage device, in 
another embodiment, forms an object oriented database, or 
a mixed object oriented database. The database can be 
implemented in Microsoft Access (Microsoft Corporation, 
Richmond, Wash.). The database can also be implemented in 
other softWare, such as Oracle (Oracle Corporation, Red 
Wood Shores, Calif.), Microsoft SQL (Microsoft Corpora 
tion, Richmond, Wash.) and IBM DB2 (IBM Corporation, 
Armonk, 

[0072] Second, surgery begins With drilling a burr hole, 
for instance, having 14 mm in diameter. Referring to FIG. 
3, an adaptor (not shoWn here) is attached to each post 352, 
the platform 350 is attached to the adaptor, and a micropo 
sitioning drive 310 is attached to the platform 350. In one 
embodiment, a microTargeting® device (FHC Corporation, 
BoWdoinham, Me.) is employed as the micropositioning 
drive, also referred as a microdrive hereafter. A microelec 
trode recording lead is placed into the patient at the selected 
initial target position through the central tube of the guide 
member attached to the platform. The position of the micro 
electrode recording lead is adjusted so as to ?nd a neW 
position Where resting ?ring frequencies are noted or 
detected. The adjustment involves three-dimensional adjust 
ment. In addition to changes in depth, it is possible to 
re-insert a probe 320 along parallel tracks distributed Within 
a 10 mm circle around the initial track. The microelectrode 
lead is removed and an unipolar macrostimulation lead is 
inserted to the neW position as determined by the micro 
electrode recordings. With the patient aWake, response to 
stimulation generated from the macrostimulation lead is 
monitored as the position of the macrostimulation lead is 
further adjusted until optimal stimulation to the deep brain 
target is detected. When the ?nal positions are selected, the 
macrostimulation lead is removed and a deep brain stimu 
lator lead is inserted at the ?nal position. Medtronic #3387 
and #3389 quadripolar lead®, as shoWn in FIG. 1 and 
described above can be used as DBS lead to practice the 
present invention. Other types of DBS lead can also be 
utiliZed to practice the present invention. A DBS lead 100 is 
inserted to a depth such that the centroid 160 of the four 
electrodes 110-140 of the DBS lead 100 is coincident With 
the ?nal position of the electrode on the unipolar macro 
stimulation lead. The proximal end of the DBS lead is then 
anchored to the skull and buried beneath the scalp. The 
platform is then removed. Within tWenty-four hours of 
surgery, the imaging markers are re-attached to the posts and 
a post-operative CT scan is acquired. If no complications 
occur, the patient is discharged home Within a day of the 
surgery. During the entire procedure coordinates are read on 
the mircodrive. These physical coordinates are transformed 
into pre-operative CT coordinates using the softWare used 
for pre-operative planning. The CT image is then registered 
to the corresponding MR image by the MR-CT registration 
softWare, for instance, VoXim®. The MR image is then 
registered to an atlas as described infra. 


























