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(57) ABSTRACT

A method to control tissue/device heating at implantable
medical devices including neuroprosthetic devices. In a first
embodiment, thermal conductivity of components of the
implantable medical devices including the neuroprosthetic
devices is increased. In a second embodiment, the implant-
able medical devices including the neuroprosthetic devices
are cooled by using heat-sinks. In a third embodiment. por-
tions of the implantable medical devices including the neu-
roprosthetic devices are replaced with specific thermal prop-
erties. In a fourth embodiment, the implantable medical
devices including the neuroprosthetic devices are coated with
a drug/material that will induce surrounding tissue to become
more resistant to temperature increases. In a fifth embodi-
ment, the temperature increase near the implantable devices
including the neuroprosthetic devices is determined using a
modified bio-heat transfer model. In a sixth embodiment, the
shape of the outer or the inner surface of the device is modi-
fied.
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METHOD TO REDUCE HEATING AT
IMPLANTABLE MEDICAL DEVICES
INCLUDING NEUROPROSTHETIC DEVICES

THE CROSS REFERENCE TO RETLATED
APPLICATIONS

[0001] The instant nonprovisional patent application is a
national patent application claiming priority from PCT inter-
national patent application number PCT/US2007/018484,
filed on 21 Aug. 2007, and entitled METHOD TO REDUCE
HEATING AT IMPLANTABLE MEDICAL DEVICES
INCLUDING NEUROPROSTHETIC DEVICES, which
claims priority from provisional patent application No.
60/839,002, filed on Aug. 21, 2006, and entitled METHOD
TO REDUCE HEATING AT IMPLANTABLE MEDICAL
DEVICES INCLUDING NEUROPROSTHETIC
DEVICES, and which are both incorporated herein by refer-
ence thereto.

THE BACKGROUND OF THE INVENTION

[0002]
[0003]

A. The Field of the Invention
The embodiments of the present invention relate to

amethod to reduce heating or to change spatial distribution of

heating, and more particularly, but not by way of limitation,
the embodiments of the present invention relate to a method to
reduce heating or to change spatial distribution of heating at
implantable medical devices including neuroprosthetic
devices.

[0004] B. The Description of the Prior Art
[0005] Implantable medical devices are commonly used

today to treat patients suffering from various ailments.
Implantable medical devices, such as pacemakers, Deep
Brain Stimulation (DBS), and glucose pumps, can cause heat-
ing of the device and surrounding tissue. The heating can
result [rom:
[0006] Power consumption by the device
internal batteries and external power delivery.

including

[0007] Device faults/failure.
[0008] Improper device use.
[0009] Electrical currents generated by the—normal

device operation in the case of electrical stimulation
devices/tissue Joule Heating.

[0010] Device coupling with an external electromag-
netic field—for example MRI.
[0011] Device action(s) on tissue or interaction with

another device.
[0012] These sources of heating may be cumulative and can
result in poor device performance, unwanted effects on the
tissue/device, and/or damage to the tissue/device. Tissue/de-
vice damage can lead to lasting morbidity and/or death. For
all these reasons, it is important to control heating around
implantable devices.
[0013] Medical devices that employ electrical stimulation
in some aspect of their function can be referred to as neuro-
prosthetic devices. One example of a neuroprosthetic device
is Deep Brain Stimulation (DBS).
[0014] DBS is a technology pioneered by Medtronic Corp.
is FDA approved for the treatment of Parkinson’s disease, and

is under clinical trials for depression, epilepsy, and a range of

other ncurological disorders. DBS involves implantation of a
lead inside the brain and electrical stimulation through this
lead. As had been said. a side-effect of DBS is heating near the
lead. For example, heating can result from:
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[0015] Electrical stimulation during normal DBS lead
operation.
[0016] Coupling of DBS leads with external magnetic

ficlds, such as those generated during MRT or Diathermy
treatment.
[0017]  Excessive heating can lead to tissue ablation, brain
damage. and death. Heating as a result of coupling with
external magnetic fields has recently become a significant
DBS safety concern. In particular:

[0018] Two DBS patients suffered severe brain damage
after undergoing Diathermy treatment.

[0019] Computer modeling and ‘phantom’ experimental
studies have indicated that MRI fields can result in tissuc
destruction in DBS patients.

[0020] Additional case studies on brain damage due to
heating may be [orthcoming.

[0021] As a result, Medtronic has altered counter-indica-
tion protocols and issued a voluntary recall. These measures
have not completely ameliorated this critical safety problem
because:

[0022] Significant unknowns remain about heating risks,
i.c.. are the new guideline sufficient, i.c., what addi-
tional-—potentially lethal-—counter-indications have
not yet been identified.

[0023] Because MRI is an important tool in treating and
evaluating DBS patients, restrictions on MRI use impair
patient care and technology development.

[0024] Future advances in DBS technology targeting
new diseases/patient populations may be hampered by
these safety concerns. It is also noted that patients and
clinicians are generally not confident in these new guide-
lines, e.g.. Clinicians note unexplained scanner-to-scan-
ner variability and DBS patients refuse to enter even
approved MRI scanners. Medtronic’s concern oven this
issuc is further evident by a series of recent patents
attempting to deal with this issue.

[0025] Concerns about heating are not limited to only DBS,
and heating near implantable medical devices is of broad and
significant concern.

[0026] The electrical stimulation of tissues can lead to tem-
perature rises as a result of both Joule heat and metabolic
responses to stimulation.' Electrical stimulation-induced
changes in temperature can profoundly affect tissue function.
Moderate temperature increases are not necessarily necrotic.
"Tungjitusolmun S.. E. J. Woo, H. Cao. Finite Element Analyses of Uniform
Current Density Electrodes for Radio-Frequency Cardiac Ablation. /EEE
Trans. Biomedical Fngr., 2000: vol. 47, No. 1: 32-40: Labonte S. Numerical
Model for Radio-Frequency Ablation ofthe Endocardium and its Experimental
Validation. [EEE [rans. Biomed. Eng. 1994: vol. 41, No. 2:108-115; Chang L.
Finite Element Analysis of Hepatic Radio-Frequency Ablation Probes Using
Temperature-Dependent  Electrical Conductivity. Biomedical Engineering
Online 2003, 2:12: LaManna ] C,K A McCracken, M Patil, O J Prohaska. Brain
Tissue Temperature: Activation-Induced Changes Determined with a New
Multisensor Probe. Exp. Med. Biol. 198%: 222: 383-9; LaManna | C, K A
McCracken, M Patil, O J Prohaska. Stimulus-Activated Changes in Brain
Tissue Temperature in the Anesthetized Rat. Metab. Brain Dis. 1989; 4(4):
225-37.

[0027] Joule heat will be produced in any electrical field
where electrical currents are circulating.” The magnitude and
spatial distribution of the induced temperature changes are a
function of tissue properties and the electrical stimulation
parameters. Electrical stimulation has been used as a tool to
analyze brain metabolism and related temperature rises.”
Numerical models of radio-frequency ablation probes show
that a voltage greater than 10V R.M.S. will increase tempera-
ture to 40° C. or more.* These reports indicate that reducing
stimulation intensity reduces peak temperature rises, but did
not explicitly examine stimulation voltages sufficient to
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induce moderate (<2° C.) temperature changes. Electrical
stimulation in rat brains with micro-electrodes (1-10 s, 0.5
pulse duration, 10-20 Hz: at stimulation intensities below
those generating seizures) has been shown to increase brain
temperature up to 0.1 -0.5° C.. 1 mm from the stimulating
electrodes.”

’LaManna J C, K A McCracken, M Patil, O J Prohaska. Stimulus-Activated
Changes in Brain Tissue Temperature in the Anesthetized Rat. Metab. Brain
Dis. 1989; 4(4): 225-37.

*LaManna J C, M Rosenthal, R Novack, D F Moffett, F F Jobsis. Temperature
Coefficients for the Oxidative Metabolic Responses to Electrical Stimulation in
Cerebral Cortex. J Neurochem. 1980; 34(1): 203-9; LaManna J C, K A
McCracken, M Patil, O J Prohaska. Brain Tissue Temperature: Activation-
Induced Changes Determined with a New Multisensor Probe. Exp. Med. Biol.
1988: 222: 383-9; LaManna J C, K A McCracken, M Patil, O J Prohaska.
Stimulus-Activated Changes in Brain Tissue Temperature in the Anesthetized
Rat. Metab. Brain Dis. 1989; 4(4): 225-37; Tasaki I, P M Byrne. Ileat Produc-
tion Associated with Synaptic Transmission in the Bullfrog Spinal Cord. Brain
Res. 1987:407(2): 386-9.

“Labonte S. Numerical Model for Radio-Frequency Ablation of the Endocar-
dinm and its Experimental Validation. IEEE Trans. Biomed Eng. 1994: vol. 41,
No. 2:108-115: Chang . Finite Flement Analysis of Hepatic Radio- 'I’qultfllL_\
Ablation Probes Using Temperature-Dependent Electrical Conductivity. Bio-
medical Engineering Online 2003, 2:12.

*LaManna I C, K A McCracken, M Patil, O J Prohaska. Brain Tissue Tempera-
ture: Activation-Induced Changes Determined with a New Multisensor Probe.
FExp. Med. Biol. 1988; 222: 383-9; .aManna | C, K A McCracken, M Patil, O
J Prohaska. Stimulus-Activated Changes in Brain Tissue Temperature in the
Anesthetized Rat. Merab. Brain Dis. 1989; 4(4): 225-37.

[0028] Brain function is especially sensitive to changes in
temperature. An increase in temperature by ~1° C. can have
profound ettects on single neuron and neuronal network func-
tion.® For most membrane channels, the temperature depen-
dence of conductance is comparable to that of a diffusion-
limited process.
channel gating and pump kinetics can exceed this value by
more than an order of magnitude.”

“Hoffmann H M, V E Dionne. Temperature Dependence of Ion Permeation at
the Endplate Channel. J. Gen. Physiol 1983; 81(5): 687-703: Moser E. |
Mathiesen, P Andersen. Association Between Brain Temperature and Dentate
Field Potentials in Exploring and Swimming Rats. Science. 1993; 259 (5099):
1324-6: Stiles J R. TV Kovyazina, E E Salpeter, Salpeter Mm. The Temperature
Sensitivity of Miniature Endplate Currents Is Mostly Governed by Channel
Gating: Lvidence from Optimized Recordings and Monte Carlo Simulations.
Biophys. J1999; 77(2): 1177-87: Bennetts B. M 1. Roberts, A H Bretag, G Y
Rychkov. Temperature Dependence of Human Muscle C1C-1 Chloride Chan-
nel. J. Physiol. 2001: S35(Pt 1): 83-93: Fujii S. I1 Sasaki. K Ito, K Kaneko, I
Kato. Temperature Dependence of Synaptic Responses in Guinea Pig Hippoc-
ampal Cal Neurons In Vitro. Cell Mol. Neurobiol. 2002; 22(4): 379-91.
"Bennetts B. M L Roberts, A H Bretag, G Y Rychkov. Temperature Depen-
dence of Human Muscle C1C-1 Chloride Channel. /. Physiol. 2001; S35(Pt 1):
83-93: Dostrovsky, I. O., R. Levy. I. P. Wu, W. D. Hutchison, R. R. Tasker, A.
M. Lozano. Microstimulation-Induced Inhibition of Neuronal Firing in Human
Globus Pallidus. J. Newrophysiol 2000 84: 570-574.

[0029] All biophysical propertics, including those sug-
gested to play a role in the effects of DBS, are temperature
dependent. These include membrane properties, such as pas-
sive resistance/capacitance and voltage gated channel kinet-
ics. Changes in membrane properties will affect firing thresh-
old, peak firing rate.* and depolarization block threshold in
response to DBS.” Excitatory and/or inhibitory synaptic

transmission has been suggested to mediate the etfects of

DBS.'? Both are highly sensitive to temperature changes.''
SMclntyre C C. M Savasta, L Kerkerian, L Goff, J L Vitek. Uncovering the
Mechanism(s) of Action of Deep Brain Stimulation: Activation, Inhibition, or
Both. Chin. Neurophystol. 2004b: 115(6): 1239-48.

“Beunier C, B Bioulac, ] Audin. C Hammond. High-Frequency Stimulation
Produces a Transient Blockade of Voltage-Gated Currents in Subthalamic
Neurons. J. Neurophysiol. 2001; 85(4): 1351-6.

1%Dostrovsky, J. O.. R. Levy. J. P. Wu, W. D. Hutchison, R. R. Tasker, A. M.
Lozano. Microstimulation-Induced Inhibition of Neuronal Firing in Human
Globus Pallidus. J. Neurophysiol 2000; 84: 570-574.

Mpicrau F R, M R Klee, F W. Klussmann. Effect of Temperature on Postsyn-
aptic Potentials of Cat Spinal Motoneurones. Brain Res. 1976: 114(1): 21-34:
Hoffmann H M.V E Dionne. Temperature Dependence of Ton Permeation at the
Endplate Channel. J. Gen. Physiol. 1983; 81(5): 687-703; Stiles J R, I V
Kovyazina, E E Salpeter, Salpeter M M. The Temperature Sensitivity of Min-
iature Endplate Currents is Mostly Governed by Channel Gating: Evidence

while the temperature dependence of
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from Optimized Recordings and Monte Carlo Simulations. Biophys. J. 1999;
77(2): 1177-87; Fujii S, H Sasaki. K Ito, K Kaneko, H Kato. Temperature
Dependence of Synaptic Responses in Guinea Pig Hippocampal Cal Neurons
In Vitro. Cell Mol. Neurobiol. 2002; 22(4): 379-91.

[0030] Temperature dependent changes in pump kinetics
will effect the regulation of the neuronal environment includ-
ing the accumulation of neurotransmitters and ions. Extracel-
lular potassium accumulation, which is associated with high-
frequency electrical stimulation and has been suggested to
play a role in DBS.'? is highly sensitive to temperature
changes and related metabolic activity.'* Rescarch on the
mechanisms of DBS has also focused on associated neu-
rotransmitter concentration changes'* whose release and
clearance kinetics will both change with temperature. Poten-
tial DBS-induced changes in brain temperature are thus of
broad interest in quantifying the mechanisms of DBS.
?Bikson M, J Lian, P J Hahn, W C Stacey, C Sciortino, D M Durand. Sup-
pression of Epileptiform Activity by High Frequency Sinusoidal Fields in Rat
Hippocampal Slices. J. Physiol. 2001; 531 (Pt 1): 181-91: Lian J, M Bikson, C
Sciortino, W C Stacey, D M Durand. Local Suppression of Epileptiform Activ-
ity by Electrical Stimulation in Rat Liippocampus /n Vitro. J. Physiol. 2003:
547(Pt 2): 427-34.

13Lewis D V. W H Schuette. Temperature Dependence of Potassium Clearance
in the Central Nervous System. Brain Res. 1975:99(1): 175-8; Lothman E, J
Lamanna, G Cordingley. M Rosenthal, G Somjen. Responses of Electrical
Potential. Potassium Levels, and Oxidative Metabolic Activity of the Cerebral
Neocortex of Cats. Brain Res. 1975: 88(1): 15-36.

"“Windels F. N Bruet. A Poupard. N Urbain, G Chouvet, C Feuerstein, M
Savasta. Effects of High Frequency Stimulation of Subthalamic Nucleus on
Extracellular Glutamate and OABA in Substantia Nigra and Globus Pallidus in
the Normal Rat. Eur: J. Neurosci. 2000 12(11): 4141-6; Bruet N, F Windels. A
Bertrand. C Feuerstein, A Poupard, M Savasta. High Frequency Stimulation of
the Subthalaniic Nucleus Increases the Extracellular Contents of Striatal
Dopamine in Normal and Partially Dopaniinergic Denervated Rats. J. Neuro-
pathol Exp. Neurol. 2 : Savasta, M., F. Windels, N. Bruet, A.
Bertrand. A. Poupard. Ni Modifications Induced by High-Fre-
quency Stimulation of Subthalamic Nucleus in Rats. In: Nichoisson, L., Editor.
The basal ganglia VII, Kluwer, 2002:581-390; Urbano. F. I., E. Leznik, R. R.
Llinas. Cortical Activation Patterns sked by Afferent Axons Stinuli at
Different Frequencies: an In Vitro Vollme Sensitive Dye Imaging Study.
Thalamus Rel. Svst. 2002; 1:371-378; Lee K H, S'Y Chang, D W Roberts, U
Kim. Neurotransmitter Release from High-Frequency Stimulation of the Sub-
thalamic Nucleus. J. Neurosurg. 2004; 101(3): 511-7

[0031] Besides Joule heat. DBS may further increase brain
temperature through increasing neuronal activity and con-
comitant metabolic activity, e.g.. lon/neurotransmitter
pumps.'’ Indeed, DBS is generally associated with a local
increase in metabolic activity.'® Both tissue heating and
increased metabolic activity may promote increased blood
flow as is observed during DBS."”

1>LaManna J C, K A McCracken, M Patil, O J Prohaska. Stimulus-Activated
Changes in Brain Tissue Temperature in the Anesthetized Rat. Merab. Brain
Dis. 1989: 4(4): 225-37: Tasaki [, P M Byrne.

[0032] Heat Production Associated with Synaptic Trans-
mission in the Bullfrog Spinal Cord. Brain Res. 1987; 407(2):
386-9: Abbott B C, JV Howarth, ] M Ritchie. The Initial Heat
Production Associated with the Nerve Impulse in Crustacean
and Mammalian Non-Myelinated Nerve Fibres. .J. Phvsiol.
1965: 178: 368-83.

1Rezai A R, A M Lozano, A P Crawley. M L Joy. K D Davis, C L Kwan, J O
Dostrovsky, R R Tasker, D | Miku halamic Stimulation and Functional
Magnetic Resonance [maging: Localization of Cortical and Subcortical Acti-
vation with Implanted Electrodes. Technical Note. J. Neurosurg. 1999; 90(3):
583-90: Zonenshayn, M., A. Y. Mogilner, A. R. Rezai. Neurostimulation and
Functional Brain Imaging. Neurol. Res. 2000; 22: 318- Mclntyre CC, M
Savasta, L Kerkerian, L Goff, I L Vitek. Uncovering the Mechanism(s) of
Action of Deep Brain Stimulation: Activation, Inhibition, or Both. Chin. Neu-
rophysiol. 2004h; 115(6): 1239-48.

7). S. Perlmutter, J. W. Mink. A. J. Bastian, K. Zackowski, T. Hershy. E.
waki, W. Koller, T. O. Videen. Blood Flow Responses to Deep Brain
Stimulation of Thalamus. Neurology 2002; 58: 1388-1394.

[0033] The range of physiological-—non-necrotic—tem-
perature transients. for example in response to sensory
stimuli, remains unclear. Changes up to 0.12 to 1 .4° C. have
been reported.'® Moderate (<2° C.) changes in brain tempera-
ture, for example induced by DBS. may thus exert a profound
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effect on neuronal function without leading to cell damage.

'SLaManna J C, K A McCracken, M Patil, O I Prohaska. Stimulus-Activated
Changes in Brain Tissue Temperature in the Anesthetized Rat. Metab. Brain
Dis. 1989; 4(4): 225-37; Hoftmann II M, V E Dionne. Temperature Depen-
dence of [on Permeation at the Endplate Channel. J. Gen. Physiol. 1983: 81(5):
687-703.

[0034] Current DBS salety guidelines are presumably
based solely on charge delivery/electrochemical consider-
ations. While waveforms with reversal of stimulation
phase—charge balanced stimulation—are advantageous
from an electrochemical safety stand-point,'” they may be
disadvantageous from a temperature safety stand-point—R.
M.S. considerations. While lead/electrode selection does not
necessarily factor in electrochemical safety considerations,
thermal interaction between electrodes indicates that tem-
perature-based salety guidelines must consider electrode
separation distance. Therefore. the design of DBS stimulation
parameters to limit temperature rises should follow separate
guidelines then those to limit charge delivery.

"Merrill D R, M Bikson, J G Jefferys. Electrical Stimulation of Excitable
Tissue Design of Efficacious and Safe Protocols. J. Neurosci. Methods. 2005:
141(2): 171-98.

[0035] Numerous innovations for medical implantable
devices and their operation for treating discases have been
provided in the prior art. which will be described below, and
which are incorporated herein by reference thereto. These
innovations teach brain stimulation and do not address or
even mention tissue heating resulting from normal device
operation or unexpected factors. e.g.. MRI coupling, as do the
embodiments of the present invention.

(a) The U.S. Pat. No. 5,782,798 to Rise.

[0036] The U.S. Pat. No. 5,782,798 issued to Rise on Jul.
21, 1998 in class 604 and subclass 500 teaches techniques
using one or more drugs and/or electrical stimulation for
treating an eating disorder by way of an implantable signal
generator and electrode and/or an implantable pump and
catheter. A catheter is surgically implanted in the brain to
infuse the drugs and one or more electrodes may be surgically
implanted in the brain to provide electrical stimulation.

(b) The U.S. Pat. No. 5,800,474 to Benabid et al.

[0037] The U.S. Pat. No. 5.800,474 issued to Benabid et al.
on Sep. 1, 1998 in class 607 and subclass 45 teaches a method
of preventing scizures as experienced by persons with Epi-
lepsy. Iigh frequency electrical stimulation pulses are sup-
plied to the subthalamic nucleus. thereby blocking neural
activity in the subthalamic nucleus and reducing excitatory
input to the substantia nigra, which leads to a reduction in the
occurrence of seizures.

[0038] Further, numerous innovations for alternative meth-
ods for reducing hazardous tissue heating resulting from
external magnetic coupling to DBS have been provided in the
prior art, which will be described below. and which are incor-
porated herein by reference thereto.

[0039] Generally, these innovations teach moditying the
geometry of the DBS lead wires or changing the material
properties of the leads, so that coupling with external fields,
e.g.. MRI is reduced. i.e., methods to generate MRI-sate
implantable devices/leads sometimes in specific reference to
tissue heating. These methods are unproven, may offer only
minimal benefit even if practical, and are inherently complex
leading to questions of clinical feasibility. Further, these
“coupling-reducing” innovations are completely ineftective
in reducing temperature rises induced by normal device func-
tion, including electrical stimulation or device faults.

[0040] These innovations generally focus on neuro-electri-
cal stimulation devices, e.g.. DBS in a MRI scanner. They
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attempt to reduce coupling ot the device with the MR field by
either changing the device material properties or the device
geometry. They do not suggest methods for reducing tem-
perature rises once they are induced as do the embodiments of
the present invention. Rather. they focus on reducing cou-
pling with the MRI and hence reducing initial temperature
generation. None of these innovations have been demon-
strated to work in a person with an implantable device. Poten-
tially. some of these innovations have been evaluated using
rudimentary computer simulations or an experimental phan-
tom-—a fluid in a container inserted into a scanner. Both the
computer simulation used and the phantom experiments—if
they are used-—have serious limitations in their applicability
to humans. These innovations do not in any way address
temperature increases resulting from device power consump-
tion or from electrical currents induced by the stimulation
device itself. Moreover. these innovations would in no way
mitigate these other temperature increases because they only
minimize coupling with an external magnetic field.

(c) The United States Patent Application Publication Number
2005/0015128 to Rezai et al.

[0041] The United States Patent Application Publication
Number 2005/0015128 published to Rezai et al. on Jan. 20,
2005 in class 607 and subclass 115 teaches a device and
method for retaining an excess portion of a lead implanted
within or on a surface of a brain of a patient. The device
includes a burr hole ring configured to be secured to a skull of
the patient and a lead retainer extending [rom the burr hole
ring. The lead retainer is configured to store at least a section
of the excess portion of the lead.

(d) The United States Patent Application Publication Number
2005/0182482 to Wang et al.

[0042] The United States Patent Application Publication
Number 2005/0182482 published to Wang et al. on Aug. 18,
2005 in class 623 and subclass 1.15 teaches a medical device
including a coating-inhibiting distortion ol medical-reso-
nance images taken of the device. When the device is exposed
to radio-frequency electromagnetic radiation with a fre-
quency of from 10 megahertz to about 200 megahertz. at least
90 percent of this radio frequency electromagnetic radiation
penetrates to the lumen of'the device. The concentration of the
radio frequency electromagnetic radiation penetrating to the
lumen of the device is substantially identical at different
points within the interior. The coating includes magnetic
material with an average particle size of less than about 40
nanometers.

(e) The United States Patent Application Publication Number
2005/0222642 to Przybyszewski et al.

[0043] The United States Patent Application Publication
Number 2005/0222642 published to Przybyszewski et al. on
Oct. 6, 2005 in class 607 and subclass 48 teaches an implant-
able stimulation system including a stimulator [or generating
electrical stimulation and a conductive stimulation lead hav-
ing a proximal end clectrically coupled to the stimulator. At
least a first component of the impedance looking into the
stimulator is substantially matched to the impedance of the
stimulation lead. At least one distal stimulation electrode is
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positioned proximate the distal end of the stimulation lead.
2005/0222642 published to Przybyszewski et al.

(f) The United States Patent Application Publication Number
2005/0222647 to Wahlstrand et al.

[0044] The United States Patent Application Publication
Number 2005/0222647 published to Wahlstrand et al. on Oct.
6. 2005 in class 607 and subclass 72 teaches a pulse stimula-
tion system configured for implantation into a patient’s body.
including a pulse stimulator, a conductive stimulation lead
having a proximal end electrically coupled to the pulse simu-
lator and having a distal end, and an electrode assembly
coupled to the distal end of the stimulation lead. The electrode
assembly includes an clectrode body having a therapy elec-
trode thereon being electrically coupled to the stimulation
lead for delivering therapy to the patient. A tfloating electrode
is configured to contact the patient’s body tissue and has a
surface area substantially larger than that of the therapy elec-
trode. A filter is coupled between the therapy electrode and
the floating electrode for diverting RF energy toward the
floating electrode and away from the therapy electrode.

(2) The United States Patent Application Publication Number
2005/0222656 to Wahlstrand et al.

[0045] The United States Patent Application Publication
Number 2005/0222656 published to Wahlstrand et al. on Oct.
6. 2005 in class 607 and subclass 116 teaches a medical lead
for use in a pulse stimulation system of the type including a
pulse generator for producing electrical stimulation therapy.
The lead includes an elongate insulating body and at least one
electrical conductor within the insulating body. The conduc-
tor has a proximal end configured to be electrically coupled to

the pulse generator and has a DC resistance in the range of

375-2000 ohms. At least one distal electrode is coupled to the
conductor.

(h) The United States Patent Application Publication Number
2005/0222657 to Wahlstrand et al.

[0046] The United States Patent Application Publication
Number 2005/0222657 published to Wahlstrand et al. on Oct.
6. 2005 in class 607 and subclass 116 teaches a stimulation
lead configured to be implanted into a patient’s body. includ-
ing at least one distal stimulation electrode and at least one
conductive filer electrically coupled to the distal stimulation
electrode. A jacket is provided for housing the conductive

filer and provides a path distributed along at least a portion of’

the length of the lead for conducting induced RF energy from
the filer to the patient’s body.

(1) The United States Patent Application Publication Number
2005/0222658 to Hoegh et al.

[0047] The United States Patent Application Publication
Number 2005/0222658 published to Hoegh et al. on Oct. 6,
2005 in class 607 and subclass 116 teaches a neurostimula-
tion lead configured to be implanted into a patient’s body and
has at least one distal electrode. The lead includes at least one
conductive filer electrically coupled to the distal electrode, a
jacket for housing the conductive filer, and a shield surround-
ing at least a portion of the filer for reducing electromagnetic
coupling to the filer.

(j) The United States Patent Application Publication Number
2005/0222659t0 Olsen et al.

[0048] The United States Patent Application Publication
Number 2005/0222659 published to Olsen et al. on Oct. 6,
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2005 in class 607 and subclass 116 teaches a lead configured
to be implanted into a patient’s body, including a lead body
and a conductive filer positioned within the lead body and
having a distal portion. An electrode is electrically coupled to
the lead body and includes a stimulation portion, a bobbin,
and at least one coil of wire wound on the bobbin and elec-
trically coupled between the stimulation portion and the distal
end region to form an inductor between the distal end region
and the stimulation portion.

[0049] Numerous innovations for fabrication methods for
implantable devices in no way address methods to mitigate
temperature increases after implantation as do the embodi-
ments of the present invention. Heat application or heat-sinks
may be used in the fabrication process and are clearly not
relevant to the embodiments of the present invention. For
example:

(k) The United States Patent Application Publication Number
2004/0215300 to Verness.

[0050] The United States Patent Application Publication
Number 2004/02 15300 published to Verness on Oct. 28, 2004
in class 607 and subclass 116 teaches conductive aerogels
employed in fabrication of electrical medical leads adapted to
be implanted in the body and subjected to bending stresses.
An elongated, flexible. and resilient lead body extends from a
proximal end to a distal end and includes an insulative sheath
having an elongated lumen through which an elongated con-
ductor extends. A layer of conductive aerogel is disposed over
the conductor deforming upon movement of the conductor
within the lumen against the aerogel in response to applied
stresses.

[0051] Existing innovations using heat-sinks do not deal
with neuron-prosthetic devices as do the embodiments of the
present invention. For example, tissue ablation catheters are
devices that are not chronically implanted. They are not
implantable medical devices. Tissue ablation catheters delib-

erately induce tissue temperature increases for the purpose of

destroying tissue. [or example:

(1) The United States Patent Application Publication Number
2003/0028185 to He.

[0052] The United States Patent Application Publication
Number 2003/0028185 published to Ile on Feb. 6, 2003 in
class 606 and subclass 41 teaches a self-cooling electrode for
use with an ablation catheter having greater surface area,
thereby allowing the electrode to dissipate heat to the blood
pool more effectively and increased thermal mass and there-
fore greater heating capacity/thermal conductivity for
improved heat transfer between the electrode and tissue for
more effective tissue heating. The electrode design allows
increased power to be delivered with minimized risk of over-
heating or coagulation at the tissue-electrode interface. The
increased thermal mass and thermal conductivity of the elec-
trode design are achieved with a substantially solid electrode
body with thick walls. Cooling and increased heat exchange
are achieved with an alternating pattern of channels and pro-
jections collectively defining a plurality of edges, either par-
allel or perpendicular to the electrode axis. Blood or other
biological fluids can flow through the channels along the
exterior surface of the electrode to help cool the electrode,
while heat is simultaneously transferred from the electrode
body, edges, and projections to the surrounding tissue. A
catheter having a self cooled tip electrode in conjunction with
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one or more ring electrodes may be used to form a large
virtual electrode capable of creating longer, deeper tissue
lesions.

[0053]  Although, He may deal with using a heat-sink. the
heat-sink is used only during acute ablative electrical stimu-
lation via a catheter, which is removed after tissue destruc-
tion, and is not an implanted device or a neuroprosthetic
device. He suggests methods for controlling the spatial extent
of tissue heating for ablation catheters including changing
material properties.

[0054] Certain devices including implantable devices are
designed to cool the body below normal level for therapeutic
purposes and do not mitigate unwanted temperature increases
generated by an implantable device that is not designed to
change body temperature as do the embodiments of the
present invention. For example:

(m) The United States Patent Application Publication Num-
ber 2005/01 71585 to Saadat.

[0055] The United States Patent Application Publication
Number 2005/0171585 published to Saadat on Aug. 4, 2005
in class 607 and subclass 96 teaches apparatus and methods
for cooling selected regions within a body. An implantable
cooling system is used to cool regions of the brain, spinal
cord, fibrous nerve bodies. e.g., vagus nerve, etc. down to
about 30° C. to diminish nerve impulses controlling seizures
or chronic pain. The system includes an implantable unit
containing a pumping mechanism and/or various control
clectronics. [t also has a heat exchanger attachable to a tubular
body organ, such as the superior vena cava or the inferior vena
cava, through which the heat is eflectively dissipated. Also
included is a heat pump, such as a Peltier junction configured
to be placed into contact with the region of tissue to be cooled.
The heated portion of the Peltier junction is cooled by a liquid
heat transfer medium absorbing the heat from the junction
and dissipating it into the tubular body organ.

[0056] Electrical stimulation may be applied using non-
implantable devices. for example. transcutaneous electrical
stimulation, which are not implantable medical devices. For
example:

(n) The United States Patent Application Publication Number
2004/0204625 to Riehl.

[0057] The United States Patent Application Publication
Number 2004/0204625 published to Riehl on Oct. 14,2004 in
class 600 and subclass 9 teaches a method for reducing dis-
comfort caused by transcutaneous stimulation. The method
includes providing transcutancous stimulation, reducing the
transcutaneous stimulation at a first location, and substan-
tially maintaining the transcutaneous stimulation at a second
location. The transcutaneous stimulation may be created by
electric and/or magnetic fields. The first location may be
relatively proximate to the cutaneous surface and may include
tissue, nerves, and muscle. Also, the second location may be
relatively deeper than the first location and include. for
example, brain tissue requiring the transcutaneous stimula-
tion for treatment purposes. The method further may include
locating a conductor on a treatment area and/or a transcuta-
neous stimulation device relative to the first location. In addi-
tion, the method may further include adjusting how much the
transcutaneous stimulation is reduced at the first location.

(0) The United States Patent Application Publication Number
2005/0033382 to Single.

[0058] The United States Patent Application Publication
Number 2005/0033382 published to Single on Feb. 10, 2005
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in class 607 and subclass 57 teaches a device including a
housing, electronic components contained within the hous-
ing. and a heat absorption medium sealed within the housing
for regulating the temperature of the device. The heat absorp-
tion medium undergoes a state change at a state change tem-
perature of 36° C. or greater. The device is a medical implant.
[0059] Single [ocuses on using a heat-absorption medium
in contrast to transferring heat along/away from the device as
do the embodiments of the present invention. In one embodi-
ment, Single suggests using a heat-sink to channel heat gen-
erated in one region of the device to another region containing
the heat-absorption material in contrast to not incorporating
any heat-absorption material but rather spatially dissipating
the heat over a wider region and then the heat is carried away
by the tissue temperature regulation mechanism, e.g., blood
flow as do the embodiments of the present invention.

[0060] Certain innovations deal with heat-absorption tech-
niques. For example:

(p) The United States Patent Application Publication Number
2005/0029990 to Tsukamoto et al.

[0061] The United States Patent Application Publication
Number 2005/0029990 published to Tsukamoto et al on Feb.
10, 2005 in class 320 and subclass 135 teaches a method.
device, and system for rapidly and safely discharging remain-
ing energy stored in an electrochemical battery in the event of
an internal short circuit or other fault. In its best mode of
implementation, if a sensor detects one or more parameters,
such as battery temperature or pressure exceeding a predeter-
mined threshold value, the terminals of the battery or cell are
intentionally short-circuited external to the battery through a
low or near zero resistance load that rapidly drains energy
from the battery. Heat generated by this rapid drain is
absorbed by a heat absorbing material, such as an endother-
mic phase-change material like paraffin. The rate energy is
drained via the external discharge load may be controlled
with an electronic circuit responsive to factors, such as state
of charge and battery temperature. Devices, such as inductive
charging coils. piezoelectric and Peltier devices, may also be
used as emergency energy discharge loads. Heat absorption
material may be used to protect adjacent tissue in medically-
implanted devices.

[0062] Thus, there exists a need for a “heat-sink™ technol-
ogy that dramatically reduces tissue/device heating, is inher-
ently simple. and is evidently practical.

[0063] To mitigate these temperature changes. it is pro-
posed by the embodiments of the present invention to inte-
grate either into the device structure, inside the device—in the
case ofa hollow compartment, or outside the device, a passive
heat-sink material or active heat-sink technology. For
example, passive material with high thermal-conductivity
that will act as a heat-sink and thus dissipate any temperature
increases. Another example, different implementations of
active heat-sink technologies may be used including those
that incorporate tluid flow. In an additional implementation of
the heat-sink technology. the device may be modified—for
example coated with a drug—that will induce the surround-
ing tissue to become more resistant to temperature
increases——for example by increasing tissue vasculature or
changing of tissue properties. In specific cases, existing
devices and already implanted devices may be modified or
retrofitted based on this heat-sink technology. This heat-sink
technology would be effective during ‘normal’ device opera-
tion and during unexpected/faulty operation. In an additional
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implementation, the heat generated near a device can be
determined and used to guide device design including for
neuroprosthetic devices electrical stimulation protocols.

THE SUMMARY OF THE INVENTION

[0064] Thus, anobject ol the present invention is to provide

amethod to reduce heating or to change spatial distribution of

heating at implantable medical devices including neuropros-
thetic devices that avoids the disadvantages of the prior art.
[0065] Briefly stated, another object of the present inven-
tion is to provide a method to control tissue/device heating at
implantable medical devices including neuroprosthetic
devices. In a first embodiment. thermal conductivity of com-
ponents of the implantable medical devices including the
neuroprosthetic devices is increased. In a second embodi-
ment, the implantable medical devices including the neuro-
prosthetic devices are cooled by using heat-sinks. In a third
embodiment, portions of the implantable medical devices
including the neuroprosthetic devices are replaced with spe-
cific thermal properties. In a fourth embodiment, the implant-
able medical devices including the neuroprosthetic devices
are coated with a drug/material that will induce surrounding
tissue to become more resistant to temperature increases. Ina
fifth embodiment. the temperature increase near the implant-
able devices including the neuroprosthetic devices is deter-
mined using a modified bio-heat transter model. In a sixth
embodiment, the shape of the outer or the inner surlace of the
device is modified.

[0066] The novel features which are considered character-
istic of the present invention are set forth in the appended
claims. The invention itself, however, both as to its construc-
tion and its method of operation and together with additional
objects and advantages thereof will be best understood from
the following description of the specific embodiments when
read and understood in connection with the accompanying
drawing.

THE BRIEF DESCRIPTION OF THE DRAWING

[0067] The figures of the drawing are briefly described as
[ollows:

[0068] FIG. 1 is a diagrammatic perspective view of the
geometrical configuration of the model, wherein the brain
tissue was modeled as a cylinder with a 5 cm radius and a 14
cm height, wherein the bottom—distal end—of the DBS lead
was positioned in the center of the tissue (center), wherein
two types of DBS leads were modeled including the 3389
DBS lead with 1.5 mm electrodes and 0.5 spacing between
electrodes (right) and the 3387 lead with 1.5 mm electrodes
and 1.5 mm spacing (left). and wherein the electrode index
used is indicated;

[0069] FIG. 2 are maps of the bio-heat transfer model of

DBS showing the effects of lead and electrode selection.
wherein the false color maps indicate the spatial temperature
distribution around the bipolar stimulating electrodes when
the high stimulation setting was applied in a homogenous
brain with tissue electrical conductivity 0=0.35 S/m. tissue
thermal conductivity k,~0.527 W/m®, and no blood perfusion.
wherein the red “axial’ line is the cross section at the proximal
end of the most distal clectrode—at height 7z=3 mm-—extend-
ing in the r direction from the electrode, wherein in the
remaining figures the temperature profile is plotted along this
line. and wherein:
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[0070] FIG. 2A is a map of lead 3387, wherein first and
tourth electrodes were electrically energized:

[0071] FIG. 2B is a map of lead 3387, wherein first and
second electrodes where electrically energized:

[0072] FIG. 2C is a map of lead 3389, wherein first and
fourth electrodes where electrically energized: and

[0073]  FIG. 2D is a map of lead 3389, wherein first and
second electrodes are electrically energized:

[0074] T'1G. 3 are graphs of temperature distribution along
the axial direction when the high stimulation setting—lead
3389, clectrodes 1 and 2-—was applied in a homogenous
brain, wherein:

[0075] FIG. 3A is a graph of temperature verses electrical
conductivity (o), wherein the thermal conductivity was fixed
at 0.527 W/m® C. and blood perfusion was absent, and
wherein tissue temperature increased with increasing electri-
cal conductivity:

[0076] FIG. 3B is a graph of temperature verses thermal
conductivity, wherein the electrical conductivity was fixed at
0.3 S/m and blood perfusion was absent, and wherein tissue
temperature decreased with increasing thermal conductivity
(K,): and

[0077] FIG. 3C is a graph oftemperature distribution verses
blood perfusion. wherein electrical conductivity and thermal
conductivity were constant—0.30 S/m and 0.527 W/m® C.,
respectively. and wherein blood temperature was 37° C. and
metabolic heat was absent:

[0078] FIG. 4 are temperature distributions in a non-ho-
mogenous medium along the axial direction when the high
stimulation  setting—electrodes 1 and 2-—was applied,
wherein metabolic heat and blood perfusion were absent, and
wherein:

[0079] FIG. 4A is a graph of temperature verses lead insu-
lation thermal conductivity, wherein increasing the lead insu-
lation thermal conductivity decreased the temperature around
the electrode: and

[0080] I'IG. 43 are maps of the temperature filed in the
3389 DBS lead and surrounding brain tissue with the lead
insulation thermal conductivity equal to 0.026 W/m° C.
(right) and equal to 20 W/m® C. (left), wherein a false color
map indicates the spatial temperature distribution around the
electrodes. and wherein the red line is the *axial’ cross section
represented in other figures:

[0081] FIG. 5A is a graph showing the temperature distri-
bution for normal thermal conductivity:

[0082] FIG.5B is amap of'the cross section of the electrode
of' normal thermal conductivity in the center of its conductive
part;

[0083] FIG. 6A is a graph showing the temperature distri-
bution after increasing the thermal conductivity:

[0084] FIG. 6B is a map of the cross section of the electrode
of increased thermal conductivity in the center of its conduc-
tive part:

[0085] TABLE I illustrates the effects of biological param-
eters on peak temperature induced by DBS-—high-setting,
electrodes 1 and 2 were energized; and

[0086] TABLI: 2 illustrates peak temperature verses insu-
lation lead thermal conductivity (K,) at setting 0=0.3 S/m,
K,=0.527 W/m.K with no blood perfusion and metabolic
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heat, wherein high stimulation setting was applied to various
combinations ol leads and energized electrodes.

THE DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS
A. General

[0087] Finite-element models are used to investigate how
biological properties and DBS stimulation parameters affect
the magnitude and spatial distribution of the DBS-induced

temperature field. By solving the coupled Laplace equationof

electrical field and the Pennes bioheat transfer equation,
simulation of how DBS aftects the temperature field distribu-
tion in brain tissue are enabled.

B. The Model Methods

(a) The General Description.

[0088] A bio-heat transfer model for DBS was developed
implementing the Pennes model. Two types of Medtronic
leads were studied, as shown in FIG. 1, the Model 3387 DBS
lead with 1.5 mm spacing between each of the four electrodes
at their distal ends to provide an electrodes spread of over a
total of 10.5 mm and the Model 3389 DBS lead with 0.5 mm
spacing between each of the four electrodes to provide an
electrode spread of over a total of 7.5 mm. (Medtronic, Inc..
Minneapolis, Minn.). Direct matrix inversion with 20,296
elements was used and doubling the resolution modulated
temperature changes by <0.05° C.

[0089] Finite element analysis was used to analyze the

effect of DBS on temperature rises in brain tissue. Because of

axial geometrical symmetry, the temperature and electrical
fields were assumed to vary only with direction of r—the
coordinate of radius of the stimulator, and z—the coordinate
of length of the stimulator. The three dimensional transfer
model geometry can thus be mathematically implemented in
two dimensions.

[0090] DBS-induced temperature increases in three
increasingly detailed cases were examined:

(a) The Case 1.

[0091] Temperature distribution induced by DBS in a
homogenous brain tissue without blood perfusion or meta-
bolic activity.

(b) The Case 2.

[0092] Temperature distribution induced by DBS in a
homogenous brain tissue with blood perfusion—solved using
two dimensional Pennes model-—with and without related
metabolic activity.

(¢) The Case 3.

[0093] Temperature distribution induced by DBS in a non-
homogenous brain tissue with consideration on physical
properties ol the DBS leads and tissue damage around the
electrode.

[0094] Ineach of the above cases, the range of temperature
increases expected in vivo by parameter sensitivity analysis
was examined.

(b) The Methods and Analysis.

[0095] Blood perfusion occurs in living tissues. and the
passage of blood modifies the heat transfer in tissues. Fur-
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thermore, metabolic activity generates heat within the tissue.
Pennes (1948) and Perl (1962) have established a simplilied
bio-heat transfer model to describe heat transfer in tissue by
considering the effects of blood perfusion and metabolism. >
During DBS, Joule heating arises when energy dissipated by
an electric current flowing through a conductor is converted
into thermal energy. The resulting bioheat equation—see
EQUATION [ below—governs heating during electrical
stimulation.?!

2F. A, Duck. Physical Properties of Tissues: A Comprehensive Reference
Book, Academic Press, San Diego. 1990.

*Tungjitusolmun S., .. J. Woo, H. Cao. Finite Element Analyses of Uniform
Current Density Electrodes for Radio-Frequency Cardiac Ablation. JEEE
Trans. Biomedical Engr., 2000: vol. 47, No. 1: 32-40; Chang [. Finite Element
Analysis of Ilepatic Radiofrequency Ablation Probes Using Temperature-
Dependent Electrical Conductivity. Biomedical Engineering Online 2003,
2:12; Tungjitusolmun S.. 8. Tyler Staclin, D Haenmerich, J Z Tsai, H Cao, 1 G.
Webster. V' R. Vorperian. Three-Dimensional Finite-Element Analyses for
Radio-Frequency Hepatic Tumor Ablation. IEEE Trans. Biomedical Engineer-
ing vol. 49, No. 1. January 2002.

p C, STV (k VT)=p, 0, Co( T=T,)+0,,+0 VVI (1)

where:

[0096] p, is the blood density (kg/m*)

[0097] C, is the specific heat of the blood (J/kg.” C.)

[0098] Kk is the thermal conductivity of the brain tissue

(W/m.° C.)

[0099] T is the temperature (° C.)

[0100] ), is the blood pertusion (ml/s/ml)

[0101] p is the brain tissue density

[0102] T, is the body core temperature (“ C.)

[0103] Q,, is the metabolic heat (W/m?).
[0104] The Joule heat induced by DBS stimulation was
modeled with a source term o IVVI?, where o is the electrical
conductivity of the tissue and V is the electrical potential
induced by stimulation.
[0105] The clectrical potential was determined by solving
the Laplace equation V.(aVV)=0.
[0106] Two normal DBS electrical settings were analyzed.
but are not a limited set, ‘high setting” (10 V. 185 pps, 210
uSec) with V, of 1.561 Volt, and “typical setting” (3 V. 185
pps. 90 uSec) with V,,  of 0.353 Volt.**

rms

?Implant Manual. Medtronic 3387, 3389 lead kit for Deep Brain Stimulation
(2003).
[0107] The following range of tissue and lead parameters
were applied, but are not a limited set:
(a) The Biological Properties of the Brain Tissue.>
23Chang . Finite Element Analysis of Hepatic Radiofrequency Ablation
Probes Using Temperature-Dependent Electrical Conductivity. Biomedical
Engineering Online 2003, 2:12; Baysal U, J Haueisen. Use of a Prion Infor-
mation in Estimating Tissue Resistivities-Application to Human Data n Fivo.
Physiol. Meas. 2004; 25: 737-748; Collins C, M Smith. R Tumer. Model of
Local Temperature Changes in Brain upon Functional Activation. J. Appl.
Physiol., 2004; 97(6): 2051-2055.

[0108] K, Thermal conductivity of brain tissue (W/m.°

C.)=0.5-0.6

[0109] p Density of brain tissue (kg/m’)=1040.

[0110] C, Specific heat of brain tissue (J/kg.” C.)=3650

[0111] o Electrical conductivity (S/m)=0.15-0.35

[0112] T, Initial Temperature of brain tissue-3 7° C.
(b) The Biological Properties of the Blood.**
2*Collins C, M Smith, R Tumer. Model of Local Temperature Changes in Brain
upon Functional Activation. J. Appl. Physiol., 2004: 97(6): 2051-2055;
Xiaojiang X, P Tikuisis, G Giesbrecht. A Mathematical Model for Human
Brain Cooling During Cold-Water Near-Drowning. Journal of Applied Physi-
ology 86:265-272,1999.

[0113] w, Volumetric blood perfusion rate per unit vol-

ume (ml/s/ml)=0.004-0.012,

[0114] p,, Density of blood (kg/m*)=1057
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[0115] C, Specific heat of blood (J/kg.” C.)=3 600.
[0116] T, Body core temperature=36.7° C.

(¢) The Physical Properties of the DBS Lead Materials.

[0117] For the insulation portion of the leads (80A Ure-
thane):*

23Cengel, A Yunus, Turner, H Robert. Fundamentals of Thermal-Fluid Sci-
ences, McGraw-Hill Science Pub Date: Mar. 30, 2004; Wei F. X, W. M. Grill.

Current Density Distributions, Field Distributions and Impedance Analysis of

Segmented Deep Brain Stimulation Electrodes. J. Neural Eng. 2 (2005) 139-
147: David R. Lide, CRC Handbook of Chemistry and Physics. 81* edition
2001.

[0118] K, (W/m.°C.)=0.026.p,(kg/m*)=1110,C, (J/kg.”
C.)-1500. o, (S/m)-10~"°
[0119] For the electrode portion of the leads (Platinum/
Iridium Pt 90/Ir 10):2°
?%Goodfellow Corporation (DEVON, PA), Material Properties. http://'www.
goodfellow.com/csp/active/gfflome.csp: Wei F. X. and W. M. Grill. Current
Density Distributions, Field Distributions and Impedance Analysis of Seg-
David R. Lide. CRC Handbook of Chemistry and Physics. 81* edition 2001.
[0120] K, (W/m.°C.)=31,p, (k¢/m*)~21560, C, (J/kg.®
C.)-134, g, (S/m)-4*10°

(d) The Dimensions and Boundary Conditions.

[0121] In order to obtain the particular solutions to the
coupling temperature and electrical field, boundary condi-

tions and initial conditions were required. The dimensions of

the brain tissue that was modeled must be chosen appropri-
ately o be large enough (o abate boundary eflects on tem-
perature and clectrical distribution close to the lead surface, as
well as small enough to allow a reasonable computational
time. In the model. the geometry of the brain tissue was set as
a cylinder with a radius of 50 mm and a height of 140 mm, as
shown in FIG. 1. For the boundary conditions of the electrical
field. the voltage between the two energized electrodes. either
1 and 4, as shown in 'IGS. 2A and 2C, or 1 and 2. as shown
in FIGS. 2B and 2D, was setat 'V,
the brain tissue were treated as electrically insulated, namely
dV/dn-0. For the thermal boundary conditions, the tempera-
ture at the outer boundaries of the brain tissue was fixed at 37°
C., but the thermal boundary at the electrodes was set accord-
ing to each case.

(¢) The Results.

[0122] (a) The Case |  Temperature Distribution Induced
by DBS in a Homogenous Brain Tissue without Blood Per-
fusion or Metabolic Activity.

[0123] With Case 1, how the temperature increases solely
in response to DBS-induced Joule heat was focused on, with-
out modeling the contribution of blood perfusion or meta-
bolic activity. Therefore. both w, and Q,, are zero. This model
also treated the DBS electrode shalt to be electrically and
thermally insulated. except that the electrodes 1 and 2-—the
two electrodes most distal on the DBS lead—were clectri-
cally energized.

[0124] The temperature distributions using two types of

DBS leads—Medtronic DBS Lead 3387 and Lead 3389

were modeled. ‘[ligh setting” to the two DBS leads was
applied and how electrical conductivity and thermal conduc-
tivity aflected the resulting temperature distribution in the
brain tissue was investigated. FIG. 3A and TABLE 1. SEC-
TION I show changes in peak temperature and temperature
field distribution as a function of tissue electrical conductivity
(0=0.15 to 0.35 S/m) with thermal conductivity (K,) fixed at
0.527 W/m.° C. FIG. 3B and TABLE 1. SECTION II show

. The outer boundaries of
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changes in peak temperature and temperature field distribu-
tion as a function ol tissue thermal conductivity (0.45 to 0.60
W/m.° C.). with tissue electrical conductivity fixed at 0.3
S/m. The results show that temperature increases with elec-
trical conductivity, while temperature decreases as thermal
conductivity increases. Peak temperature on the lead’s sur-
face increased by 0.48° C. at 0=0.45 S/m and K,~0.30 for
Lead 3387 and 0.82° C. for Lead 3389. as shown in TABLE 1.
SECTION 1. The temperature field distribution using Lead
3387 was similar to that using l.ead 3389. The temperature-
field-space constant, defined here as the radial distance from
the electrode that the temperature field decreased to 75%. as
shown as the first contour line of FIG. 2. of'its peak value—at
the electrode surface—was not affected by changing in
homogenous tissue electrical or thermal conductivity.
[0125] Across lissue parameters, the peak temperature for
Lead 3389 was approximately 0.3° C. higher than that for
[ead 3387, as shown in TABLE 1, SECTIONS I and II. This
difference can be attributed to the increased distance between
Lead 3387 electrodes, as shown in FIG. 2. For either Lead
3389 or Lead 3387, changing lead selection so that the leads
where farther apart—c.g. leads 1 and 4-—significantly
reduced peak temperature increase. as shown in TABLE 2.
(b) The Case 2A—Temperature Distribution Induced by DBS
in a Homogenous Brain Tissue with Blood Perfusion and No
Metabolic Activity.

[0126] To study how the convection of blood regulates
brain temperature during DBS. the blood perfusion rate. w,,
was varied in the model from 0 to 0.012 ml/s/ml. In order to
isolate how blood perfusion affected the temperature distri-
bution. metabolic activity was not considered in this case of
the model and blood temperature was fixed at 37° C. In this
case without metabolic activity , the electrical conductiv-
ity and the thermal conductivity were fixed at 0.30 S/m and
0.527 W/m® C., respectively, and only the high-setting on
DBS electrodes 1 and 2 was evaluated. As shown above, the
temperature increased o 37.42° C. and 37.7° C. with leads
model 3387 and 3389 under these conditions without blood
perfusion, as shown in TABLE 1, SECTION I. The addition
of blood perfusion convected Joule heat out of brain tissue so
that the peak temperature decreased with increased blood
perfusion, as shown in FIG. 3C. The peak temperature
decreased moderately by 0.07° C.and 0.12° C. for I .cad 3387
when the blood perfusion rates were 0.004 ml/s/ml and 0.012
ml/s/ml, respectively, as shown in TABLE 1, SECTION I1I.
Similarly, decreases by 0.09° C. and 0. 16° C., respectively,
occurred in the case using Lead 3389 when the blood perfu-
sion rates were 0.004 ml/s/ml and 0.012 ml/s/ml, respectively.
In contrast to the effects of changing tissue electrical/thermal
conductivity, changes in blood pertusion rate effected brain
temperature space constant. Increasing perfusion rate
decreased the space constant—i.e., the temperature
decreased over distance as a faster rate.

(¢) The Case 2B Eftects of Blood Pertusion and Metabolic
Heat on Temperature Distribution Induced by DBS in a
Homogenous Brain.

[0127] Metabolic activity, due to baseline brain metabolism
and increased metabolism in response to DBS, will act as a
heat source inside the brain. Normally, blood perfusion regu-
lates the brain temperature by convecting metabolic heat
away. In this case—with metabolic heat-—, the temperature of
blood circulating in brain tissue was considered as 36.7° C..>7
0.3° C. lower than the initial brain temperature. In this case,
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how the interaction between metabolic heat generation and
blood perfusion modulated DBS induced temperature
increases was investigated. Prior to application of DBS, the
various metabolic rates with blood perfusion rates were bal-
anced so that bascline brain temperature remained at 37° C.
The metabolic heat required to balance the initial brain tem-
perature was calculated from Q,,,=C,p ,tw, (T=T,). for blood
perfusion values 0f 0.004, 0.008, and 0.012 ml/s/ml. a meta-
bolic heat Q,, of 4566, 9132, and 13698 W/m®, respectively.
was applied.

?"Xiaojiang X, P Tikuisis. G Giesbrecht. A Mathematical Model for Human
Brain Cooling During Cold-Water Near-Drowning. Journal of Applied Physi-
ology 86:265-272,1999.

[0128] Using these three initial settings-—combination of
balanced metabolic and perfusion rates——, the temperature
increases—from 37° C.—due to DBS was studied. Tempera-
ture profiles were exactly the same as those in the study
considering blood perfusion (at 37° C.) without metabolic
activity. This was mathematically expected given the equality
between metabolism and perfusion set above. As noted
above, these temperature profiles were lower than those with-
out metabolic heat and without blood perfusion. This can be
explained by the increased blood flow capacity to both bal-
ance the metabolic heat and reduce Joule heat.

(d) The Case 3 Temperature Distribution Induced by DBS
Considering the Inhomogeneous Physical Properties of the
DBS Lead with and without a Tissue Encapsulation Layer.
[0129] In this case. the thermal and electrical properties of
the DBS leads were explicitly considered. Previously. the
DBS leads were modeled as electrically and thermally insu-
lated. The thermal conductivity was fixed, K,=31 W/m® C.,
and electrical conductivity, o, 4*10° S/m of the DBS plati-
num/iridium  electrodes. The thermal conductivity of the
Medtronic DBS lead insulation material-—Urethane—was
considered present everywhere except the electrodes. as
0.026 W/m® C. In the simulations, a range of potential insu-
lation material thermal conductivities (K,) from 0.026 W/m®
C.t0 20 W/m® C. was also considered in order to evaluate the
efects of substitute insulation materials on DBS-induced
temperature rises. FIG. 4A shows the temperature distribu-
tion over distance for ditferent lead insulation thermal con-
ductivity values (K,) using the high stimulation setting with-
out blood perfusion and metabolic heat, and tissue thermal
and electrical conductivity fixed at K,~0.527 W/m® C. and
0=0.3 S/m, respectively. TABLL 2 shows that the peak tissue
temperature decreased by 0.1-0.2° C. as a result of consider-
ing 19 lead properties. The insulation thermal conductivity
(K,) acts as a heat-sink. FIGS. 4A and 4B illustrate how the
insulation segments of the electrode could act as a heat-sink.
The temperature was convected inside the lead insulation and
reduced the heat from the tissue.

[0130] A sheath of encapsulation tissue around the DBS
leads may form. The electrical 24 conductivity and width of
the encapsulation tissue were previously estimated as o, 0.
15 S/m and 0.4 mm thick.>® The thermal conductivity of the
encapsulation tissue was treated as equal to that of the brain
tissue, 1.e. K,~0.527 W/m® C. How this encapsulation tissue
affected DBS-induced temperature increases was simulated.
The tissue conditions were considered and included the prop-
erties of the DI3S lead. Addition of an encapsulation layer in
the model slightly reduced the peak temperature rise at the
electrode surface—now inside the encapsulation layer—by
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0.07-0.18” C. depending on the lead model and electrode
configuration tested.

MclIntyre C. S Mori, D Sherman, N Thakor. J Vitek. Electric Field and
Simulating Influence Generated by Deep Brain Stimulation of the Subthalamic
Nucleus. Clinical Neurophysiologv; 115 (2004): 5 89-395.

(. The Embodiments of the Present Invention

[0131] To mitigate DBS-induced temperature rises sug-
gested by the simulations, the thermal conductivity of the
insulating components of the leads should be increased.

[0132] The embodiments of the present invention include
cooling the DBS leads and surrounding tissue by using pas-
sive/active heat-sinks. In one embodiment, portions of the
DBS lead material is replaced with high thermal-conductivity
material. The lead material then acts to carry away the heat
from dangerous ‘hot spots.” This method represents an effec-
tive and practical method for reducing tissue heating near
DBS leads and would thus have tremendous clinical benefit.
In another embodiment, the thermal conductivity of the insu-
lating components of the DBS leads is changed. Inyet another
embodiment, the DBS leads are cooled by using heat-sinks.
In yet another embodiment, the heat generated by different
stimulation configurations i1s compared. In yet another
embodiment, the dimensions of the device or device compo-
nents are modified.

[0133] Diflerent implantations ol active heat-sink tech-
nologies may be used including those incorporating fluid
flow. In an additional implementation of the heat-sink tech-
nology. the device may be modified for example coated
with a drug—that will induce the surrounding tissue to
become more resistant to temperature increases —for
example, by increasing tissue vasculature or changing tissue
properties. In specific cases, existing devices and already
implanted devices may be modified or retrofitted based on
this heat-sink technology. This heat-sink technology would
be effective during ‘normal’ device operation and during
unexpected/faulty operation.

D. The Impressions

[0134] It will be understood that each of the elements
described above or two or more together may also find a
useful application in other types of constructions differing
from the types described above.

[0135] While the invention has been illustrated and
described as embodied in a method to reduce heating at
implantable medical devices including neuroprosthetic
devices. however, it is not limited to the details shown, since
it will be understood that various omissions. modifications,
substitutions. and changes in the forms and details of the
device illustrated and its operation can be made by those
skilled in the art without departing in any way from the spirit
of the present invention.

[0136] Without further analysis the foregoing will so fully
reveal the gist of the present invention that others can by
applying current knowledge readily adapt it for various appli-
cations without omitting features that from the standpoint of
prior art fairly constitute characteristics of the generic or
specific aspects of the invention.
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TABILE 1
PEAK
TEMPERATURE
cC)
ELECTRICAL THERMAL BLOOD 3380 3387
CONDUCTIVITY ~CONDUCTIVITY ~ PERFUSION  DBS  DBS
SECTION o (S/m) K, (Wm. " C.) m,, (ml/s/ml) LLEAD LEAD
I 0.15 0.527 0 37.35  37.21
0.20 3747 37.28
0.30 37.70 37.42
0.35 37.82 37.48
11 0.30 0.45 0 37.82 37.48
0.50 37.74 3744
0.55 37.67 3740
0.60 37.62 37.37
I 0.30 0.527 0 37.70 3742
0.004 37.61 37.34
0.008 37.57 37.31
0.012 37.54 37.29
3. A method to control heating or to change spatial distri-
TABLE 2 bution of heating at implantable medical devices including
G s e neuroprosthetic devices, comprising the step of replacing
338/ A - . . . . .
3389 DBS LEAD T (C,) components of the implantable medical devices including the
neuroprosthetic devices with specific thermal properties.
T (°C) ELEC- : : 2 oy
4. A method to reduce heating or to change spatial distri-
K,  ELECTRODES ELECTRODES ELECTRODES TRODES bution of heating at implantable medical devices including
(Wm-K)  1AND4 1AND2 L AND 4 1AND 2 neuroprosthetic devices, comprising the step of modifying/
0.026 37.26 37.58 37.22 37.37 coating components of the implantable medical devices
37.24 37.50 37.20 37.35 including the neuroprosthetic devices with a material or drug
2 3722 i3 A78 131 that will induce surrounding tissue to become more resistant
10 37.21 37.40 37.17 37.29 . & .

The invention claimed is:

1. A method to reduce heating or to change spatial distri-
bution of heating at implantable medical devices including
neuroprosthetic devices, comprising the step of increasing
thermal conductivity of components of the implantable medi-
cal devices including the neuroprosthetic devices.

2. A method to reduce heating or to change spatial distri-
bution of heating at implantable medical devices including
neuroprosthetic devices. comprising the step of cooling the
implantable medical devices including the neuroprosthetic
devices by using heat-sinks.

to temperature increases.

5. A method to determine and reduce hazards relating to
temperature increases at implantable medical devices includ-
ing neuroprosthetic devices, comprising the step of using a
modified bio-heat transfer model.

6. A method to control heating or to change spatial distri-
bution of heating at implantable medical devices including
neuroprosthetic devices. comprising the step of changing
outer or inner surface dimensions and geometry of the device
or device components.
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