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(57) ABSTRACT 

Systems and methods for neural stimulation may include a 
stimulus unit; a ?rst electrode assembly having a ?rst set of 
contacts; and a second set of contacts. The stimulus unit can 
be an implantable pulse generator including a ?rst terminal 
that can be biased at a ?rst signal polarity and a second 
terminal that can be biased at a second signal polarity. The 
?rst electrode assembly includes a support member con?g 
ured to be placed at the stimulation site, the ?rst set of 
contacts carried by the support member, and a ?rst lead 
con?gured to be attached to the ?rst terminal of the implant 
able pulse generator for biasing the surface contacts at the 
?rst polarity. The second set of contacts is detached from the 
surface electrode assembly. The second set of contacts can 
be one or more conductive elements ?xed to or forming 

portions of the implantable pulse generator, or a separate 
electrode array. 
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APPARATUS AND METHODS FOR APPLYING 
NEURAL STIMULATION TO A PATIENT 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to pending US. 
Provisional Application No. 60/492,273, ?led on Aug. 1, 
2003, and incorporated herein in its entirety by reference. 

INCORPORATION OF RELATED 
APPLICATIONS 

[0002] This application is related to US. patent applica 
tion Ser. No. 09/802,808 entitled “Methods and Apparatus 
for Elfectuating a Lasting Change in a Neural-Function of a 
Patient,” Which claims the bene?t of US. Provisional Appli 
cation 60/217,981, ?led Jul. 31, 2000, both of Which are 
herein incorporated by reference. Additional applications are 
incorporated by reference in other portions of this applica 
tion. 

TECHNICAL FIELD 

[0003] The present disclosure is related to systems and 
methods for applying stimulation to a target neural popula 
tion Within a patient, for example, a surface site on the 
patient’s cortex. 

BACKGROUND 

[0004] A Wide variety of mental and physical processes 
are controlled or in?uenced by neural activity in particular 
regions of the brain. The neural-functions in some areas of 
the brain (i.e., the sensory or motor cortices) are organized 
according to physical or cognitive functions, and various 
areas of the brain appear to have distinct functions in most 
individuals. In the majority of people, for example, the 
occipital lobes relate to vision, the left interior frontal lobes 
relate to language, and the cerebral cortex appears to be 
involved With conscious aWareness, memory, and intellect. 

[0005] Many problems or abnormalities can be caused by 
damage, disease and/or disorders in the brain. Effectively 
treating such abnormalities may be very dif?cult. For 
example, a stroke is a common condition that damages the 
brain. Strokes are generally caused by emboli (e.g., obstruc 
tion of a vessel), hemorrhages (e.g., rupture of a vessel), or 
thrombi (e.g., clotting) in the vascular system of a speci?c 
region of the brain. Such events generally result in a loss or 
impairment of a neural function (e.g., neural functions 
related to facial muscles, limbs, speech, etc.). Stroke patients 
are typically treated using various forms of physical therapy 
to rehabilitate the loss of function of a limb or another 
affected body part. Stroke patients may also be treated using 
physical therapy plus an adjunctive therapy such as amphet 
amine treatment. For most patients, hoWever, such treat 
ments are minimally effective and little can be done to 
improve the function of an affected body part beyond the 
recovery that occurs naturally Without intervention. 

[0006] Neurological problems or abnormalities are often 
related to electrical and/or chemical activity in the brain. 
Neural activity is governed by electrical impulses or “action 
potentials” generated in neurons and propagated along syn 
aptically connected neurons. When a neuron is in a quiescent 
state, it is polariZed negatively and exhibits a resting mem 
brane potential typically betWeen —70 and —60 mV. Through 
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chemical connections knoWn as synapses, any given neuron 
receives excitatory and inhibitory input signals or stimuli 
from other neurons. A neuron integrates the excitatory and 
inhibitory input signals it receives, and generates or ?res a 
series of action potentials When the integration exceeds a 
threshold potential. A neural ?ring threshold, for example, 
may be approximately —55 mV. 

[0007] It folloWs that neural activity in the brain can be 
in?uenced by electrical energy supplied from an external 
source such as a Waveform generator. Various neural func 
tions can be promoted or disrupted by applying an electrical 
current to the cortex or other region of the brain. As a result, 
researchers have attempted to treat physical damage, disease 
and disorders in the brain using electrical or magnetic 
stimulation signals to control or affect brain functions. 

[0008] Transcranial electrical stimulation is one such 
approach that involves placing an electrode on the exterior 
of the scalp and delivering an electrical current to the brain 
through the scalp and skull. Another treatment approach, 
transcranial magnetic stimulation, involves producing a 
high-poWered magnetic ?eld adjacent to the exterior of the 
scalp over an area of the cortex. Yet another treatment 
approach involves direct electrical stimulation of neural 
tissue using implanted electrodes. 
[0009] The neural stimulation signals used by these 
approaches may comprise a series of electrical or magnetic 
pulses directed toWard affecting neurons Within a target 
neural population. Stimulation signals may be de?ned or 
described in accordance With stimulation signal parameters 
including pulse amplitude, pulse frequency, duty cycle, 
stimulation signal duration, and/or other parameters. Elec 
trical or magnetic stimulation signals applied to a population 
of neurons can depolariZe neurons Within the population 
toWard their threshold potentials. Depending upon stimula 
tion signal parameters, this depolariZation can cause neurons 
to generate or ?re action potentials. Neural stimulation that 
elicits or induces action potentials in a functionally signi? 
cant proportion of the neural population to Which the stimu 
lation is applied is referred to as supra-threshold stimulation; 
neural stimulation that fails to elicit action potentials in a 
functionally signi?cant proportion of the neural population 
is de?ned as sub-threshold stimulation. In general, supra 
threshold stimulation of a neural population triggers or 
activates one or more functions associated With the neural 
population, but sub-threshold stimulation by itself does not 
trigger or activate such functions. Supra-threshold neural 
stimulation can induce various types of measurable or 
monitorable responses in a patient. For example, supra 
threshold stimulation applied to a patient’s motor cortex can 
induce muscle ?ber contractions in an associated part of the 
body. 
[0010] Although electrical or magnetic stimulation of neu 
ral tissue may be directed toWard producing an intended type 
of therapeutic, rehabilitative, or restorative neural activity, 
such stimulation may result in collateral neural activity. In 
particular, neural stimulation delivered beyond a certain 
intensity, period of time, level, or amplitude can give rise to 
seiZure activity and/or other types of collateral activity. It 
Will be appreciated that certain types of collateral neural 
activity may be undesirable and/ or inconvenient in a neural 
stimulation situation. 

[0011] Another concern that arises in association With 
stimulating a surface site on a patient’s cortex is conserva 
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tion or minimization of applied power While operating a 
stimulation device. Various types of systems have an 
implanted pulse generator (“IPG”) and an electrode assem 
bly. The electrode assembly generally has a plurality of 
contacts that are carried by a common support member, such 
that the contacts are positionally ?xed in close or generally 
close proximity relative to each other. In operation, the IPG 
delivers an electrical Waveform to the electrode assembly, 
such that a ?rst set of contacts provides a current delivery 
path and a second set of contacts provides a current return 
path. Thus, at any given time during Waveform delivery, at 
least one contact has a positive bias and at least one contact 
has a negative bias, resulting in the generation of a bipolar 
?eld at the surface of the cortex Within the area of the 
stimulation site. The bipolar ?eld has a loWer current density 
in the deeper layers of the cortex compared to the current 
density at the surface layers, and the bipolar ?eld runs 
generally parallel to the cranium of the patient in the deeper 
layers of the cortex. Systems that generate a bipolar ?eld at 
the stimulation site may require relatively high current levels 
to achieve an intended or desired therapeutic effect. This 
may result in increased poWer consumption, and possibly 
increase the likelihood of inducing collateral neural activity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a side vieW of a system for applying 
electrical stimulation to a stimulation site on or proximate to 
the surface of the cortex of a patient in accordance With an 
embodiment of the invention. 

[0013] FIG. 2 is a graph illustrating several parameters 
that may describe, de?ne, or characterize a stimulation 
signal. 

[0014] FIG. 3A is a front vieW of a system for applying 
electrical stimulation to a cortical stimulation site in accor 
dance With FIG. 1A shoWing a different implementation of 
the system. 

[0015] FIG. 3B is a cross-sectional vieW of a brain of a 
patient illustrating the implementation of FIG. 3A in greater 
detail. 

[0016] FIG. 3C is a schematic illustration of a combined 
electrode assembly that may be used to apply or deliver 
unipolar stimulation to a patient. 

[0017] FIG. 4 is a schematic illustration shoWing an 
exemplary electric ?eld distribution generated by unipolar 
electrical stimulation using a system for applying electrical 
stimulation to a cortical stimulation site in accordance With 
an embodiment of the invention. 

[0018] FIG. 5 is a schematic illustration shoWing an 
exemplary electrical ?eld distribution generated by bipolar 
electrical stimulation at a cortical stimulation site. 

[0019] FIG. 6 is a side vieW of a system for applying 
electrical stimulation to a cortical stimulation site in accor 
dance With another embodiment of the invention. 

[0020] FIG. 7 is a side vieW of a system for applying 
electrical stimulation to a cortical stimulation site in accor 
dance With another embodiment of the invention. 

[0021] FIGS. 8A and 8B are an isometric vieW and a cross 
sectional vieW, respectively, of a system for applying elec 
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trical stimulation to a site on or proximate to the cortex in 
accordance With another embodiment of the invention. 

[0022] FIG. 8C is a cross sectional vieW of a system for 
applying electrical stimulation to a site on or proximate to 
the cortex according to another embodiment of the inven 
tion. 

[0023] FIG. 9A is a schematic illustration of a system for 
applying electrical stimulation to a site on or proximate to 
the cortex in accordance With another embodiment of the 
invention. 

[0024] FIG. 9B is a schematic illustration of a system for 
applying electrical stimulation to a site on or proximate to 
the cortex in accordance With another embodiment of the 
invention. 

[0025] FIGS. 10-11 are How charts illustrating methods 
for applying electrical stimulation to a stimulation site in 
accordance With embodiments of the invention. 

DETAILED DESCRIPTION 

[0026] The present disclosure describes systems and 
methods for neural stimulation that may enhance the ef?cacy 
and/or increase the ef?ciency of neural stimulation proce 
dures. The neural stimulation may comprise a set of stimu 
lation signals applied or delivered to or through target neural 
structures, target neural projections, and/or one or more 
target neural populations associated With controlling, in?u 
encing, or affecting one or more neurological functions 
under consideration. The neural stimulation may be directed 
toWard facilitating and/or elfectuating at least some degree 
of symptomatic relief and/ or restoration or development of 
functional abilities in patients experiencing neurologic dys 
function arising from neurological damage, neurologic dis 
ease, neurodegenerative conditions, neuropsychiatric disor 
ders, cognitive or learning disorders, and/or other 
conditions. Such neurologic dysfunction may correspond to 
Parkinson’s Disease, essential tremor, Huntington’s disease, 
stroke, traumatic brain injury, Cerebral Palsy, Multiple Scle 
rosis, a central pain syndrome, a memory disorder, dementia, 
AlZheimer’s disease, an affective disorder, depression, bipo 
lar disorder, anxiety, obsessive/compulsive disorder, Post 
Traumatic Stress Disorder, an eating disorder, schiZophre 
nia, Tourette’s Syndrome, Attention De?cit Disorder, an 
addiction, autism, epilepsy, a sleep disorder, a hearing 
disorder (e.g., tinnitis or auditory hallucinations), a speech 
disorder (e.g., stuttering), and/or one or more other disor 
ders, states, or conditions. 

[0027] For example, relative to controlling, in?uencing, 
stabiliZing, restoring, enhancing, or gaining a motor func 
tion, a target neural population may comprise one or more 
portions of a patient’s motor cortex. A neural location at 
Which or a neural region in Which stimulation signals are 
applied or delivered to or through a target neural population 
may be de?ned as a stimulation site. Thus, for a target neural 
population corresponding to the motor cortex, an exemplary 
stimulation site may comprise a location or region upon the 
patient’s dura mater. 

[0028] As another example, relative to controlling, in?u 
encing, stabiliZing, restoring, or enhancing an auditory func 
tion, a target neural population may correspond to one or 
more portions of a patient’s auditory cortex. A stimulation 
site may comprise an epidural or subdural cortical region 
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that may facilitate the application, delivery, and/or transfer 
of stimulation signals to such a target neural population, for 
example, an epidural site adjacent or proximate to the 
Sylvian ?ssure. The application of unipolar stimulation 
signals to such a stimulation site in accordance With par 
ticular embodiments of the invention may increase a likeli 
hood of affecting the target neural population in an intended 
manner. 

[0029] A stimulation site may be identi?ed in accordance 
With a variety of techniques, including (1) identi?cation of 
one or more anatomical landmarks; (2) preoperatively (e.g., 
using Transcranial Magnetic Stimulation) and/or intraopera 
tively stimulating one or more brain locations to identify or 
map particular neural regions that induce or evoke a given 
type of patient response (for example, a movement or a 
sensation); (3) estimating a location at Which the brain may 
recruit neurons to carry out a given type of neural activity 
that Was previously performed by a damaged portion of the 
brain; (4) an electrophysiologic signal measurement and/or 
analysis procedure (e.g., acquisition and/or analysis of EEG, 
EMG, MEG, coherence, partial coherence, and/or other 
signals); and/or (5) a neural imaging procedure. In general, 
the number and/or location of stimulation sites under con 
sideration may depend upon the nature, number, and/or 
extent of a patient’ s neurological condition and/ or functional 
de?cits. 

[0030] Several embodiments of such systems and methods 
apply or deliver a unipolar, monopolar, or isopolar stimula 
tion signal that may provide enhanced e?icacy or ef?ciency 
stimulation using a loW current level that reduces poWer 
consumption and/or mitigates collateral effects. Various 
embodiments of the present invention may apply or deliver 
neural stimulation at a subthreshold level or intensity, that is, 
at a level that raises or generally raises membrane potentials 
associated With a target neural population While avoiding the 
generation of a suf?cient or statistically signi?cant number 
of action potentials capable of triggering a neural function 
corresponding to the target neural population as a result of 
neural stimulation alone. 

[0031] Stimulation systems and methods in accordance 
With the present invention may be used to treat various 
neurological conditions and/or facilitate particular types of 
neurological or functional patient outcomes. Depending 
upon the nature of a particular condition, neural stimulation 
applied or delivered in accordance With several embodi 
ments of the invention may affect neural ?ring likelihoods 
and/ or in?uence, facilitate, and/ or effectuate reorganization 
of interconnections or synapses betWeen neurons to (a) 
provide at least some degree of functional recovery and/or 
functional gain; and/or (b) develop one or more compensa 
tory mechanisms to at least partially overcome a functional 
de?cit or shortcoming. Such reorganization of neural inter 
connections may be achieved, at least in part, by a change in 
the strength of synaptic connections through a process that 
corresponds to a mechanism commonly knoWn as Long 
Terrn Potentiation (LTP). Neural stimulation applied or 
delivered in accordance With certain embodiments of the 
invention may alternatively or additionally a?fect particular 
neural populations through a process that corresponds to a 
mechanism commonly knoWn as Long-Term Depression 
(LTD). Neural stimulation delivered or applied to one or 
more target neural populations either alone or in conjunction 
or association With one or more behavioral activities and/or 
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other types of adjunctive or synergistic therapies (e.g., a 
drug or chemical substance therapy, a neurotrophic or 
groWth factor therapy, and/or a cell implantation therapy) 
may facilitate, e?fectuate, or enhance therapeutic ef?cacy, for 
example, through neural plasticity and the reorganization of 
synaptic interconnections betWeen neurons. 

[0032] A. Systems for Applying Electrical Stimulation 

[0033] FIG. 1 is a side vieW of a system for applying 
electrical stimulation to a neural stimulation site or region 
according to an embodiment of the invention. In various 
embodiments, the stimulation site may be upon, essentially 
upon, or proximate to the surface of the cortex of a patient 
P. The stimulation system may comprise a stimulus unit 120 
and a patient interface that includes a set of electrodes, 
electrode arrangements and/or electrode assemblies 160 
(hereinafter, “electrode assemblies”). In one embodiment, 
the set of electrode assemblies 160 includes a ?rst electrode 
assembly 160a and a second electrode assembly 1601). 
Various alternate embodiments may include additional elec 
trode assemblies, Which may be positioned or implanted at 
or proximate to a set of stimulation sites, or remote from one 
or more stimulation sites. Electrode assemblies can stimu 
late dilferent neural regions, e.g., regions carrying out dif 
ferent neural functions and/or regions carrying out neural 
functions at different locations of the body, including dif 
ferent extremities of the body. 

[0034] Depending upon embodiment details, the system 
may also include a sensing unit 180 (shoWn schematically) 
con?gured to monitor one or more types of patient 
responses, activities, and/or behaviors. The sensing unit 180 
may be further con?gured to communicate With the stimulus 
unit 120. The sensing unit 180 may include, for example, 
electrodes 182 and/or other devices (e.g., an accelerometer 
or motion detector) con?gured to sense a patient’s neural 
activity (e.g., an EEG signal), neuromuscular activity (e.g., 
an EMG signal), behavioral activity (e.g., patient motion), 
and/or other types of patient activity. 

[0035] The stimulus unit 120 generates and outputs stimu 
lation signals, and the set of electrode assemblies 160 
facilitates application or delivery of the stimulation signals 
to the patient P. The stimulus unit 120 may perform, direct, 
and/or facilitate neural stimulation procedures in a manner 
that enhances ef?cacy, mitigates a likelihood of inducing 
collateral neural activity, and/or conserves poWer, as 
described in detail beloW. 

[0036] The stimulus unit 120 may comprise a pulse gen 
erator that is implanted into the patient P. In the embodiment 
shoWn in FIG. 1, the stimulus unit 120 is an IPG that is 
implanted in a thoracic, subclavicular, or abdominal loca 
tion. In other embodiments, the stimulus unit 120 can be an 
IPG implanted in the patient’s skull or just under the 
patient’s scalp. For example, the stimulus unit 120 can be 
implanted above the patient’s neckline at a location in or 
near the patient’s cranium. Examples stimulus units 120 
suitable for implantation in a patient’s cranium are set forth 
in US. patent application Ser. No. 09/802,808 (previously 
incorporated by reference), as Well as herein With reference 
to FIGS. 8A through 9B. 

[0037] The stimulus unit 120 may comprise a controller 
130 and a pulse system 140. The stimulus unit 120 may 
further comprise a poWer source, a battery, an energy storage 
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device, and/or power conversion circuitry (not shown). The 
controller 130 may include a processor, a memory, and a 
programmable computer medium. The controller 130 may 
be implemented as a computer or a microcontroller, and the 
programmable medium may comprise softWare, instruc 
tions, and/or con?guration information loaded into the 
memory and/or hardWare that performs, directs, and/or 
facilitates neural stimulation procedures in accordance With 
one or more methods of the present invention. 

[0038] The pulse system 140 generates and outputs stimu 
lation signals. FIG. 2 is a graph illustrating several param 
eters that may describe, de?ne, or characteriZe a stimulation 
signal. A stimulus start time tO may de?ne an initial point at 
Which a stimulation signal is applied to a target neural 
population. In one embodiment, the stimulation signal may 
be a symmetric or asymmetric biphasic Waveform compris 
ing a set or series of biphasic pulses, and Which may be 
de?ned, characterized, or described by parameters including 
a pulse Width tl for a ?rst pulse phase; a pulse Width t2 for 
a second pulse phase; and a pulse Width t3 for a single 
biphasic pulse. The parameters can also include a stimulus 
repetition rate l/t4 corresponding to a pulse repetition fre 
quency; a stimulus pulse duty cycle equal to t3 divided by t4; 
a stimulus burst time t5 that de?nes a number of pulses in a 
pulse train; and/or a pulse train repetition rate l/t6 that 
de?nes a stimulus burst frequency. Other parameters include 
a peak current intensity II for the ?rst pulse phase and a peak 
current intensity I2 for the second pulse phase. Those skilled 
in the art Will understand that pulse intensity or amplitude 
may decay during one or both pulse phases, and a pulse may 
be a charge-balanced Waveform. Those skilled in the art Will 
further understand that in an alternate embodiment, pulses 
can be monophasic or polyphasic. 

[0039] In certain embodiments, the pulse system 140 may 
generate and/or output stimulation signals in accordance 
With a theta burst pattern. In general, theta burst stimulation 
may comprise pulse bursts and/ or pulse packets separated by 
quiescent intervals, such that the number of pulse packets 
per seconds corresponds or approximately corresponds to 
theta Wave frequencies exhibited by the brain. In general, 
theta Wave frequencies may range from approximately 3 to 
10 HZ, and more particularly in certain embodiments, 4 to 8 
HZ. 

[0040] In particular embodiments, the pulse system 140 
may vary and/ or modulate stimulation signals in one or more 
manners, for example, in accordance With one or more 
mathematical operations and/or functions upon or corre 
sponding to particular stimulation signal parameters. Exem 
plary manners of varying stimulation signals are described 
in detail in US. Application No. 60/588,406, ?led on Jul. 15, 
2004, entitled “System and Method for Enhancing or A?fect 
ing Neural Stimulation Efficiency and/or Efficacy,” incor 
porated herein by reference in its entirety. 

[0041] The pulse system 140 may apply or output stimu 
lation signals to, across, or betWeen a ?rst terminal 142a and 
a second terminal 1421). Since a stimulation signal may 
comprise a time-varying Waveform, a relative polarity of the 
stimulation signal, and hence that of the ?rst and second 
terminals 142a-b, may change or vary With time. With 
respect to outputting one or more stimulation signals having 
phases that differ in polarity, an anode may be de?ned as a 
terminal 142a-b to Which a positive polarity phase Within an 
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initial pulse is ?rst applied. For example, for a stimulation 
signal comprising a series of biphasic pulses Where each 
pulse includes a positive polarity phase folloWed by a 
negative polarity phase, Where positive and negative may 
respectively be de?ned relative to a Zero potential level or a 
potential o?fset, an anode may be designated as the particular 
terminal 142a-b that ?rst receives a positive polarity phase 
folloWing the stimulus start time to. A cathode may be 
de?ned as a terminal 142a-b that provides electrical conti 
nuity for the stimulation signal delivered through the anodal 
terminal 142a-b. The polarity of the cathode may thus be 
opposite to that of the anode, or neutral. Depending upon 
embodiment details, a cathode may be de?ned as a terminal 
142a-b to Which a ?rst negative polarity or loWer potential 
phase Within an initial pulse is ?rst applied. Those skilled in 
the art Will recogniZe that the terms anode and cathode could 
be de?ned in an opposite or different manner than as de?ned 
above, yet such opposite or different de?nitions Would be 
equivalent, essentially equivalent, or consistent from a math 
ematical or circuit analysis perspective. 

[0042] Depending upon embodiment details, (a) the ?rst 
terminal 142a may be con?gured as an anode, While the 
second terminal 142!) may be con?gured as a cathode; (b) 
the ?rst terminal 142a may be con?gured as a cathode, While 
the second terminal 142!) may be con?gured as an anode; or 
(c) the ?rst and second terminals 142a-b may be selectively 
or programmably con?gured as an anode and a cathode, 
possibly in a predetermined, aperiodic, or pseudo-random 
time dependent manner. Such anode/ cathode selectivity may 
occur on a subseconds-based, a seconds-based, an hours 
based, and/or another type of time domain, and/or may be 
facilitated by signal selection circuitry (e.g., a multiplexor or 
a sWitch matrix) and/ or redundant output circuitry Within the 
stimulus unit 120. In particular embodiments, stimulus peri 
ods provided by the stimulus unit 120 can have durations of 
30 seconds or less, 10 seconds or less, 2-5 seconds, about 
one second, and/or less than one second. The stimulus 
periods can include but are not limited to alternating 
cathodal and anodal periods, alternating unipolar periods, 
alternating bipolar periods, and/or periods that alternate 
betWeen unipolar and bipolar. The electrical potential of the 
stimulation signal can also alternate betWeen subthreshold 
levels and suprathreshold levels. 

[0043] The ?rst electrode assembly 160a may be posi 
tioned or implanted at a stimulation site that is located upon, 
essentially upon, or proximate to a target neural population 
upon, Within, or near the patient’s cerebral cortex. The ?rst 
electrode assembly 160a may comprise a support member 
16211 and one or more contacts 164a carried by the support 
member 16211. The support member 16211 may be con?gured 
for implantation at a stimulation site upon or at least 
proximate to the surface of the patient’s cortex. The support 
member 16211, for example, can be a ?exible or rigid 
substrate that is implanted under the cranium S such that the 
contacts 16411 are positioned upon or adjacent to the dura 
mater at the stimulation site. In other embodiments, the 
support member 16211 can be a portion of a cranial screW or 
a housing that is implanted through the cranium S, in a 
manner identical or analogous to that described in US. 
patent application Ser. No. 10/418,796, Which is incorpo 
rated herein by reference. 

[0044] The ?rst electrode assembly 160a can have one or 
more contacts 164a arranged or positioned in a desired 
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con?guration. For example, the ?rst electrode assembly 
160a may include a single contact 16411, or a plurality of 
contacts 164a arranged as an array, grid, or other pattern. In 
the embodiment shoWn in FIG. 1, the ?rst electrode assem 
bly 160a also includes a ?rst lead or link 17011 that electri 
cally couples some or all of the contacts 16411 to the pulse 
system’s ?rst terminal 14211. The ?rst electrode assembly 
160a may therefore be con?gured as an anode or a cathode, 
in accordance With the anodal or cathodal con?guration of 
the ?rst terminal 14211 of the pulse system 140. Contacts 
16411 that are not coupled to the ?rst terminal 14211 at a 
particular time may electrically ?oat. The ?rst link 170a may 
be a Wired link or a Wireless link. The ?rst electrode 
assembly 160a can comprise a cortical neural-stimulation 
device, such as any of the devices described in Us. patent 
application Ser. No. 09/802,808 (previously incorporated 
herein by reference), and Us. patent application Ser. No. 
10/418,976, Which is also incorporated by reference herein. 

[0045] The second electrode assembly 1601) can be similar 
to the ?rst electrode assembly 16011, or it can be a different 
type of electrode assembly. The second electrode assembly 
1601) may be positioned remotely from the ?rst electrode 
assembly 160a. Since the second electrode assembly 1601) 
provides electrical continuity With respect to the ?rst elec 
trode assembly 16011, the second electrode assembly 1601) 
may be de?ned to reside at a circuit completion site. In the 
embodiment shoWn in FIG. 1, the second electrode assem 
bly 160!) comprises a separate electrode array including a 
support base 162!) and one or more contacts 1641). In 
accordance With particular embodiment details, the support 
base 162!) can be con?gured for positioning at (a) a location 
or site upon or proximate to the surface of the cortex spaced 
apart from the stimulation site Where the ?rst electrode 
assembly 16011 is located; (b) a deep brain location; or (c) 
another area in the body above or beloW the neck. The 
second electrode assembly 1601) can include a second link 
1701) that couples one or more contacts 164!) (i.e., each 
contact 16419 that is not electrically ?oating) to the second 
terminal 142!) of the pulse system 140. Thus, the second 
electrode assembly 1601) may be con?gured as an anode or 
a cathode, in accordance With the anodal or cathodal con 
?guration of the pulse system’s second terminal 142b. 

[0046] In the embodiment shoWn, the second electrode 
assembly 160b, and more particularly the second electrode 
assembly’s contacts 164b, are separate or otherWise 
detached from the ?rst electrode assembly 160a. Thus, the 
second electrode assembly’s contacts 164!) are not attached 
to the ?rst electrode assembly 160a, and the second elec 
trode assembly’s contacts 164!) may be movable With 
respect to the contacts 16411 of the ?rst electrode assembly 
164a before being implanted in the patient. The second 
electrode assembly 1601) may accordingly be con?gured to 
be attached to or implanted in the patient at a location spaced 
apart from a stimulation site on or proximate to the cortex of 
the patient Where electrical stimulation is to be applied to 
facilitate and/or effectuate a given neurological or neuro 
functional outcome, such as neural plasticity or another type 
of neural reorganiZation corresponding to one or more 
neural populations. 

[0047] In the embodiment shoWn in FIG. 1, each contact 
16411 of the ?rst electrode assembly 16011 that is coupled to 
the pulse system’s ?rst terminal 142a (i.e., each non-?oating 
contact 164a) is biased in accordance With a ?rst signal 
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polarity. Thus, the pulse system 140 applies an identical 
polarity signal to each such contact 16411 at any given time. 
Correspondingly, each intentionally biased or non-?oating 
contact 16419 of the second electrode assembly 1601) is 
biased in accordance With a second signal polarity, Where the 
second signal polarity is opposite or complementary to the 
?rst signal polarity, or neutral, to facilitate electrical current 
?oW betWeen the ?rst and second electrode assemblies 
160a-b. 

[0048] Neural stimulation in Which both an anode and a 
cathode are positioned, located, or situated Within, essen 
tially directly across, or proximate to a stimulation site may 
be de?ned as bipolar stimulation. In contrast, neural stimu 
lation in Which one of an anode and a cathode is positioned, 
located, or situated Within or proximate to a stimulation site, 
While a respective corresponding cathode or anode is posi 
tioned, located, or situated remote from the stimulation site 
to provide electrical continuity may be de?ned as unipolar, 
monopolar, or isopolar stimulation. Thus, neural stimulation 
characteriZed by a biasing con?guration in Which an anode 
and a cathode are positioned, located, or situated in different 
neurofunctional areas or functionally distinct anatomical 
regions may be de?ned as unipolar stimulation. In a unipolar 
con?guration, the pulse system 140 applies an identical 
polarity signal to each non-?oating contact 162a-b posi 
tioned upon or proximate to a stimulation site. Unipolar 
stimulation may be de?ned as anodal unipolar stimulation 
When an anode is positioned upon or proximate to a stimu 
lation site or a target neural population; and as cathodal 
unipolar stimulation When a cathode is positioned upon or 
proximate to a stimulation site or a target neural population. 

[0049] In several embodiments, the second electrode 
assembly 1601) is positioned apart or remote from the ?rst 
electrode assembly 16011 to establish an electric ?eld that 
passes through deep layers of the cortex and/ or other neural 
regions in a direction that is generally perpendicular or 
oblique With respect to (a) the ?rst electrode assembly’s 
contacts 164a; (b) the surface of the cortex under the ?rst 
electrode assembly 160a; and/or (c) the cranium of the 
patient at or proximate to the stimulation site. The electric 
?eld, for example, is substantially normal to the ?rst elec 
trode assembly 16011 in the deep layers of the cortex and/or 
other neural layers beneath the stimulation site. 

[0050] FIGS. 3A and 3B illustrate a different implemen 
tation of a system for applying electrical stimulation to a 
neural stimulation site according to an embodiment of the 
invention. In this embodiment, a ?rst electrode assembly 
160a may be implanted in the patient at a stimulation site at 
least proximate to the surface of the cortex C (FIG. 3B) over 
target neurons or a target neural population N (FIG. 3B). A 
second electrode assembly 1601) may be positioned at a 
location in the patient that is spaced apart from the stimu 
lation site, for example, at a location that is above the 
patient’s neck, to establish an electric ?eld orientation or 
distribution that extends in a desired direction relative to the 
target neurons N. The second electrode assembly 1601) may 
additionally or alternatively be positioned relative to other 
neural structures to minimiZe or mitigate collateral neural 
activity. The second electrode assembly 1601) can be spaced 
apart from the patient’s brain as shoWn in FIG. 3A, or the 
second electrode assembly 1601) can be positioned at a 
different location of the patient’s brain as shoWn in FIG. 3B. 
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[0051] The stimulus unit 120 may provide an output at a 
?rst polarity to the non-?oating contacts 16411 of the ?rst 
electrode assembly 160a, and provide an output at a second 
polarity to the non-?oating contacts 164!) of the second 
electrode assembly 1601). The ?rst electrode assembly’s 
contacts 164a accordingly provide a unipolar, monopolar, or 
isopolar bias at the stimulation site upon or proximate to the 
patient’s cortex C. The ?rst polarity may be anodal or 
cathodal, and the second polarity may respectively be 
cathodal or anodal (i.e., opposite to the ?rst polarity or 
neutral). A unipolar signal applied to the ?rst electrode 
assembly’s contacts 164a may establish an electric ?eld that 
extends through deep layers of the cortex and/ or other neural 
regions along a vector V extending generally perpendicular 
to, or at least oblique With respect to, the orientation of (a) 
the ?rst electrode assembly 160a; (b) the surface of the 
cortex C at or proximate to the stimulation site; and/or (c) 
the cranium of the patient adjacent to the stimulation site 
(FIG. 3A). 

[0052] Certain systems and/ or methods in accordance With 
the present invention may utiliZe or rely upon a single 
electrode assembly having a design that is suitable for 
providing unipolar stimulation rather than relying upon 
separate electrode assemblies. FIG. 3C is a schematic 
illustration of a combined electrode assembly 260 capable of 
applying or delivering unipolar stimulation to a patient. In 
one embodiment, the combined electrode assembly 260 
includes a support member 262 having a local portion 26311, 
a remote portion 263b, and a separation portion 2630. The 
local portion 263a carries a ?rst set of contacts 264a, and the 
remote portion 263!) carries a second set of contacts 26419. 
The support member 262 may be formed from one or more 
?exible or generally ?exible biocompatible materials (e.g., 
plastic and/or silicone), and the ?rst and second sets of 
contacts 264a-b may be formed from one or more biocom 
patible conductive materials (e.g., Titanium and/or Plati 
num). Through appropriate couplings to a pulse system’s 
?rst and second terminals 142a-b (for example, via a ?rst 
and a second link 170a-b), the ?rst set of contacts 264a may 
be con?gured as an anode or a cathode, While the second set 
of contacts 264!) may respectively be con?gured as a cath 
ode or an anode to facilitate unipolar stimulation. 

[0053] The combined electrode assembly 260 may be 
implanted into a patient such that the local portion 263a 
resides at, upon, or proximate to a stimulation site, While the 
remote portion 263!) resides at a circuit completion site that 
is distant or remote from the stimulation site. The separation 
portion 2630 may have a length L that is suf?cient to ensure 
that in a typical patient, an electric ?eld generated at or in the 
vicinity of the local portion 26311 is substantially perpen 
dicular to the patient’s cranium, cortical surface, and/or 
targeted neural tissues (Which may include deep cortical 
layers or regions, as discussed beloW) beneath the stimula 
tion site. In one embodiment, the value of L may be roughly 
an order of magnitude greater than the distance betWeen the 
stimulation site and a target neural population or neural 
region that is deepest or farthest from the stimulation site. 
For subdural stimulation, an exemplary value of L may be 
roughly an order of magnitude or more greater than approxi 
mately 2.5 to 3.0 mm; and for epidural stimulation, an 
exemplary value of L may be roughly an order of magnitude 
greater than approximately 4.0 to 6.0 mm. 
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[0054] The location, depth, and/or spatial boundaries of 
target neural structures and/ or a target neural population may 
depend upon the nature of a neurological condition or 
disorder under consideration. The extent to Which an electric 
?eld reaches, penetrates, and/ or travels into or through target 
neural structures and/ or a target neural population may affect 
neural stimulation ef?ciency and/ or ef?cacy. An electric ?eld 
generated by unipolar stimulation may reach or penetrate 
deeper neural regions at a loWer current level than an electric 
?eld generated by bipolar stimulation, as further described 
hereafter. 

[0055] FIG. 4 is a schematic illustration shoWing an 
exemplary electric ?eld distribution generated by unipolar 
stimulation using a system in accordance With an embodi 
ment of the invention. In FIG. 4, a ?rst contact 16411 is 
positioned at a stimulation site corresponding to a target 
neural population, While a second contact (not shoWn) is 
positioned distant or remote from the ?rst contact 16411 at a 
different neurofunctional or anatomical region. The ?rst 
contact 16411 may be biased as an anode, for example, and 
the second contact may be biased as a cathode to establish 
an electrical potential gradient or difference that facilitates 
the How of electrical current (i.e., a net movement of charged 
particles or ions). A unipolar electric ?eld distribution may 
be represented as a plurality of ?eld lines 300 that extend 
through, for example, targeted deep layers of the cortex C 
and possibly other neural regions in a direction that is at least 
substantially perpendicular to (l) the surface of the cortex at 
or proximate to the stimulation site; and/or (2) the ?rst 
electrode assembly’s contacts 164a. 

[0056] FIG. 5 is a schematic illustration shoWing an 
exemplary electric ?eld distribution generated by bipolar 
stimulation, Which may be selectively produced in accor 
dance With particular embodiments of the invention as 
further described beloW. In FIG. 5, a ?rst contact 41011 and 
a second contact 41019 are con?gured to deliver bipolar 
stimulation to one or more portions of a target neural 
population. The ?rst and second contacts 410a, 4101) are 
located proximate to each other, Within or upon a stimulation 
site that corresponds to the spatial extent of the target neural 
population. In a bipolar con?guration, contacts 410a-b posi 
tioned at and/or near the stimulation site are biased at 
different polarities. In FIG. 5, the ?rst contact 41011 is biased 
as an anode, While a second contact 41019 is biased as a 
cathode. A bipolar electric ?eld distribution may be repre 
sented as a plurality of ?eld lines 400 having ?eld compo 
nents that are generally parallel to (l) the surface of the 
cortex at or proximate to the stimulation site; and/or (2) a 
support member (not shoWn) con?gured to carry the ?rst and 
second contacts 410a-b. 

[0057] In general, an electrical potential gradient or dif 
ference betWeen an anode and a cathode con?gured to 
provide unipolar stimulation exists over a longer or greater 
distance than an electrical potential gradient betWeen an 
anode and a cathode con?gured to provide bipolar stimula 
tion. Thus, an anode to cathode electrical current pathWay 
associated With unipolar stimulation Will typically be longer 
than an electrical current pathWay associated With bipolar 
stimulation. Unipolar stimulation may therefore provide a 
greater degree of therapeutic ef?cacy than bipolar stimula 
tion When stimulation of neural regions, structures, and/or 
projections that are deeper or more distant than those just 
beneath and/or in the near vicinity of the stimulation site 
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may be of importance. Moreover, unipolar stimulation may 
deliver more current to such deeper or more distant neural 

regions at a loWer poWer level than bipolar stimulation, 
Which may result in greater stimulation e?iciency and/or a 
reduced likelihood of inducing collateral neural activity. 
Enhanced stimulation e?iciency may be important When 
treating chronic, near-chronic, and/or longer-term condi 
tions, for example, movement disorders or central pain 
syndrome. 

[0058] In addition to or association With the foregoing, an 
electric ?eld polarity, orientation and/ or distribution relative 
to particular types of neurons, neural projections, neural 
structures, and/ or neurofunctional regions may in?uence or 
affect neural stimulation e?iciency and/or e?icacy. The 
cortex C may be organiZed as a set of 6 layers, Where layer 
1 maintains a boundary corresponding to the cortical sur 
face. Successive cortical layers exist or reside at increasing 
depths relative to the cortical surface. Thus, layer 6 corre 
sponds to a deepest cortical layer. The thickness or extent of 
any given cortical layer, and the type, number, and/ or siZe of 
neurons, neural projections, and/ or neural structures therein 
depends upon the cortical neurofunctional region under 
consideration. 

[0059] Neurons convey input signals along their dendrites 
toWard their cell bodies. Neurons in the cortex C include 
pyramidal cells 302 and interneurons 304. In the motor 
cortex, the largest pyramidal cells 320 have soma or cell 
bodies that reside in deep cortical layer 5. Pyramidal cells 
302 have dendrites that project aWay from their cell bodies 
into overlying or super?cial cortical layers, toWard the 
cortical surface in a manner that is approximately perpen 
dicular or normal to the layer structure of the cortex C. 
Interneurons 304 have cell bodies that commonly reside in 
cortical layers 2, 3, and 4, and include dendrites that tend to 
project aWay from their cell bodies Within the same layer or 
into an adjacent layer in a manner that is generally lateral or 
parallel With respect to the layer structure of the cortex C. 

[0060] An optimal, near optimal, or desirable electric ?eld 
orientation for therapeutic neural stimulation may be based 
upon or determined by the orientation of one or more types 
of neurons, neural structures, and/or neural projections 
Within or associated With a target neural population N. For 
example, an electric ?eld that is oriented generally parallel 
to a main or overall direction in Which pyramidal cell 
dendrites project, that is, generally perpendicular or normal 
to the cortical layer structure (or equivalently, generally 
perpendicular or normal to the surface of the cortex C or the 
cranium), may preferentially in?uence or exert a more 
signi?cant effect upon pyramidal cells 302 than interneurons 
304, Which include dendrites that generally project lateral to 
the cortical layer structure. In an analogous manner, an 
electric ?eld that is oriented generally parallel to a typical or 
overall direction in Which intemeuron dendrites project, that 
is, generally parallel or lateral to the cortical layer structure, 
may preferentially in?uence or exert a more signi?cant 
effect upon interneurons 304 than pyramidal cells 302. 

[0061] In vieW of the foregoing, systems and/or methods 
in accordance With particular embodiments of the invention 
may apply or deliver stimulation signals having one or more 
polarities that may enhance a likelihood of facilitating or 
elfectuating a desired neurological and/or functional out 
come based upon the types of neurons, neural structures, 
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and/or neural projections involved in subserving such an 
outcome. For example, speci?c embodiments of the inven 
tion may apply unipolar stimulation at one or more times to 
patients experiencing certain types of central pain syndrome. 
As another example, various embodiments of the invention 
may apply unipolar stimulation, possibly in conjunction 
With a behavioral therapy, to patients having functional 
de?cits associated With stroke, traumatic brain injury, cere 
bral palsy, and/or other disorders (e.g., tinnitus). In certain 
situations, unipolar stimulation may more effectively facili 
tate or e?fectuate neural disinhibition and/or neuroplastic 
change associated With a target neural population than 
bipolar stimulation, thereby enhancing the extent to Which 
such patients can recover lost functional abilities and/or 
develop neW abilities. 

[0062] Unipolar stimulation may facilitate or e?fectuate 
enhanced recovery or development of functional abilities in 
patients experiencing particular types of neurologic dys 
function When compared to bipolar stimulation. For 
example, cathodal unipolar stimulation in conjunction or 
association With a behavioral therapy such as an Activity of 
Daily Living (ADL) may facilitate or e?fectuate a greater 
degree of functional development and/or recovery in a 
patient experiencing functional de?cits associated With 
stroke, traumatic brain injury, and/or neurological damage 
than bipolar stimulation either alone or in association or 
conjunction With such a behavioral therapy. Moreover, such 
enhanced recovery may occur using loWer current or aver 
age poWer levels than Would be required for bipolar stimu 
lation, thereby conserving poWer and/or reducing a likeli 
hood of inducing collateral neural activity. 

[0063] Certain systems and/ or methods in accordance With 
the invention may deliver unipolar stimulation during a 
unipolar stimulation period and bipolar stimulation during a 
bipolar stimulation period. For example, relative to facili 
tating or elfectuating neuroplasticity, both pyramidal cells 
302 and interneurons 304 may play a role in neural reorga 
niZation. Thus, a system and/or method may deliver unipolar 
stimulation to more selectively in?uence or affect pyramidal 
cells 302 during a unipolar stimulation period, and deliver 
bipolar stimulation to more selectively in?uence or affect 
interneurons 304 during a bipolar stimulation period. One or 
more unipolar and/or bipolar stimulation periods may be 
identical or different in duration, and may occur in a 
successive or generally successive manner, With or Without 
one or more types of intervening delays, interruptions, or 
cessations. Any given unipolar stimulation period, bipolar 
stimulation period, and/or interruption period betWeen uni 
polar and/or bipolar stimulation periods may correspond to 
a subseconds-based, a seconds-based, an hours-based, and/ 
or another type of time domain. Depending upon embodi 
ment details, alternation betWeen unipolar and/or bipolar 
stimulation periods and/or intervals betWeen such periods 
may temporally occur in a predetermined, aperiodic, or 
pseudo-random manner. Neural stimulation may be deliv 
ered during one or more unipolar and/ or bipolar stimulation 
periods in conjunction or association With one or more 
adjunctive or synergistic therapies, for example, a behav 
ioral therapy and/or a drug therapy. An adjunctive therapy 
corresponding to a unipolar stimulation period may be 
identical to or different from an adjunctive therapy corre 
sponding to a bipolar stimulation period. 


















