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Ml]l HoD lo RI,.Dtr(:E HI,]AI't\G AI
I}IPLANTABI,l] MI.]DIC.\L DEVICES

IN(;I,UDING IJEUROPROS'I'HETIC DEVI(]ES

I't IU CROSS Rl-}jtiRl]N('ti'fO RELAT F,t)
-{PPI-I(--,\I'IONS

[00011 'l'he instant donpruvisional patent applicatiur is a

national patent application clainring pritlrity from P("['inter-
national patcnt applicatir'rn uurnber PCT,'US2007/01ti484.
filcd on 2l .,\ug. 2007. and cntitled ME'|HOD TO RI,DIJCH
HE,{fING .{I IMPL.A.NI.\I}I,LJ MEDICAL DI]\'ICT]S
INCL.IJI)lNG NEUROPROS'|Ill'iIIC DEVICES. which
claims priority liom pu,isional patent application No.
60/839.002. filed on.{ug. 21. 2006. and entitled Mlll'l{OI)
TO RF.t)LJ('tj. HE.{TING .{f IMPI.ANTABLE MI rDI('-A.t.
DEVICIIS INCLUDING NEUROPROSI'HIll'lc
DF.\'l('l.lS. and which arc both incorporatcd hcrcin hy rcl'cr-
encL'thereto.

1'III.] BACKGROUND 0F 1'TIE IN\,'ENTION

I00021 .4. 'l he F ield of thc lnvention
[00031 

'['hc enrbodirnents ol'thc present inventiou rela(c lo
a method tti rclduce heating orto change spatialdistribution ot'
heating. arxl more paricularly. but ntx by way ol limitation.
the eutbodiments of the prL"sL-nt inve.nticln relate to a lltelhod to
reduce heatiug or to change spatial distribution ol'heating at
implantable medical devices including neuruprosthetic
dcviccs.

[00041 I]. 'l'hc' Descriptitrn of the Prior Art
[00051 Implantable metlical devices zue conunonly used
today o treat patients sull'erirlg t'nrm various ailments.
Inrplantablc mcdical dcviccs. suclr as paccmakcru. I)ccp
Ilrain Stimulation (DBS). andglucosepumps. can cause heat-
ing of the device and surrounding tissue. 'lhe heating can
result liour:

100061 l)ower consuurption by the devicc inclucling
intcmal batterie-s and extenral power delivery.

[00071 l)ewice I'aults/lailure.

[00081 Improper device use.

[00091 l,]lectrical currcnts gencrated by the nornral
device operalion in thc case ol electrical stimulatiou
dcviccs/tissuc' .lorrlc I lcating.

100101 l)evice coupling with an extenlal electromag-
lletic licld for example MRI.

l00lll l)evice action(s) trn tissuc- or intemctitrn wilh
antlther device.

[00121 
-l'hese 

st'rurces t'rf heating r:ray be cumulative and can
rcsult in poor dcvicc pcrtilrnrancc. unwantcd ctl'ccts rrn thc
tissue/dcvice. and/or damage to the tissue/device. l-issue/de-
vice damage clur lead to lasting morbidity and/or death. lirr
all these reasons. it is important to control he'atiug around
impl:urtable devices.

[00131 Mcrlical devices that employ electrical stirnulation
in some aspect oltheir function can be rel-erred to as lrcrrrt)-
prosthetic devices. One examplc. ol'a neuR)prosthetic devicc
is Dccp llnrin Stimulatitu (D[]S).
[00141 DBS is a technology pioneered by Medtronic ('orp.
is FD-.\ approved lbr the treatment o['Parkinson's disease. and
is under clinical trials 1br dc.pression. epilepsv, and a range ol
othcr ncunllogical disordcrs. I)BS involvcs implantation ol'a
lc'ad inside the brain and ele.ctrical stimulation through this
lead. .A,s had bcen said. a side-etle.c't ofl)BS is heating near the
lead. lor exanlple. heating can result l'rcm:
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[00151 Iilc.ctrical stirlulaliolt durinq nonnal l)BS lcad
openllion.

[00161 (irupling of DBS leads with external maglctic
ficlds. such as tlrosc gcncratcd during MRI or Diathcmry
Ircatr]lenl.

[00171 l,.xccssive heating can Iead to tissue ablation. brain
damage. and death. Heatiug as a result o[ coupling with
extemal nlaBnelic lields has recenll)' bec<rme a signilicant
DBS salcty concem. In particular:

[00181 lwo I)BS patients sullered severe brain damage
afier undergoing Diathemry lrr:atrlrcllt.

I00l 9 | (iurputer modeling and'phantom' experirnental
studics havc indicatcd that MRI liclds can rcsult in tissr-rc

destnrction in DBS patients.

[00201 .\dditional case studies on brain damage due to
heating nray be lirrthcorning.

[00211 .,\s a result. Medtronic has altered courter-indica-
Iion proltrols and issucd a volrrrrlary rccall. Thcsc nlcasurcs
have not complclely iunelioratc-d this critical sal'ety problenr
because:

100221 Sigrificant unkrowns remain about heating risks.
i.c.. arc thc nuu guidclinc sulficicnt. i.c.. what addi-
tional potentially lethal counter-indications havc
not yct bLur identified,

[00231 Bccause MRI is an iruportant tool in treating and
evaluating DBS patients. restriclions on MRI use impair
patienl carc and technology dcvelclpment.

ll)0241 |uture advances in DllS teclurolog,v targeting
new diseases/patient populations may be'hiunpered by
these sal'ety concenN. It is also noted that patients and
cliuiciaus :re'generally not confident in these new guide-
lines. e.g.. ( linicians notc- r.urcxplained scarurer-to-scan-
ner variability aud DBS patients relirse to euter even
apprcved MRI scanneru. Medtronic's concern oven lhis
issuc is hrrthcr c-vidcnt by a scrics of rcccnt palcnts
attcmpting to deal with this issue.

[0025] ('once nrs about healing are not limited lo only l)[]S,
and heating near implantable rnedical devices is olbroad and
signihcant corlcern.

100261 I'hc ele,ctrical stimulation ol'tissucs can lead to tcnr-
perature rises as a result of both Joulc heat and rletabolic
responses l() stiurulation.I Electrical stimulation-induced
clunges il) tL.mpcranlre can prolouridly all'ect tissr.re Iunctitln.
Moderale tcmperature increases arc not nece-ssarily necrotic.
rTrurqi ihrsolrrrrrn s.. ti. J. $'oo. H. ( ro. Finitr' []l(lucDt,tuialyses o f l ni iirnrr
(\rrr!-nt DeDsitv I:lcctro,les for Radio-lircqrrencv ('lrdiac Ahlation- /1.11.Ji

fians. Biotnt'dital l:iltti, llltl): vol. 47. No. l: ll-4t: Lrrbonte S. Nrrrncricrrl
Mode I lbr Radio-Inrlue nc]..-\blrtron ol'the !-ndocrmliurn ud its E\pr.riilrc[trll
\ rlidrtion. llrl,L li ous. Eionvd. t ts. 1994: \ol. 4l. \o. l: lot{- l l :: ( hug l.
fitrit(- L.lcrncnt.\nirlvsis Lrf Hcpatic R.ulio-lr-.'qut'n,1, -{blrtion Probcs Lsrng
Tenrpenturc-[)cpcrxlcrt Electrical (onducli\il-"-,- Bionedical Enqh*'inz
,)r/ird l(x )1. l: I l; I.rMrrurr.l ( . K.\ Vc( nckcu. M PJlr l. O J Prohskr. Llnin
Tissuc' 'ltrnpcrrrtlrrc': .-\cti\rtion-lnduccd ( hugi-s Dctcnnint-d *ith I Nc*
Multisensor Probe. l9.rp. .\'Ied. Biol. l98t(r lll: ltti 9r LaMunr J (. K -\
Mc(nckel. M Prtil. O J Prchmka. Stirnullrs-.\ctivlted Chuges in Br:ritr
Tis$re [erlrp(.rirlur.'in the.\nesrhetizerl Rll. l,ldah. Bratn Dis. l9ti9: 4(4)l

100271 Joule heat will be produced in any electrical field
where eleclrical currents are circulating.2 The magnitudc aud
spatial distribution ofthe induced ternpcrature changes arc a

ftlnction ol'tissue properties and thc electrical stimulation
para.mctcrs. []le.ctrical stimulation has be'en used as a tool tti
analyze bruin nretabtllism and relater.l tempemlurc rises.'
Numerical rnodels of radio-li,equency ablation probes show
that a voltagc gre'irtcr than l0 !' R.M.S. will incrcasc- tcmpcnr-
ture kr 40" ('. or tuore.4 Thesc. rcporls indicate that reducing
stirnulation intensity reduces peak temperature rises, but did
ncn explicitly cxalnine stimulation voltages sullicient ttl
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induce rnoderate (<2" C.) temperature changes. Electrical
stimulation in mt brains with micro-electrodes (l-10 s. 0.5
pulse duration. l0-20 Hz: at stimulation intensities below
thosc gcncrating scizurcs) has b*-n shown to incrcasc brain
tenlperature up to 0. I -0.5" C.. I mm l'rum the stimulating
electrodes.s
2l"M,,uur J C. K A Mc('nckel. N4 Patil. O J Prerhrskr. Stiriluhs-Aclivat!'d
( hrrges ir Brrir Tissrrc'[t'Irperenrr il thc dNsthetized Rat. M.'tuh. Rruiil
D6. 19891 4{4)i 2li-37.
rl.aMrurna.l C. M Rosenthil. R Novrcl. D F Mollen. F F Jobsis. TernpcrrnlR
( oelficients forrhe ()'irlrtive Metrbolie'Rtspomes to Electricel Stinrulrtion irr
( erebnrl Cortex. J \cutvt'hem. l98lr; l4r I ): 2tt-i-9; hMuura .l ('. K A
Mc( rlckcl, M Petil. O J Proirslia. Bruil Tisstrc Tcruperoture: -Activltit,l-
Induced Churges Deterurined witlt r Neo Mttltisclsor Prolrt. Etp. .Vtd. Riol.
i988: ll2: l8l-9: LrMrurr J C, K A McCncken. M Prtil. O J Prohrskr.
Stirnrrhrs-ActivrJql C hlnges in Brlin Tissrre'fenrperlhrre in the Anesthelizc'd
Rt!. Metob. Bruiu Dr. t989:4(4): ll5-37;'lu*i I. P M Byme. Ilcrrt Prcduc-
tiotr-\ssociated with Synrptic Trusmission in the Bullfiog Spinal('ord. Brzrr
Rcr. 1987: 4(17(:): 3E6-9.
'r Llborrte S. liuurericel lvlodcl lbr R*edio- Freqrrencl., .\b lstiou o f thc E ntlocrr-
dirrrr url its Fxperirnentnl Vrrlirlrtion. /liEli Trar.s. Biomed Ere. 1994: vo l. 4l .

\o. 2: l { )8- l l 5: Chrng l. Fin rte Element An:rlvsis ol l leprrtic Rrulio-lreqrrencl
-.\blition Probes Using'l"cmpentur+Dependcnt L.lectricil Conductrvitr. ,9io-
nedic-a I fh gin eeriug (rtlit.' 2tx )3, 2i12.
1[,rMrrnua 

-I (', K A Mc('rlckeu, M Puil. O J Prolrrska. Brdl Tissue'leurpcru-
hrrc: .{ctilalion-In{ircol ('huges Deternrinerl qith :r New Mtrltisensor Prohe.
lixp..Vcd. Biol i9tl8;122: ']8ll-9:l.elvI:unrr.l (.K.\McCmcken.MI'rtil.O
J Prehska. Stirrlulus-.\ctivlted Chages in Bruin 'lisue Tempennrre in the

.\nestlerizHl Rrt. -ly'rra^. &oit Dis. I989;4(4): :15-37.

[00281 Brain t'unction is cspccially scnsitivc to changcs irr

tE-nperature. -{n increase in ternperafure by -l' C. can have
proibund e1l'ects rxr sinBle neuron and neuronal fletwork tunc-
tion.6 For most menlbrane channels. the temperanlre depen-
dcncc ofconductancc is comparablc to that ofa diflusion-
limited pmcess. while the temperature dependencc ol
chamel gating and pump kinetics can exceed tiris value by
more than an ordcr olmagnitude.T
t'HolliDun H M. \' E l)iorure. Tempersnrc Dependcnce ollon Penncittiotr:[
the Endplate Churel. I Gen. Phy"siol 1983; 8l(5): 687-703: Moser E. I
Mlthicsen. P -\lderoen. .\ssocietior Belwcrl Bnrirr Tcrpcrutuc uld Deutrle
l'icld Potrltirls ilr Exploring,urd Suirruui!1t R.rts..S.i.rr.e 1993: l-i, (51)99):

I ]14-6: Stiles I & I \- Kovv rzim. E E Salpeler. Srlpeter Ntn. The Terttpentrtr
Sensirivitv of Minianrre Iln(lplirte Curenrs [s Mostly.. Governetl hy ('hrnnel
(iltrng: lrvidene f'mnr Optirnized Reconlings rn(l Monte C:rrlo Sinrrrlrrtions.
Bi4ths..I 1999: 77(l l: I I 77-8?: Bennefis B. M l. Rohers..{ H Brtrre, (i Y
Rych kov. Temperanr re Drlenrlence ol'Hrtrrran Mtrscle C l ('- l C hloride ( h:rn-
ncl.J. Physiol.2o0l: j35(Pt 1 ): 83-93: Fu.tii S. II Surki. K Ito. K Kueko. II
Kato.'ll'mpcrrrurc [)cpcnricncc ofSvnaptic Rcsponscs in Guinca Pig Hippoc-
unprl Csl Neurcns /z titru. (ell l{ol. Neurchiol.:lx)2: 22(4): 179-91.
:llermetts B. M L Roberts. A H Brctag. G Y R1.-chkov. Tcmperrnrrc l)rpcn-
rienccof Hrrman Muscle( l( -l ChlorideChannel..l Prr.$i.)1. 2(x)l:515(Pl l):
tt1-93: Dostrovsxy-. J. O.. R. Lcvy: J. P Wu. W. D. lhrtchrson. R. R. 'Iukcr..\.
!1. l-ozruo. Micrcstinuhlion-lnduced lnhibition ol-\eurenll liring in I lunru
Globus Prllidus. l,L'soop&-rsio/ :l x )o: M: 57r L574.

[00291 .{ll biophysical propcrtic-s. including thosc sug-
gested to play a role in the eff'ects of DBS. are temperature
dependent. 'lhese include meulbrarle properties, such as pas-
sive resistance/capacitance and voltage gale<I channel kinet-
ics. Changes in membrane properties w i ll a lfect firing tluesh-
old. peak firing rate.B and depolarization block threshold in
response to DBS.e Excitatory and/or inhibitory synaptic
transmission has been sugBested to mediate the ellecls ol'
DBS.r" Both are highly sensitive to ten)perature changes.r r

slYlcltrryre C C. M Sdvsta. L Kerkerim. L Cotl. J L \itek. Uncovering thc
Vlecluism(s) of .\ction ol'Deep Brsin Stirnrlstion: -A,ctivilion. Inllihition. or
Ilorh. (rri[. \ctuvphvaol-:rr(4b: I lj(6): l]19-1tt.
eBt'urer (. B Biouhc. .l .\uclitr. C Hmrnond. liiprh-Frequelcr Stinuhlron
Prc.rlucs r Trusient lllockrde of \bltase-Grtr'cl ('urents in Subthalunic
Nerrrons..l .\e nntp h,ti o l. l( x I I : Li(4 ) : I :15 l -6.
roDostrovsky. J. O.. R. Lrvy. J, P Wu, W. I). ttutchison, R- R. Iaskt,r..\. M.
[-ozuro. Micrcstimuhtion-lrduced Inhibition oI Neruorul Finng in iluurn
G lobus Prllidus. I )\ic,wophysiol 2rttr; 84: i 7( L i 74.
I rPicrarr I R. M R K['c. I W. Klussrun. !.tli'ct of tcnrpc-raturc otr Postsvn-
aptic Potentisls of ( ot Spinrl Motonerrcnes. 8,?i, ,qcr. L76: I t4( I ): I1 -34r

IIoIIirBln H !1.\- E Dionne. Tr'mperstrue Dependencc ollon Permeslion rt the
Eudplsre (hmel. J. Gcn. Pb'siol. l98i:81(5): 6E7-7r)-l: Strles J R. I v
Kovvruinr. E E s-ilpetel i-rlpeter M !1. The fenrperdue SeNitility of Mir-
ionrR'Endplate Currents is Mostly Governerl bv ('hurnel Guing: F.r'idt'nce
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l'rcrn Optttrizcd Re'corditrgs ud Montc Culo Simulrtions. Biophy:. J. lL)()t)i
1712f, ll11-a1: FLrlii S. H Sslki. K Ito. K Kmeko. [{ Krto. 'Iemperanue

Dcpcnricncc ol-Synrptic Rcsponscs in Guiucr Pig Hippocurprrl Crl Ncurons
ht linv. ('c'll .\Iol. .\'ctrobiol. lo(rl: ll(4): 179-gl.

[00301 Temperature dependent changes in pump kiuetics
will ell'ect the regulation ol'the neuronal enviromrent includ-
ing the accumulation of neurotrallsmitters arld ions. Extracel-
lnlar potassium accumulatiou, which is associate<t with high-
lierqr.rency electrical stimulation atrd has been supgested to
play a role in DBS.I2 is higlrly sensitive to temperarure
clungcs and rclatL-d rnctah)lic activity.Lr Rcscarch on thc
mecharisms of DBS has also locused on associatd neu-
rotransnitter concentralion changesla whose release and
clearance kinetics will both change with temperarure. Poten-
tial DBS-induced changes in brain temperature are thus o['
broad interest in quantilying the mechanisms of DBS.
r2Bikson V.J [.im. PJ H$n.w ( Stccy. C scioiitro. D M Duud. Sup-
presion oI L.pileptiform -\ctivit! bv IJrgh Frequencl' Sinrsoid.rl Fields in Rrt
Hippocurprl Slices. J. Pllsrol. llxI l; 53l (Pt I ): I8l-91: Liu.1. M Biksotr. C
Sciortiro.W( Strcsl-.DMDurerd.LoctrlSuppressionofEpileptifbrnr.A.ctiv-
itv by Electricrl Stimulrlion in Rrt l-iippocurprLs ht littu. J. Pr,rrio/. 2(x)3:
547(Pt l)r,l:7-14.
rrLe*'is D \'. W H Schuefte. Tenrpenrtrue Dependence ofPotssiurr Cleuulce
in tie ( entml Nenous System. Sroru R.'J. 1975: 99( I ): 175-tt: Lothmu E. J

Ltununu. G (odingley. !I Rosenthrl. G Somjen. Rrporoes of Electrical
Potentirl. Por$sirun Levels. ud C)xidatile Metrbolic.\ctivity of t-tre Cerebrel
Necofir'x ol'( rts. Btoin Rt's. l97i; Ltt{( l ): I j-16.
rawindels F. N Bnret. ,A. Poupud. N Urbsin. G C horrlet. (' Feuertern. M
SNNtr. F,llects ol High Frequcncv Stiruulrtion of Subthllmic Nucleus orl
ExtrreellulrClutuxte ud OAB.A. in Substutia Nigraud (ilobus Pallidus ir
tle Nonnrl Rrrt. Ear; I .\'carosci. lr x x,: Il ( I I i: 4 14 1 6: Bruer N. F Witrdels.,\
BeflJild. ( Feueretein. .\ Poupud, \4 Savuta. Hipfi Frequency Stimularion of
the Subthaluriic Nucleus lncreses tht' Extraqllulq C otrtetrts of strirtrl
Dopunine ir Nomrl ud Pinislly Dopuiinergic Den.'n lled llrts. I -\i'utu-
potholLrp..\rc,!rol.llx,t;6r)(I)'Is-14 Sf,\'sta.IVl..F.Windr'ls.N.Bruet.-.\.
BertluKi. A. Pouputl. Neurcchc'micrl Modificstions Intlrrceil bv High-Fre-
quenL-t Srrrruhtion ofSubthrlsDic Nucleus in Rsts. In: Nichoisson. L., Editor
The brsrrl gurglirr\-lI, Klus,er. lrx)2:581-5911: Urbuo. F'. J.. E. Leaik, R. R.
Lliru. ( rrrticrl -Activrtior Prlterns Llvoked by Allcrerrt .\xons Slirluli rt
Different Frcquencies: m ll litrc loltrge-Sensirive Dve Imngiry Studv.
Tlutlunrus Rcl. Srs/. 2rrr)2; l:-171 -378: Lcc K H. S Y Churg. D W Robcns. (-'
Kim. Neirrotrusnrifter Relesr" l'mnr High-Frequency Stinrulrtion of the Sub-
thalunic Nucl(,us. J. l\idt rus urg. l( x )4: lr.) l ( -l ): j l l - 7.

[003 ] | Bcsidcs .]oulc hcat. DBS nray lurthcr incrcasc bnrin
temperalure througJr incrcasing neuronal activity and con-
colnitant metabiJlic activity. e.9.. iorvneurotransmitter
punps.rs hdeed, DBS is generally associatc{ with a local
increase in metabolic activity.16 Both tissue heating and
increased metabolic activity rnay promote increased blood
flow as is observed during DBS.t7
riLrM,rnru J (. K .\ Vcc'rackcn. V Pstil. O J Prchrsk"r. Stirmrlus-Actilircll
Chrrnges in Rmrn Tissrre Temperrhrre in lhe Anestheliuerl Rrt. .Vetah. Bruit
D6. 1989i 4i4): ll-i-37: Tsrki I. P M Byrne.

100321 Fleal Prodr.rction Associated with Synaptic Trans-
missicrn in the Bullfrog Spinal Cord. Brain Res. 1987l'1O7(2):
386-9:.A,bbott B C. JV Howarth. J M Ritchie. I'he Initial Heat
Production.{ssociated with the Nerve Lupulse ill Cmstacean
and Marnnralian Non-Myclinatcd Ncrvc Fihrcs. .l Phwiol.
1965: 178:368-83.
r6Rczri 

--\ lt. A V Lozuo, A P ( Bw lev. M L .loy. K D Davis, ( l- Kwm- .l o
l)ostrcrslql R R'liukcr D J Mikulis. Ihf,lmicStirnuldion urd fuctionaL
MJgnctic Rcsonelce- lmaging: l,ocalization of Corticil ind Subcoftical Acti-
votrotr sith Inlpluted Electrcdes. Ii't*nicol Notc:. J- Ntrrusurg. lt)91): i)t)13)l

58i-rl): Z)nenshryn. M...q.. \'. Mogilner..\. R. Rezli. Neurcstimulation irnd
Functiolol llnin lmrging. -\calol fl.'s. ]()lx,: 22: 3l E-l 15: Mclnn'E C C. M
SsNli. l. Kcrkeriru. L Gofl. i l, \'itek- Uncoveritrg tic Mc.huism(s) of
-.\ction of Dcep Br:ril Stimulrtion:.\ctrvrrtion. Inhibition. or Both. (rir?. ,\iIL
mphyshl. lrx)4h: I l5(6r: I 219-.18.
r7J. S. Perlrnultcr. J. w. Mink. A. J. Butiur. K. Zrckowski. T. Hereh* E.
MivcwrJii. W. Koller T. O. Vidccl. Bloo.l Flo$ R('sfJeilse$ to Deep Bmi[
StirrrLrlrtion ol''Ihslunus. Ncurokrgy 2tl)2; 58: 1388-1394.

[00331 The range of physblogical non-necrctic tem-
pcraturc transicnts. fitr cxanrplc in rcsponsc to scnsory
stimuli. rernains unclear. Changes up to 0.l2 to I .4" C. have
been reponct. r8 Moderate (<2" ('. ) changes in brain tempera-
ture. tbr exaurple induced by DBS. rnay thus exerl a profound
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ell-ect or neu()nal lirnctiou without leadilg to cell diunage.
rsl,rMuurr J ( . K.{ !1c( rrckr'n. M Prilil. O -l Prehskr. Stilurhs--\ctirrtr,tl
( hrrnses in Brrrin Tissrrc'l'enr1^*rrnrre in the {nsrhctiTcrl R:tl.llrrol:. l}rcot
Dr. 1989; -1(4): :15-17: Ilolliluur ll \4. \-E Diorur!'. Ier|pc'rirrlB I)cpcn-
clcnceo1-lonl'enne.rtionrtlhcEn(lpLltc('huncl.IGen.Phyriol. l9tt3:ttI(5):
087-7(rl.

[00341 Current DI]S sal'ety guidelines are prL'suurabl]'
based solely on charge dc'liveryielc'ctrocheniical consider-
ations. Whilc wavcli)rnls with rcvcrcal ()f' slimulalion
phase charge balanced stimulatiou arL. advantagcous
t'rour an electmchenrical satety stand-point.r') thcy nrzly be

disadvantageous l'rum a tcmperature sal'ety stand-poiut R.

M.S. considcrations. Whilc lcad/clcctrodc sclLttion docs not
necessarily faclor in electrtlchemical sal'ety considcralions.
themral inleraction betrveeD electrodes indicatcs lhat tcm-
perature-based sal'cty guidclines must consider electrodL'
seI)aration distancc. I'herelbre. the design ol'l)BS stiruulation
paramctcrs kr lirnit tcnrpcnrturc riscs should lbllow scparatc
guidelines then lhosc to linrit charye delivery.
reMerill D R. Iv{ Bikson..l G Jctllns. Electncrl Stinruhlion ol Lxcitrble
'f issue Design ol-ElliclcioLrs lnd Sate Protocols. L\izrvsci..l1"rlnril. ltttti:
t4l(:): I7t-91{.

[0035] Numerous innovations lbr medical implantable
dcviccs and thcir opcration tbr trcating discascs havc bccn
provided in the prior art. which will be described below. and
which are incorporatet herein b1" rel'erence thcrcto. 'l'hese

innovations teach brain stimulation and do ltot addrq;s or
even ntenlion tissue hcuting resulting tiour norrnal dcvice
operation or unerpectcrl lhctors. e.g.. MRI coupling. as do the
ernbodiments ol' thc prescnt inventiorr.
(a) The U.S. Pat. No. 5.782,798 to Rise.

[0036] The U.S. I)at. No. 5,782.798 issued to ltise on -Tul.

21. 199tt in class 604 and subclass 500 tE'aches te.cluriques
using one or lnore dnrgs and/or electrical stinrulation lbr
treating an eating disorder by way of an implantahlc signal
generator and clectrode and./or an implanlable pump and
catheter. .\ cathe-ter is surgically implanted in the brain to
inlise the drugs and rlle or more electrodl.s nray bc surgicall,v
irnplanted in the brain to provide electrical stimulatitrn.
(b)The U.S. Pal. No. 5.1t0O.474 to Benabid et al.

[0037] The U.S. Pat. No. 5.800.474 issued to Bcnabid et al.
on Sep. l. I 998 in class 607 and subclass 45 teaches a method
of prcvcnting sci:rurcs as L-xpcricnccd by pc-rsons with F,pi-

lepsy. IIigJr lrequency electrical stirnulation pulses are sup-
plied to the subthalamic nucleus, thereby blocking neural
activity in the subthal:unic nucleus and reducing excitatory
input to the substantia nigra. which leads to a rcductitln in the
occnrrence of seinrres.

[0038] Funher. numerous irurovations lbr altcnrativc meth-
ods lbr reducing haz;rrdous tissue heating resulting liom
cxtcmal magnctic coupling to DBS havc bccn providcd in thc
prior art. which will bc described below. and which are incor-
porated herein by rctcrence thereto.

[00391 (ienerally. these iruovations lcach modilying the
gcomctry ol'thc I)tls lcad wircs or changing thc rnatcrial
properties of the leads. so that coupling wilh extemal fields,
e.g.. MRI. is reduced. i.e.. methods to qeuerate MRI-sat'e
implantable' devicesiIeads somelintes in specitic rc['ercnce to
tissuc hcating. Thcsc ntcthods arc unprovcn. rnay otlcr only
minimal benclil even ilpractical. and are inherently cornplex
leading to questiorls of clilical l-easibiliry. liurther. these
"coupling-reducing" irurovatious are cornplc-tely ineliective
in reducing temperalure rises induced by nomral de'vice t'unc-
tion. including clc.ctrical stirnulation or dcvicc thults.

I00401 'lhese imrovations generally locus on neum-elcctri-
cal stimulatiul deviccs, e.g.. DBS in a MRI scanner. They
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attempt lo rcduce coupling of the de'r,ice rvith thc MRI field by
either changing thc device rnaterial prcpertics or lhe'device
geonlelry. -[hcy do not sr.lggest nlcthods firr rcrlucing tem-
peraturc rises once they are induced as do thc cmbodiments tlf
thc- prcscnt invcntion. Rather. thcy lircus on rcriucing cou-
pling with the MRI and hence rcduciug initial lemperanrre
gcncration. Nonc ril'thcsc innovalions havc bcrcn dc-mon-

strate'd to work in a penon with an irnplantable device'. Poten-
tially. sorne of these imovations have been evaluated using
nrdimentary conrputer sirnulations or zur cxperirnental plmn-

torn a tluid in a ctrntainer inserted inkr a scanner. Both the
cclmpr.rter sinrulation used and the phantom experiulcuts if
they :ue uscd havc scrious limitations in their applicability
to humans. 'l'hcsc innovatiorrs do not in any way addrcss
tenlpera(ure incrt-uses resnlting tiom device powcr consunlp-
tion or l'rcm elcrctrical currents induced by the stimulation
devicc itsc'll. Morc'over. these irmovatitlns would in no way
mitigate these other temperatrue increases be.c'ause they only
minimize coupling with an extenul uragnctio ficld.

(c) The United Slates Palent.A,pplication Publicalit'rn Number
2005/00 I 5 I 21t to Rcz:r i ct al.

[00411 'fhe lJniterl States Patent .{pplication [\blicatiorl
Number 2m5l()()15128 published to Rezai e't al. on Jan. 20.
2005 in class (r07 aud subclass l15 teachcs a device and
method lirr rc'laining an excess portion ot'a lead implanted
within or on a surlirce ol a brain of a patieut. 'l'he device
inclndes a burr hole ring confi$rred to be secured to a skull ol
the patient and a lead retainer exten<Iing lnrm the burr hr-rle

ring. Thc lcad rctaincr is conligurcd to storc aI lcerst a sc.ction

of the exccss portion of the lead.

(d) The [Jnitcrl Statcs Patent.A.pplication ['ublication Number
20051011{2lli2 to Watrg et al.

[00421 'fhc. Unitcd States Patent .,\pplication l\rblication
Number 2005/0182482 published to Wang el al. ori .A.ug. 18.

2(X)5 in class (r23 and subclass I .l 5 tc.achcs a medical device
including a coating-inhibiting distortion o1' medioal-reso-
nancc inragcs tzrkcn o f thc dcvicc. Whcn thc dcvicc is cxposcrd

to radio-lietluency electromagnetic radiation with a l're-
quencv o f fi orn I 0 mcgahertz to about 200 megahertz. at least
90 percent ol'this radio tiequency elc'ctromagnetic radiation
pelrelrates to thc lumen of the device. The concentlzttion olthe
radio l'requencv electromagnetic railiation penetrating to the
lumen ol' the devicc is substantially identical at dill'erent
points *'ithin thc intcrior. Thc coating includcs magnr-tic
material with an avcraBe particle size of less than about 40
nanometers.

(e) The Unitcd States Patert-A,pplication l)ublicatiou Nunber
20O510222642 to Przybysze.*ski et al.

100431 
'['he Unitr-xl States Patent .{pplication h.rblication

Nunrbc.r 2005/0222642 pnblished to Przybyszewski et al. on
Oct. 6. 2fi)5 in class (r07 and subclass .4ti tc'aches;ur implant-
able stimulation systern including a stinlulat()r lirr geuenrting
electrical stimulation and a conductive stimulatit'rr.r lead hav-
ing a proxinral cnd clL'ctrically couplcd kl thc stimulakrr. .At

leasl a first c(xllponent of the impedance kxrking into the
stimulattlr is substantially rnatched to the impedzurce ol'the
stimulalion lead. .,\t lcast one distal stimulatir)n electrode is

J
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positioned proximate the distal end olthe stimulation lcad.
2OO510222612 publishe<l to Przybyszewski et al.

(f)"l'hc LJnited Stales Palcnt Applicalion hrblication Nrunbcr
200510222647 to Wahlstrand et al.

[00441 
'l'hc LJnited States Pateut .{pplication PLrblication

Ntrnrber 2(X)5/02226.17 published to Wahlstrand et al. on ()cl.
6. 2005 in class 607 and strbclass 72 teaches a pulse slirnula-
tion system configued lbr implautatiur irlto a patient's lx)dy.
inchrding a pulse stimulattrr. a conductive stimulalion lead
having a pruximal end electrically coupled to the pulse sinlr-
lator and lurving a distal end. and an electrode assembly
coupled to the distal end olthe stimulation lead. I'he electrode
asscmbly includcs an clcctrodc- body having a thcmpv clcr-
trode thereon beiug electricallv coupled to the stimulatiou
lead lbr delivering therapy to the patienl. ^{ floating c-lectrude
is conligured to contact the patient's body tissue'and has a

surlbce area substantially laryer than that ofthe therapy cle'c-
trode..{ filter is coupled between the therapy electnrrte and
the floaling electrode lbr dive'rting RF energy krward the'

floating elc.ctrode and away f'rum lhe therapy electrode.

(g) The LJnited States Patent.{pplication Publication Ntunbcr
2U)510222656 to Whhlstrand et al.

[00451 'l'hc tJnited States Patenl Application l)r.rblication
Number 2005/0222656 published to Wahlstrand et al. on Oct.
6. 2005 in class 607 and subclass I l6 teaches a medical lcad
lbr use in a pulse stimulation system of the type including a
pulse generator tbr producing ele.ctrical stimulation thcrapy.
The lead includes an elongate insr:lating body and a1 lcasl une
electrical couductor within thc insulating body. The conduc-
krr lras a pnrximal end configured to be electrically couplcrl to
thc- pulsc gcncralor and has a [X- rcsistancc in thc nrngc of'
375-2fiD olmrs..{t least one distal elcctmde is couplecl to the
ctlrtdttclor.

(h) l'hc tInitrxl States Palent.{pplication Publication Nurnhcr
200510222657 to Wahlstrand et al.

[00461 '['hc Irnitcd Statcs l)atcnt .{pplication Publication
Nurnber 2005i0222657 published trr W'ahlstrand et al. on ()ct.
6. 2005 in class 607 and subclass I I6 teaches a stimulation
lead conligured to be implantet inkr a patient's body. includ-
ing at least one distal stimulalirln elcctrode :urd at leasl one
conductive filer electrically couplc<l to the distal stimulation
electrode. .{ -jacket is pro,idc.d lbr housing the conductive
tiler and pruvides a path distributed along at least a p()rtion of'
the length ol'the lead 1br conducting induced RF energy liom
the filer t() the patient's body.

( i ) The. t.lnitcrl States Patent.\pplication Publication Nunrber
2K)510222658 to Hoegh et al.

[00471 
'l'he lJnited States Patent .Application Publication

Ntrnrber 2U)510222658 publishcrJ to Hoegh et al. on Oct. 6.

2005 in class 607 and snbclass I l6 teaches a neurostimula-
tion lead conligured to be irnplantcd into a patie'nt's body and
has at lcasl one distal ele,ctrode.'l'hc lead includes at lcast ()nc

conduclivc liler electrically coupled to the distal electrodc. a
jackc-t lirr housing thc conductivc filcr. and a shicld surnrund-
ing at least a portit'rn of thc- filcr lbr rcducing electrcmagnetic
coupling to the filer.

0) Thc llnitrrl Statcs Palcnt.{pplication Publication Nunrbcr
2005/0222(;59ttr Olsen el al.

[00481 'lhe United States Patenl Application Publication
Nunrber 200510222659 published to Olsen et al. on Oct. 6,
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2005 in class 607 and subclass I I 6 teaches a lead conligured
to be implantr-rl into a patient's body. including a lead body
and a conductive filer positionerl within the lead body and
hav'ing a distal portion. An clcclrodc is clc'clrically couplcd to
the lead bodv and includes a stimulation porlion. a bobbin.
and at leasl tlne coil of wire wotrnd on thc bobbin and elec-
trically couplerl betw r'en the stinlrlation portion iurd the distal
end region to lirrrn an induclor bet*'cr:n thc distal end region
and the stimulation ponion.

100491 Nunrercus imovations lirr labrication methods li)r
implantable de'vices in no way addrcss rrretllods kr rrritigate
temperature increases after irnpl:rntation as do the emhodi-
ments olthc prescnt invention. Lleat application or heat-siuks
rnay be used in lhe l)rbrication pmoess and are clearly r.urt

relevant to thc embodimerlts of tlle preserrt invention. For
cxamplc:

(k) The Unitcd States Patent.{pplication hrblication Nuubcr
2m4 lO2 I 53U) to \-emess.

100501 Thc Unitrt States Patent .{pplication hrblication
Number 2004i0215300 published toVemess on Oct. 28,2004
in class 607 and subclass I l6 teaches conductive aenrgels
ernployed in labrication of ele,ctrical mc'dical leads adapted to
be implanted iu the body and sub.jectud to bending stresses.

^\n elongated. llexible. and resilient lead body extends t'rom a

proximal cnd to a distal cnd and includcs an insulativc slrcath
having an e'longated lumen tlrough which an elongaled con-
ductor extends. A layer ol'conductivc aemgel is disposed over
Ihe conductor detiuuing upon nrovenrent ol'the conduc(rr
within the luuren against the aerogel in respt'rnse to applied
stresscs.

[0051] [;.xisting innovations using hcat-sinks do not dcal
with neuron-proslhctic devices as do thc embt'rdiments ol'thc
present invention. For example. tissuc ablation catheters are

devices that are not clrrcnically irlpliurtet. They are not
implantablc rncdical devices.'Iissuc ablation catheters delib-
erately induce tissue telrlperature incrcascs tbr the purpclse of
destroying tissue. For exarnple:

(l) The Llnite<l States Patent .{pplication l\rblication Nunrber
2003/0028185 ro tle.

100521 
.l'hc llnited States l)atent .{pplication [\rblication

Number 2003ru)28185 published to ile on Feb. 6. 2003 in
class 606 and subclass 4 I teache's a sc.ll-cooling electrode lbr
use with an ablalirln catheter having greater surfacc area.

the'reby allowing the electrcde lo dissipate heat to the bhod
pool more etl'cctively and increascrl thcmral mass and there-
tirre greater heating capacityithemral conductivil-v lirr
improved heat translbr between the clectrode and tissuc lilr
more eflc'ctive tissue heating. The elcctrode design allows
increasec'l power Io bc'delivered with minimized risk of over-
heating or coagulation at the tissLre-elc'clrode interlace.'Ihc
increased themral mass and thermal conductivity ol'the elsr-
trode design are achie'r,ed with a substantially solid electrode
body with thick walls. Cooliug and increased heat exchange
are achieved ,*'ith an ahemating patlcm of channels and pro-
jections collc'ctively defining a plumliry of edges. either par-
allel or perpendioular to the clectrode axis. Blood or othcr
biological fluids can flow tlrough the chamels along the
cxtcrior surlhcc ol'thc clcctn'dc lo lrclp cool thc clcclrodc.
while heal is simultaneously transl'ene'd liom the elechrde
body. edges. and prcr.jections to thc surrounding tissue. A
catheter havinB a selfcooled tip electnrde in conjunction witlr
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olre or nlorc ring cle.ctrodes rnay be uscd to lilrnr a large
virtual electrudc capable ol creating longer. de'eper tissue
lesions.

[00531 .{lthough. He may deal with using a lreat-sinli. the
heat-sirili is used only during acute ablativc elcctrical stinn-
lation via a catheter. which is removc'd atler tissue deslruc-
tion. and is not an implanted device or a neuroprosthetic
device. He suggcsts methods ltrr controlling the spatial extent
of tissue heating tbr ablation catheters including clranging
material propertics.
[00541 Certain devices including implantablc dcvices are
designed to cool the borCy below normal level lbr therapeutic
purposes and do not mitigate unwanted tenrpemlure increases
generated by an implantable device thal is mrt desigrred to
change body lcmperature as do the enrbtxlimcnts of the
present inve[tion. Iror c'xample:

(m) The United States Patent.A.pplication Publication Nrun-
be'r 2005/01 71585 to Saadat.

[0055] Thc Llnitcrl States Patenl Application l)ublicatiot
Number 2005ru l7 I 585 published to Saadat on .\ug. ;1. 2005
in class 607 and subclass 96 teaches appardtus and me-lhods

tbr cooling selected rcaions within a body. .\n implantable
cooling syslcnr is uscd to cool re-gions ol'thc brain. spinal
cord. hbrous nervc bodies. e.9.. vagus ncrvc. elc. dowl to
about 30" C'. to diminish nc.rve irnpulses controlling seizures
or chronic pain. '['he system includes an implantable unit
containing a purnping rnechanism an<Vor various contrtrl
clcctronics. It also has a hcat cxchangcrallachirblc to a nrbular
body organ. such as the supericlrvena cava or lhe inl'ericlr vena
cava. thnrugh which the heat is ellectively dissipated..A,lscr
included is a heat pump. such as a Peltierjunction conligured
to bc placcd into contact with thc rcgion ot'tissuc kr bc ct'rolcd.
'Ihe heated ponion ol'the Peltier.lturction is corrled by a tiquid
heat transl'er medium absorbing the heal tiom the.junction
and dissipating it iuto the tubular body organ.

[0056] Electrical stirrulation ma-v be applied using non-
implantable deviccs. lor example. transcutancous electrical
stimulalion. which are not implantable medical dcvice's. For
example:

(n) The United Statcs Patent.A.pplication Publication Number
2U]/.102O1625 to Riehl.

[0057] Thc Unitet States Patent .{pplication Publication
Number 2004i020462 5 published kr Riehl orr ()ct. 1.1. 2004 in
class 600 and subclass 9 (eaches a method lirr reducing dis-
comlbrt causct by lrarNcutaneous stilnulation. '['he rnethod
includc-s prcvidi ng trunscutancous sti mulation. rc'duci ng thc
transculana)us stiurulatir)rl at a first localion. iurd substan-
tiallv maintaining the transcntaneous stinlrlalitur at a secoud
location. The transcutaneous stirnulation may bc created by
eleclric and./or rnag,netic fields. The first localion may be
relatively proximate to lhe cutaneous surlhcc and may inchrde
tissue. ncn'es. and muscle..{lso. the second ltration uray be

relatively deepcr lhan the fin;t lor"-ation and include. lirr
example. brain lissue rcrluiring lhe tnuuculiurcous stimula-
tion ttrr lrcatmcnl pury()scs. -l-hc mcthrxl lirrthcr nray includc
locating a conductor on a lrc-atrlleDt area and,/or a lrzulscuta-
neous stimulation dcwice relative to the hrsl locatior.r. ln addi-
tion. the method rnay lirrther include ad.justing huw much the
transcutimerus stimulatitln is reduced at the fint location.

(o) Thc lJnitcd Statcs Patcnt -{pplication Publicalion Numbcr
2005/0033382 lo Single.

[00581 'lhe l.jnitct States Patent .{pplication l'ublication
Number 2005/00333tt2 published to Single on lreb. 10. 2005
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in class 607 and subclass 57 teacltes a dcwice including a

housing. cloctmnic cunponents contained within the hous-
ing. and a heat absorption medium sculed within the housing
lbr rcgulating thc tcnrpcraturc ()f'thc dcvicc. 

-fhc 
hcat absorp-

licln ureditul underyoes a state changc at a state clunge tcm-
peraturc ol'36" ('. or greater. l he device is a medical implant.

100591 Single lircuses on using a heat-absorption mediunr
in conlrast to triurst-erring heat along/away tiom the dr,vice as
do thc cmbocliments of lhe present invenlitln. In one embodi-
ment, Single suggests using a heat-siltk to charurel heat gen-
eratcd in one region ol'the device to iurothcr region ctxrtainiug
thc hcat-absorption nraterial in contrast to not incorponrting
any hcat-absorption matcrial but rathcr spatially dissipating
the heat over a wider region and thcn thc heat is carried away
by the tissue tclnperalure regulation urechauism. e.g.. bltxrd
Ilow as do thc embr.ldiments ol'the prescnt inventiou.

100601 ('cnain imovalions deal with heat-absorption te'ch-
niqucs. [,'or cxanrplc:

(p) The t.lnited States Paterlt.A.pplication l\rblicatit'rn Ntunber
2(n5/0029990 to l'sukamoto et al.

[00611 'l'hc IJnitct Statcs Patcnt .Application hrblication
Number 2005/0029990 published to'l'sukamoto et al on [reb.

10. 2m5 in class 320 and subclass 135 teaches a rnethod.
device. and system lbr rapidly and sat'ely discharging remriu-
ing c.nergy skrred in an electrcchenrical battery in the event ol'
an inlcrnal short circr.rit or othcr lhult. In its best mode of
implemcntation, if a sensor dete'cts rrne ()r nlore parameters.
such as battery teinperzrture or pressure cxcceting a pre<leler-
rnined threshold value. Ihe temrinals ol'the battery or cell are
intentionally short-circuited extemal k) tlle battery tlrougJl a

Iou, or nc.ar zcro resistince- load that mpidly drains eneruy
litur lhe battery. Heat generated by this rapid draiu is
abstlrbet by a heat absorbing material. such as an endother-
mic phase-change material like pruallin. 'lhe ratc'energy is
drainetl via the extemal discharge load uray bc controlled
*'ith an electuric circuit responsivc to lirctoru. such as slate
ol'charge and battery-, temperature. I)evices, such as inductive
clurying coils. piezoelectric and Peltier devices, may also be
tuscd as cnrc.rgcucy cncrgy dischargc loads. Ilcat absclrption
matcrial may be used to protect adjaccnt tissue in rnedically-
implzurtcd devices.

[00621 'l'hus. there exists a nr-ed lirr a "heat-sink" tc.chnol-
ogy that dnrmatically rcduccs tissuc/tlcvicc hc-ating. is inhcr-
ently silnple. and is evidently pmclical.

[00631 'lb mitigate these ternpcraturc changcs, it is prc-
posed by lhe erubodiments of the present invs'nliol to inte-

lgate either into the der.ice structure. inside lhe device--in the'
caseol'a holkrw compartnletll. oroutside the device, a passivc.

heat-sink material or active heat-siuI tecllrology. lror
examplc. passive material with high thennal-conductivity
that will act as a heat-sinli and thus dissipate any temperanrrL-
increases. .{nother example. difll'rent inrplementations ol'
activc hcat-sinii tu'clurologies nray be used including those
that incorporate tluid flow. In an additional implementation ol'
the heal-sinli te'clurology. the devicc mal' be modified ltlr
example coated with a dmg that will induce the surrormd-
ir-rg tisstre lo becorue m()rc rcsisl:ult to tcmperanlre
incrcases lirr exanple by increasing lissue vasctrlalure or
changing ol'tissue propenies. In spc'cilic cases. existing
dcviccs and alrcady inrplantcd dcviccs nray bc rnodificd or
retrofittcd based on this heat-sinli techrology. 

-ilris 
heat-sinl.l

tc.clurology u'truld be ell'ective during 'nonual'device opera-
litln and during unexpected/lirulty operaliru. In an additional
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implementation. the hcat generatc-d nc'ar a dcvicc can be
detennined and usetl to guide device design including lirr
neuroprusthetic dcviccs clertrical stirlulation pnrlocols.

TI.I[] SI IMVI.'\R\' OF'THE IN\'EN'IIoN

[00641 Thus. an ob.jcct ol'the present invcntion is to provide
a method ltl reduce healing or to change spatial distribution ol'
heating at implantablc nrctlical devices includillEt ncuropros-
thetic devices tlurl avoids the disadvantages ofthe prior afl.

[0065] Brietly stated. another ohject ol the proscnt inven-
Iion is tcl pmvide a methotl to control tissue/devicc lreating at

irnplantable uredical dcvices including ueuroprosthctic
devices. In a lirst embodiment. thennal conductivity ol'com-
poneuts ol the implantable medical devices including thc
ncuroproslhctic dcviccs is incrcascd. In a scrcorrd cnrbodi-
ment. the implantable rucrlical devices includiug the ncurrr-
prosthetic deviccs arc ctxrlcd by using heat-sillis. ln a third
embodirnent. portions ol' the' irnplantable medical dcvices
including thc ncunrprosthctic dcviccs arc replaccd with spc-
cilic thennal propcrties. [n a fclrrth embodiment, lhe iurplant-
able medical devices iucluding the neuroprosthetic dcvices
are coatd with a drug/rnaterial that will induce surrounding
tissue to becornc more resistant t() temperaturc incrcascs. In a
tilih embodimelll. thc tempcmnrre irlcrease ncar thc implant-
able devices including the neuroprosthelic dcvices is delcr-
rurined using a urodilicd bio-lieat translbr rnodel. In a sixth
embodiment. the shape ol.the outer or the inner surl'ircc olthe
dcvicc is modilicd.

I00661 The novel lcaturcs which iue cr-rnsidered charactcr-
istic of the prescnl invention are set lbrth in the appcnded
clairns. Thc invcntion itscll. howcvcr. both as kr its construc-
tion and its method of openrtion and ttlgether with adclitional
t>bjects and advantagcs thereofrvill be best underutood liorn
the lbllowing description ol'the specil)c ernbodimcnts when
read and understtxrd in ctlurection with the accompanying
drar,l'ing.

THE BRIEtT I)[S('RIPl'lON OF THF I)R.{WIN(;

[0067] 
-ilre 

figrrrcs ol'thc drawing are briefly dcscribed as

It>llows:

100681 lit(i. I is a diagranuuatic perspectivc vic'w ol'the
garmetrical conliguration ol'the model. whcrein the brain
lissue was mtrdeled as ir cylinder with a 5 cm radius and a l4
cmheight.u'hereinthctxrttom distaIend oitheI)[]S lead
was positionct in the centcr of the tissue (center). whcrein
trro types oI DBS lcads wcre modeled including the 3389
DBS lead with 1.5 lrxn clectrodes and 0.5 spacinB belr,r'een
electrodes (right) and the 3387 lead with 1.5 mm clL\ctrodes
and 1.5 nun spacing (leli). lmd wherein the electrocle iude'x

used is indicated:

[00691 H(i. 2 arc rnaps of the bio-heat transler modcl ol'
I)BS showing the cfli:cts ot lead and ele'ctrode seloctirlr.
wherein the lalse color maps indicate the spatial tempcrature
distribution around thc' bipoIar stimulating electrodcs when
the high stimulation selling was applied in a lromogenous
brain with tissue clcctrical conductiviw o-0.J5 S/m. tissue
thennal conductivity k. 0.527 Wr'mo. andno blood perlirsion.
w'herein the red 'axial'linc'is the cross sectitu at lhe prcximal
cud t'rfthc most distal clcctrodc at hcight z 3 mnr cxlcnd-
ing in the r dire,ction liom the electrode. whcrciu in thc'
reuaining figures the teurperaturc'profile is plotted along this
line. and wherein:
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100701 |lC. 2.\ is a lnap o1'lead 33tt7. wherein [irst and
lounh elcrtrodcs werc electrically eneryized:

[00711 I-l(i. 2U is a nrap of lcad 3387. whcrcin fint and
secoud elccl nrdcs wherc electricallv ene'ruizcd:

[00721 Irl(;. 2(' is a map of lead 3389. whcrein tint and
fourth elL'ctrodcs wherc electrically encrgizetl: and

100731 lil(;. 2l) rs a map of lead 3389. wherein tirst ard
second electrodcs arc clectrically energizcd:

[00741 il(i. 3 arc graphs of temperature distribution along
the axial dircction when the high stimulattn setting leacl

3389. clcctnrdcs I and 2 was applicd in a hornogcnous
brain- wherein:

[00751 FI(;. 3.,\ is a graph of temperatrre venes electrical
conductivity (tr). wherein the thermal conductivity was lixed
at 0.527 W,/uru ('. and blood perllsion was absent. aud
whcrcin tissuc tcmpcr.ltrtrc incrcaser.l with incrcasing clcctri-
cal condr.rctivity:

[0076] FI(;. .1]] is a gruph of temperarure vcrses therrnal
ccrnductivity. whcrcin the electrical conductivity was lixed at
0.3 S/m and blood pcrl'usion was absent. and whcrein tissue
tcnlpcral u rc de'c rca sccl with i ncrca si ng thcrura I concluct iv ity
(K,): zurd

I00771 F I(i. -1(- is a graph o f temperature distributitu venes
blood pr'rlirsion. u'hcrein elL'ctrical conductivity and themraI
conductivil-v wcrc constarll 0.30 S/m and 0.527 Wnro (1..

rcspcctivcly. and whcrcin blood tcmpcraturc was 37" ('. and
metabolic hcat was absent:

[00781 FI(i. 4 arc teurperafure distributions in a nonho-
mogenous nrecliurn along the axial direction when thc higJr

stimulation setting eleotrodes 1 and 2 was applied,
whcrcin mctabolic hcat and blood pcrlirsion wcrc abscnt. and
wherein:

100791 FI(i. 4.,\ is a graph oltemperarure verses lc'ad insu-
lation thernral conductivity. wherein increasing thc lcad insu-
lation thennal conductivity' deoreased the ternpcrature around
thc clcctmdc: and

100801 lrl(;. 4l] are maps of the ternperature liled in the
3389 DBS lead and surrounding brain tissuc with the lead
insr:lation thcrmal conductivity equal to 0.026 Wirno C.
(right) and equal to 20 W1ur" C. (lefl), whcrein a lalse color
map indicatcs thc spatial tcnrpc-raturc distribution amund Ihc
electrodc's. and wherein the rcrc line is the 'axial' cnrss section
represented in other figures:

[00811 Fl(;. 5.,\ is a graph shorving thc lcnrpenrture distri-
bution lirr uonnal tlrcmral conductivity:

[00821 FIG. 5l] is a map of the cross section o t'the electrude
of nonnal thc'rmal crlnductivity in the center ol'its conductive
pan:

I00831 [rl(i. 6r\ is a graph slrorving thc tcnrpcraturc distri-
buticln a1lc'r incrcasing the thermal conductivity:

100841 FI(;. 6ll is a urap of the cross sectiou o t-thc elcctrude
ofincreased lhermal ctrnductivirv in the centcr ol its conduc-
tive part:

[00851 l.\Bt.L I illustrates the etTects olbiologicaI param-
eteni on peak tonlperature induced by DBS high-setting.
electrodes I and 2 wcre energized: and

[00861 T.q,l]I.1, 2 illustrates peak telrperature verccs insn-
lation lead thennal ctruductiviry (K,) at setling rr 0.3 Siur.
K,-0.527 W/m.K with no blood perfusi()n aud nletabolic
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heat. whereiu higfi stinulatiorl setting was applied to various
combinations ol leads aud encrgized electrodes.

THE DEl ,\II,I]D DT.]SCRIPTION OF 'fTITl

PRUtrllRRlrl ) TiMBODIMENTS

A. General

100871 Finite-elemcnt nlodels are used to investigale how
biological properties and DBS stimulatior paralncters alll'ct
thc magnitudc and spatial dislr'ibution of thc I)BS-induccd
temperanrre field. By solving the coupled Laplace cquation o f
electrical field and the Pemes bioheat transtbr equation,
simulation ol'how I)BS atll'cts the temperature field distribu-
tion in brain tissuc. are embled.

B.'l'he Model Methods

(a) The General Description.

[0088] .{ bio-heat transl'er rnodel lor DBS was developed
implementiug the Pelures model. '[wo types ol'[Vledlmnic
leads were srudied. as shown in FIG. l. the Model 33t17 DBS
lead with I .5 mm spacing behveen each of the lirur ele,clrodes
at their distal ends lo provide an electrodes spread ol'ttver a

btal of 10.5 nun and the Model 3389 DBS lead with 0.5 mrr
spacing betw'een each ot the lbur electrodes to provide au

electrcde spread ol'over a total o17.5 mm. (Medtronic. Inc..
Minncapolis. Minn.). I)ircct matrix invcrsion with 20.296
elernents was used ald doubling the resolution modulated
ternperature changes by <0.05" ('.
100891 Finite element analysis was uscrl to analyze the
effect of DBS on temperatnre rises in brain tissuc. Be.c:utse o1'

axial get'rmelrical syrrrmclry, the temperature and electrical
lields were assumed to vary only with direction ol'r thr"'

coordinate ofradius ol'the stimulator. and z the ct)ordinate
of length ol the stimulator. 

-fhe tkee dirnensional transler
model geometry can thus be ruathernatically irnplemcnterl in
two dimensions.
[0090] DBS-induced tcmperature increases in three
increasingly detailed cases were examined:

(a) The Case l.

[009U 1'empenrture distribution induced by l)BS in a

homogenous brain lissr.re without blood perlusion or rnetut-

bolic activity.

(b)'lhe Case 2.

[0092] 'lemperarure distribution induced by l)BS in a

homogenous brain tissue w ith blood pertusion solvcxl usittg
two dimensional Pennes model with and without related
rnetabolic activity.

(c) The Case 3.

[0093] Tempemture distribr.rtion induced by Dt]S in a lttu-
homogenous brain tissue with consideratiou ou physical
properties ol the l)IlS leads and tissue damage anruud thc
electrode.

[00941 Lr each ofthe above cases. the range oflcurperaturL'
increases expected in vivo by parameter sensitivity anall'sis
was examined.

(b) The Methods and..\rralysrs.

[00951 tslood perlirsion occurs in living tissues. and the
passage of blood nxrdifies the heat transl-er in tissues. Fur-
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themrore. rnetabolic activiry generates heat withiu the tissue.
Perures (1948) and Perl (1962) have established a simplilie'tl
bio-heat trarrctbr model to describe heat transl'cr in tissue by
considcring thc ctl-lcts olblood pcrtusion and mclabolisrn.2"
During DBS. Joule heating arises'*hen eneryy dissipated by
an electric currL'nt llowing through a conductor is converte'd
into thermal encrgy. 'l he resulting bioheat equation see

EQUATION I below govems heating during electrical
stimnlation.2t
2oF. A. Duck. Physrcul Prepcrties ot Tissues: :\ Comprehc'nsivc Ilclcrencc
Book. Acailemtc Prcss, Srrn l)rego. I 991 ).

llTrrngihrsolrrrril S.. h. .1. Wbo. H. ('ao. rinite lllement.\nrrlyses oll-nitbm
Curretrt Densrtv Fllccrredcs lbr lUdio-Frequency C udiac .{hlrtion. /l-f,l
lians. Rioncdiul L,g:, l()oo: \'ol. 47. l\o. I: 32-4{): Chutg L l;inite llcrncnt
-\ldy-sis ol-llepatrc Nlrliolit'qrrenc1" -\blation Prches Using-lltrlp('rltrlre-
D('pctrdctrt hlcctrical ( onducti\io'. Biomcdi<:ql L-tgiil..a-ug (hiliE )tttt3.
l: l:; lunliJrtusoLnrm S.. S. lvlcr SIJ('Iin. D Hrnnrcnch. J Z I sri. ll ( .ro. J G.
webster. \' R. \brpcnrur. 

.f 
hree-Dimensronrl Finite-Eldilcnt ..{nrlysts lbr

Rrdio Frequerc-vIIeprtic liurorAhlrrrot.IEEETans.BtctmLdk'cllinqn,'er-
l,g Vol. 49. \o. I . Jrnlrlry f( )l ):.

pCpblbtV(,(VD-p1,(),,(l(f-Tbt+Q,,,flvl') (l)

wlrere:

[00961 p, is the bltxrd density (kg/rnr)

100971 (',, is thc spccitic hcat ofthc blood (.I/kg." {'.)
l0Ur8l k is thc therntal ctuductivity ot'the braitt tissue

(W/m.'('.)
100991 T is the tempc'mnrre (o C.)

[0f001 ur,, is thc blood perlusion (ntl/s/utl)

I010ll p is the brain tissue densiry

l0f02l 1, is thc body core temperanrre (" ('.)

I0l03l Q,,, is the urc{abolic heat (WAnr).

10f04] The .loule hcat induced by DBS stimula(iou was
rlodeled with a source tenn o lV\'12. where rr is the elcctrical
conductivitv o1'the tissue and V is the electrical potential
induced by stimulation.

[01051 Thc clcctrical potcntial was dctcrmincd by solving
the Laplace equati()n V.(r'rV\'):0.
[01061 Tw'c'r mrnnal DBS electrical settillgs were analyzed.
but are not a limited set.'lilgh setting'(10\. 185 pps.210
pSec) with \',,,. ol 1.561 \blt. and 'typical setling' (l \. 185

pps. 90 pSec) with \',,,. ol'0.353 \blt.:2
')lrnplllt lvhiurrl. Ma'ltrcrric l:lta?. ll89 lead kit lbr Deep llrrin Stirrurlrtrorr

[01071 The lbllowing range oltissue and lead paranleters
were applied. but are not a liurited set:

(a) The Biological [)roperties of the Brain'lissue.]r
zrchurg l. finit(' hlcnlcnt .'\]Blysis of Hcprtic ll.ldiolrcquctrc.v Ablrtron
Probe-s Usilg Tcrnpcilturc-Dcpcndcnt Etcctric:rl (ondttcttvity. Biontedical
Etgtilecitq Oilliil(' l(r0.].::lll Br1-srl U. J Hrueisen. Use ofr Prron Inlbr-
m.tior itr Estimoting Tissuc' Resistivities-.\pplicrtion ro Hunrrrn l):rlrr ft Iiro.
Phlsiol. -\IL,os. 2trt4 15 7'r, 74E: (ollins C. M Snlith. R TLntc'r. llodel of
Locd Temperrnlts ( hurges in Bruin ttpon Ftulction!|.\cti\llron. J.lpp1.
Ph.tsiol.. lt\t+: 971 (r): ltt; l -10;s.

l0l08l K, 'fhemral conductivity of brain tissue' (W/m.o
C.) {).5-0.(r

[0109] p Density ol'brain tissue (kg/nrr) 1040.

[0ll0l Co Specilic heat ofbrain tissue (J/kg." ('.) 3650

[011] I t'r Elecrrical conducrivity (S/m)-0.1 5-0.35

[01121 1', Initial '[cmperature of brain tissue 3 7" (-.

(b) The Biological l)roperlies of the Blood.2a
2r( ollrns ( . M Snlirh. R l rrrncr llodc-l of Lmf,i lcmp!'rJnrrc ( h.ugcs in tlnin
upon Furctiorrl -\clilxrron. J...1ppl. Pht'siol,, llx)4:97(6): l(l5l-10i5:
Xirojiurg X. P Tikuisis. (i Gicsbtcht. -A. MathernLrticsl \lodcl lbr Hutrru
Brrin Cooling l)rrring Cold-Woler :ieu- Dror ning. Joartal ol .lltpliL'd Phtsi-
o/ogr' 86:16-i-17!. I999.

[0113] ur,, \blurnctric blood perti.rsion rate per unil vol-
umc (ml/s/ml) 0.004-0.012.

I0ll4l p,, Density of blood (kp/mr). 1057
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l0ll5l (',, Spe'cific heat o1'blood (.lAig." t'.) 3 600.

l0ll6l -l', 
Body core'tenlpemturc 36.7" C.

(c) The Phvsic:rl Properties ol the DBS [.eud Materials.

[0] l7l For thc insulation porlion ol'thc. lcads (1i0.\ tlrc-
thane)::s
2i( t'ngt'I. .-\ Yu[us. lirncr I{ Robcrt. I1rncLurrcntrls ol' I hcrnrsl-l;luirl Scr-
cnccs. !lc(irr*-HillScicncc PLrb Dxtc: Mu lo. lrx)4: wci tr. x. w. M. (irill.
C ttrR-nt Dcnsi[- DistdbtrtiorE. Ficld Drstribrrtions urll lnpcrl;rncc ..\n:rlvsis of
S!'grcnrql De'cp Brrrin Stimulxtron Elcctrodcs.l .\Lural f)t.q. I (l(n)i) l.ly-
I47: Dr\ id R. I.ide. ( R( iludbook of ( hcnri"^try url Phvsics. 81" trlition
2rJ{ ]I.

l0llSl K,(w/rn."('.) 0.026.p,(kg/m'') I I l0.t',(J/kg."
C.) 1500. tr, (S/m) l0-ro

[0ll9l For the electrude portion ol'the lcads (Platinum
Iridiunr Pt 90/lr l0):?6
r6Goodlcllo*' ( orporctior (DEVON. PA). N'lll('nxl Propcrties. hnp: u*u.
goodfellou.com csp rctilt' glllomc.csp: Wc'i Ir. X. rull W. V. (irill. ( Lrrrent
Densin' Di$ributions. Field Distrihutrons $cl Imperlurcc .\Irlvsis of Scg-
menlcdDeepBrf,inStimlrlitronFllectrodes..l .\ctrroll-ng.l(2tl15t 139-147:
Ds id R. Lide. C RC Hrndtnok of( hernistn ind Physics. II" cdirion l(x)l.

t0l20l K"(Wm.'C.)-31. p"(kg/rn';, 2t5oo.C"(J/kg.'
C.) 134. 11 (Sirn) 4*106

(d) The l)imensions and BounrJary Conditions.

[0121] In order rc obtain the panicular soluti()ns to thc
coupling lenperanrrc and elcctrical lielcl. boundary condi-
tions and initial conditions werc required. The dimeusions ol'
lhe brain tissue that was nlodeled urust bc chosen appropri-
ately to be larye enough to abate boundar.v ell'ects on tem-
pcraturcandclcclrical distribution closc to thc lcad surtbcc. as

well as small enougl to allow a rcasonirble compulational
time. hr the model. the geome-Iry olthe brain tissue was sct as

a cylinder with a rudius ol'50 nxrl and a heiglt ()l'140 urni, as
shown in F [G. 1. F'or the boundary colidilions ol'the electrical
ficld. thc voltagc bclwccn thc two cncrgiz-cd clcrctrodcs. cilhcr
I and 4. as show'n in IrlGS. 2.A. and 2('. or I and 2. as shown
in FIGS. 2B and 2D. was sel at \',.,,..'l he outer bou.rdaries ol'
the bnrin tissue were trealed as elc-ctrically insulaterl. nanrely
b\'/6n 0. For the themral boundary corlditions, lht: tcmpcra-
ture at lhe outer boundaries ofthe brain tissuc was fixcd aI 37"
C'.. but the thermal bor.urdary at the eleclrudcs was scl accord-
ilg to eaclr case.

(c) The Results.

101221 (u) The Case I 'l'emperature Distribution Induced
by DBS in a Fftimogenous Brain'fissr.re without f]lood l)er-
Ittsion or Metabolic .{ctivity.

[01231 With Case l. how the tornpcrature iucreases solely
irt response to DflS-induced.loule heat was tocused orr. wilh-
out modeling the contribution ol blotld pcrtirsion or rneta-
bolic activity. 'l herelbre. both ur, and Q,, are zcro. 'l his model
also treatct the DBS electrcde shali to be elcctrically and
thennally insulated. cxccpt that thc electrodes I and 2 the
fwo L'L'ctrodcs most distal on thc DRS lcad wcrc clcctri-
cally energized.

[01241 The tenlpemturc distributions using twrr typcs ol'
DBS leads Medtronic DBS t-c'ad 3-187 and Lead 33ti9
were modeled. 'lligh setting' to lhe two DIIS leads was
applied:urd how ele,ctrical conductivity and thennal conduc-
tivity all'ected the resulting temperaturc distribution in the
brain tissue \r'as investigated. FIG. 3r\ and'll{}ll.I: l. SE('-
TION I show charrgcs in 1--ak tcntpcmturc and tcnll&*raturc
held distribution as a t'turction oftissue electrical conduct il ity
(rr-0.15 to 0.35 Sim) with themral conductivity (K,) fixed at

0.527 Wim.' C. FIG. 38 and 
-t^\llt.tr l. SF.CTION II show
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changcs iu pcak temperature and tL-mperatr[e field distribu-
tion as a lirnction ol tissue themral conductivity (0.45 to 0.60
Wim." C.). with tissue electrical couductivity fixed at 0.3
S/nr. l'hc rcsults show that tcmpcraturc incrcascs with c-lc.c-

trical conductiviry. while tenlperalure decreases as thenDal
conductivit-v incre'ases. Peak ternperature on the lead's sur-
lirce incrc'asc{ by 0..18" C. at cr 0.45 S/ur and K,-0.30 lirr
I-c'ad 3387 and 0.82'C. fbr [.ead 3389. as show'n in'I'.A.BLE I .

SL(-l'lON [. 'l'hc teruperature fic'ld distributit-rn using Lead
33t17 was sinrilar to that using t-ead 3389. 'l he telnperature-
field-spact'constiult. detined here'as the radial distance liom
thc electrode thal lhe temperarure field decreased to 75ozir. as
shtrwn as thc finl conlour linc'olFI(i. 2. of its pcak value- at
the elc'ctrodc strthce was not alhcted by changing in
htrrutrgenous tissue electrical or thenual conducliviry.

l0l25l .{cnrss tissue paramcters. the peak temperature lbr
l.ead 33tt9 was apprcximately 0.3' C. higler than that lbr
Lcad 331t7. as shown in T.A.BLE l. SECTIONS I and II. This
dilll'rencc can be atlributed to the increased distance befween
l.ead 3387 elc'ctrodes. as showu in FIG.2. For either [.ead
3389 or Lead 3387. changing lead selection so that the leads
whcrc lirrthcr apart c.g. lc'ads I and 4 sigrrilicantly
rcduccd Jreak temperature increasc. as sho\r'n in T.A.BLE 2.
(b ) The Case 2.{ 'lemperature I)istribution Induced by DBS
in a I lornogenous Brain Tissue with Blood Perirsion and No
Mctabolic .A,ctiviry.

10126l To study how the convection ol'blood regulates
bmin tempenrture during DBS. the blood perllsiorl rdte. tlr6.

was varicd in thc nrodcl l'ronr 0 to 0.012 ml/s/ml. In ordcrto
isolale hou, blood perfirsion al'lected lhe temperanrre distri-
bution. rnelabolic activitv '*'as llot considered in this case of
the nrodel and blood lcmperalure was lixed at 37' C. In this
case wilhout rnetabolic activiry , the electrical conducliv-
ity and thc lhcrmal ctrnductivity wcrc fixcd at 0.30 S/m and
0.527 Wrn'C.. respectively. and only the high-setting on
DUS electrudes I and 2 was evaluated. As shown above. the
tenrperaturc increascd u,t 37.42" C. and 37.7" ('. with leads
model 3387 and 331t9 under these conditions without blood
pcrtirsion. as shown in 'fABI.E I. SECTION I. The addition
ofblood pe'rtusion convected Joule heat oul ofbrain tissue scl

that the peak tempemtrlre decreased with increased blood
perhrsion. as shown in FICi. 3C. The pe'ak temperarure
de'crcascd modcratcly by 0.07" C. and 0. I 2o C. ftrr [.cad 3387
when the blood pcrlirsion rates were 0.004 mli s/ml and 0.01 2
mVs/rnl, respectively, as shown in 'lABl.H I , SE("I ION IIl.
Sinrilarly. decreases by 0.09" ('. uurd 0. l6'C.. respectively,
occurred in the case using [.ead 3389 whc'n the blood pe.rtir-
sion rates wcre 0.004 ml/s/ml and 0.01 2 ml/s/ml. respectively.
ln c()ntr.rst to the eflccts of cfurngilg tissue electrical/themral
condr.rctivity. changes in bkrod perlirsion rate ellbcted brein
tempcraturc space constant. hrcreasing perfusion rate
docreascd the. spcce constant i.e.. the tenrperature
dc.creased over distance as a lhster rale.

(c ) 
'l hc ( 'ase 2ll Fltl'ects o l' Ulood Perhrsion and Metabolic

Ileat on 1'emperature Distribution Induced by DBS in a

lklmogenous Brain.

11ll27l Metabolic activity. due to baseline brain metabolism
and increasc<l metabolism itr response to DBS. will act as a
heul source inside the brain. Normally. bklod perlusion regu-
latcs thc brain tcmpcrarurc by convccting nrctaholic hcat
awav. In (his case with metabolic heat . the ternperature of
blood circulating in brain tissue was cousidered as 36.7" C..27
0.3" ('. lower lhan the initial brain temperarure. In this case.
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htrw llte inlcraction betrveen metabolic heat generation and
blood perlLsion mtldulaled DBS induccd tempemturc
increases was investigated. Prior to application of DBS. the
various metabolic rates with blood pcrltsion rates were bal-
anccd so that basclinc brain tcmpcraturc rcmaincd at 37' C.
The rnetabolic heat required to balancc the initial brain teur-
pcraturc was calculaterC tiom Q,,, (',,p,,trrr,, (1'-1'7,). frrr hltxld
perfusiou values of 0.004. 0.008. and 0.012 ml/siml. a meta-
bolic heat Q,., o14566.9132. and 1369t3 Wnr3. respectively.
was applicd.
"Xirt,jiurg X. P likuisis. Ci Giesbreclt. A Vxrhcrtirrcf,l Mcxlcl 1or Hturrrrr
Bnrr C oolirg I)trritrlr CoklWrter :\ieru-Droq nins. Jorrrrrnl ol'.1pplie d Phwi-
olrg-l' tt6:16i-171. I 9{r9.

[0128.| Using thcse three initial settings combination of
balanced rretabolic and perfusion mtes . the telnperature
increases- liorn 37'C. due to DBS was studied. Ternpera-
ture pnrfilcs werc exactly the sanrc as those in the study
considcring blood pcrtirsion (at 37" ('.) wilhout nrctaholic
activit)'. 

.l 
his was nlathenlatically e'xpectcd given the eqr.rality

between metabolism and perlusion set above. .\s noted
above. these temperatr.rre proliles were lower lhtur those u ith-
out metabolic heal and without bltxrd pcrtirsion. This can be
explainc<l by the increased blood flow capacity to berth bal-
ance the nrelabolic heat eurd reduce Joulc heat.

(d) 1'he Case 3 'I'emperature Distribution Induced by DBS
C'ousidering the lnhomogeneous Physical l)roperties of the
DBS Lead with and without a 

-lissue Iincapsulation Layer.

[0129] In this casc. thc thcmtal and clcctrical pmpcrtics ol
the DtlS leads were explicitly considered. Previously. the.

DBS leads wcre modeled as electrically and thermally insu-
lated.'I'he themral conductivity was trxerJ. K"-.31 Wim'C..
and elc.ctrical conductivity. o" 4*106 Sinr ol'the DBS plati-
nurn/iridiunr electrodes. The therrnal collductivity of thc
Medtrtinic I)IIS lead insulation material ljrethane was
considcrcrl prcscnt cvcrywhcrc cxccpl lhc clcctrodcs. as

0.026 Wiru" (. ln the simulations, a range of polential insu-
lation matenal thcrmal ct'rnductivities (K,) lun 0.026 W/rn"
C'. to 20 W/mo ('. was also considered in order to evaluale the
effocts ol' substitutc insulation malerials txr DBS-induced
tempenrture rises. FICi. 4-A. shows the tcmpcrature distribu-
tion over distance lbr dillbrent lead itrsulation thermal qon-

ductivity values (K,) using the high stinrulation setting with-
out blood perltsion and metabolic heat. and tissue themral
and electrical conductiviry fixed at K, 0.527 Wim" C. and
o{.3 Sim. respectively. IA.BLL 2 shows that the peak tissue
temperaturc decreasct by 0.1 -0.2" C. as a result ofconsider-
ing l9 lead propeflies. The insulation themral conductivity'
(K,) acts as a heat-sirili. I'lGS. 4.,\ and 4[] illustrate how the
insulation scgmcnts ofthc clcctrodc could act ars a hcat-sink.
The tempemture was convected insidc the lead insulation and
reduced the heal liom the tissue.

[01301 .{ sheath ol'encapsulation tissue anrund the DBS
leads may l.trmr. fhe electrical 24 conductivity and width ol'
the encapsrrlatit)n tissue were previously estinlated as o,1, 0.

l5 S/ur and 0.4 nun thick.28 The thermal conductiviry of the
encapsulation tissue was treated as equal to that rrlthe brain
tisstre, i.e. K, 0.527 Wm" C. How this encapsulation tissue
affected DIIS-induccd temperanlre increrses was simulated.
'fhe- tissuc conditions wcrc considcrcd and includcd thc prop-
erties of the DIIS lead. .A.ddition ol'zur encapsulation layer in
the urodel slightly reduced the peak tenperature rise at the
electrode surlhcc now inside the cncapsulation layer' by
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0.07-0.1u" ('. depending on the lead model and clcctrcde
crrnfi gurat ion tcstc-d.
r"lr{.1r,ry.-,r" f'. S lVori. D sheflIxr. N Thlior. J vitek. Flctric l:ield lrri
Sirlrrht ing Influence Generutcd hv l)eep Brlin Stimrrhtion of thr' Srrbthrlur rie

Nuclcus. ('/i[l(?1 -\'e u rcp hvs iol og' : I I 5 { ]o( )4 I : 5 89-i95.

(-. The- F.rrbodinrcnts ofthc Prcscnt Invcntiun

l0l3ll To mitigate D[]S-induced temperature rises sug-

Beslcd by the simulations. the thernral colductivity ol the
insulating cr)nponenls ol'thc lcads should be increasrrl.

l0l32l The embodinrcnts ot the present invention include
cooling the DBS leads and surrounding tissne by using pas-

sivc/active heat-sinks. Li onc {-'mbodiment. portions of'the
I)[]S lead material is replacr,r1 with high themral-ctrnductivity
material. The lead material then acts to carry away thc heat

tiom dangerous 'hot spots..'l'his method represents au el'l-oc-

tivc and practical metlrod lirr reducing tissue heating uear
I)llS lcads and would thus havc lrcrncndous clinical bcnclit.
ln another embodirnent. the the.rmal conductivity ol'the insu-
lating components ofthe [)[]S leads is changed. In yel another
embodiment. the DBS leuds are coolcd by using heat-sinks.
ln yet another eurbodirnent, the heal generated by difli:rent
stimttlation configrtrations is cornpared. ln yct another
eurbodiment. the dimensitlns tlf the device or devicc compo-
ncnls are modified.

l0l33l I)ill'erent irnplantations ol' active heat-sink te.ch-

nologics nlay bc uscd including thosc incorporating duid
flow. [n an additional iurplemcntation of the heat-sink teth-
nology. the device may bc urodified tbr example coatexl
with a drug that will induce the surrounding tissue to
bucome more resislallt to ternperaftrre incrcuses lilr
cxarnple, by increasing tissuc vasculatrue or changing tissue
pnrperties. ln specilic uascs. existing devices and already
inrplanted devices may be nrodilied or retnrfitled baserl on
this heat-sinli teclulology. 

.I-his 
heat-sink teclurokrgy would

be eUbctive during 'normal' devicc. operation and during
unexpectc'd./tau lry opc.ration.

I).'l'hc Inipressions

[01341 ]t will be rulderstood that each of thc elcments
dcscribed above or two or nlore toge(her mav ulso lind a

rusehrl application in other types of constnrclions dill'cnng
fiom the types described abovc.

[0]-isl While the inventiorr has been illustr.rted and
described as embodierl in a mcthod to reduce heating a1

implantable medical dsvices including neuroprr:sthetic
devices. however. it is not limited to the details shuwtr. siuce
it will be urderstood that various unissions, nrudilicalions.
substitutions. and changcs in lhc lbnns and dctails of thc
de'vice ilh.rstrated and its operation can be made' by those
skilled iu the art rvithout dcparting in arry *'av I'rom the spirit
ol'the present invention.

I0l.16l Withor.rl turthcr analysis the lbregoing will so lirlly
reveal the gist of the present invention that others can by
applying current klow ledge readily adapt it tbr various appli-
cations without omiuing I'eatures that tiom the standptlint ol'
prior arl thirly constitute characteristics ol the generic or
spccilic aspccls o l' lhe invcntion.
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TABI,E I

PE.{K
TEMPERATL]R.E

('C.)

SFCTIO\

ELECTRIC.{L
CONDUCTIVITY

o (Srm)

THERMAL
CONDUCTIVITY

K,(W;m.'C.)

BLOOD
PERFUSTO\I
o), (ml,'s/ml)

3389
DBS

I,FAD

.1387

DBS
I-FAD

0.15
(1.2o

0.30

0.35
( ).30

t).521 () 37._r5

31.41
J7.11)

37.8:
37.E2
17.14
37.61
11.62
3'1.'l(t
37.61
3?.57
37.54

31.21

37.1E
17.42
37.48
37.48
)1.44
3'1.40

37.37
31.42
31.34
37.1I
37.79

III 0.3(l

il.45
r).5t|
0.55
().60
(t.521 (j

().()04

().t)08

0.()l l

TABLE 2

3. A method to control heathg or to change spatial distri-
bution of hcating at implantablc mcdical dwiccs including
neuruprusthetic devices. comprising the step of replacing
components of the implantable medical devices including the
neumprcrsthetic dwices with specilic thermal prnperties.

4. .{ method to reduce heating or to change spatial distri-
bution of heating at implantable medical dwices including
neuroprcsthetic devices, comprising the step of modifuiug/
coating components of the implantable medical dwices
including the neuroprosthetic devices with a material or drug
that will induce surrotu:ding tissue to become more resistant
to te'mperaturc incrca ses.

5. A method to determine and reduce hazards relating ttr

temperature incrcases aI implantable medical devices includ-
ing neuroprosthetic devices. comprising the step of using a

modified bio-heat transfer model.

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

3389 DBS LEAD

T--- (',C.)

]387 DBS LE.{D
T_., ( C.t

ELEC.

K,
(W,nl .K)

ELECTRODES ELECTRODES ELECTRODES TRODES
1AND4 I.A,ND2 [.AND4 1AND2

0.026 3'1.26

37.24
jl.22
37.: I

17.58
37.-S0

17.41
17..l(l

3'7.22

31.20
17.1 8

3i.t't

3'1.37

-37.35
:!7.31

31.29

I
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The invention claimtxl 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 compouents of the implantable rnedi-
cal devices including the neurr;prosthetic 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 ofcoolingi the
implantable medical devices includirry the neurr.rprosthetic
dwices by using heat-sinks. *,i'I'1.*




