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Safety of electrical stimulation on cerebral cortex

Sang-Eok Lee', Dougho Park', Eunhwan Jeong’

'Department of Rehabilitation Medicine, Pohang Stroke and Spine Hospital, Pohang
’Department of Neurology, Pohang Stroke and Spine Hospital, Pohang

ABSTRACT

This article reviews safety for electric cortical stimulation based on clinical and animal experimental studies. Potential mechanisms of neural
damage are excitotoxicity, electrochemical products, thermal deposition, and altered homeostasis at the cellular level. Up to now, charge per
phase and charge density were more important as the cofactor of excitotoxicity threshold. 0.4 pC/ph and 40 pC/em?/ph were suggested as
an upper limit of charge per phase and charge density. However this was evaluated based on chronic direct stimulation in animal studies,
is not clear as the safety limit of charge density for intraoperative monitoring in humans. Histological findings of neural damage due to
electrical stimulation were cytoplasmic vacuolation, chromatolysis, or neurophagia. The safety limits of electrical stimulation on the cerebral
cortex have been established and then applied to intraoperative neurophysiological monitoring and treatment guidance. However, It is still
not enough to understand the process of neural injury induced by electrical stimulation.
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ey, AdsEat QIXtlA SR B4 A7 A=
2&o] o]zt lo} M7|A=9] 2AHY HX|(histologic
threshold)oll W& FA SHA|(safety limit) S IHE 2 2l
oA A-8ok= AL ofFJH7-9]. Akt 2= A7 A =0
2 QIRE XFA] &4 7)) tisl ©8es] ofsfishA] Fskal Ak

wbA, Sg= EAEE B9l A7IA= gt i
9] Jgl =5tz gt

2=

1. H7IR=Fe| e

A& (current)x= HAHelectron)?] ol5og M= 24
Sk 7L Qlo] SR04 SR SEANE AEHoR
Afe AN SHAR SE2= FH5HY] 5520 = ®Y
SH10l. A7|AE o]F ARE= 2FHcathode, negative
electrode)ollA €511, F=Hanode, positive electrode)
o= eyt A=9] A=k A9 HEHH, A cu-
rrent), AX&AIZHduration or pulse width, D)2.& oJH
tt. A% I(in amperes, A)= AdHcharge)d] vl &, & 5&
o8, A3} Q(in coulombs, Cr= 719 Y amount of
electricity) 22 Coulomb Cx % F(constant current)
1A7} 1% B9t &3S ) 2¥t== Aske] golrH11,12].

1C=1A x 1s

AFDE(current density, in A/cm?)= A=ol|A &9 A
A 2= ARE uiotH, & AAE Sl Aot Dot
| YFS H=rH8]. AFLEs 7P T AH
of ASEo] = Yepd & Qlrt
A% (charge density, in microcoulumbs/cm?, uC/
cm’)E YA Holof] &A= Hsle] o= Halg A=
O A0 E e A= Moo 7ls= nletal, A3 417
Ato] ] A)ot Aol whet §45] ZARtH13-15]. T3 A
& AsKcharge per phase, in microcoulombs per phase,
©C/phi= A7134=9] 2= & F719] Axiel “Hphase)oll 2
7 2579 AEolcH14]. 181 A=9] A= (in watts, W)
A7 AY(in volt, V)= FL AolH, A=2] AHA|(in
joules, = A} AHAIRE F3F A0 Fo| FAgItt
[15,16].

W=V x A
J=WxD

ojgfgt M7l 5EL Wofoh= ALE EEjFFo R vehd
Zo| A7 Hresistance)eltt. &, 7| Aol wiet A7|=;

2 ol 2 AR Jo] D 4 lu, Pu ) A

o A thart feE A7 S e A9l
Z019] 7] Ao} ]3] S (gray matter} 4-5H,
(white marter}& 2-382 o]/} 9lo] 27} AR BEo]

th2cH17,18]

Voltage (in Volt, V) = Current Intensity (in Ampere, A)

x Resistance (in Ohms, )

A thifu] o] A-gt 2l=o] =7] sials A |
Slof| whet HS 2dste] YT ARt 524 sk BHF
Z}=H(constant-current stimulation)¥} Agof s2= AR
£ Z4-sl= AAYA constant-voltage stimulation) &
oj- HPo] 2H3tx] 1rEsfof g}, S]uElx} W o] 7|4
F9| AJolg MEH FAFATE AZI Yo 125
& 5 WAL Aol A= F=) Aol R FrEo]
L k] Hgedlo] Q= Y, AF7F @ (shuny)=]o] FAFA
=0l oJgt AR APl FRPEE ol SHH Y FHSt
o] u o] S8t ARE Aok etk &, AFRA71A
Htranscranial electrical stimulation)®] 3% & ¢ 3
Aoz AFE MG 4 Q= FAYAF o] A=, FH
HHpH 59| Aol wet A0 &A= (direct cortical
stimulation)?] ¢ ZAFA =] B8 4= QIrH10,19].

2, MFEEHO J|IH

$4% A7|A=intraoperative cortical stimulation)©]]
Of8f| tixf o] EAEQIths Bal= IS, o E AL
85710 S| QEAsHARE, Azt o A5 FHokA] &
=0 I7ERA0] JFE & 5 Stk A IAECE fEE
ZA)9] £A410- B HRE M(excitotoxicity), H7]eFeF 1 elec-
trochemical reaction), € #ZKthermal deposition) %
A|Z29] A (cellular homeostasis) HS}ol SJaiA] Lofd
& 9ItH13,15,16,18,20,211.
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SREAMO AT A Z(overstimulation)o] 2J8) thx]]
29| &4 ks 2 oE, A7Islekgat 22 tE Al
Ko}y FasiH14]. tix{xde] A7izte]ar 2|&4Ql 15w}
A7 A5 AEENA A 07 AAESS fatht
[13-15, 20-24]. A173&439] Mass action ©]22] IHHOfA
&G Adlk= 470] SiE= F &% 2740l Molde=
A0l 77k A5 SEE HES Z7sto], H=gt st
@} Aot =rt A=EHH f=H AlFWsKneural firing)7F Al
29| 3H4(extracellular environment)2] ¥3+E Fdoto]
Al173/do] YeRdTH14,21,25,26). weba] st E Hshd=
7F H= 3 A= Ateloll A sk w7 A<l A7 ekek
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e ol FF= 1A = o EE 7R =0) ofet 417
4ol A7 EEH = 2572 Mass action®] B3+
£ AvdE S JrH25)

J9go] tixuF o] M= AollA Pudenz 52 %71
AFA] A4 AsE7E 0.3 1C/ph oVFo = ZIsHA = At
ti o] &R =11, A Ast 3.0 xC/phollAl &4
=7} Zdjo]l o]2tal stgtH22]. 1813l Yuen 52 2041
7t o)A} 50-Hz Y44 A=Hbiphasic stimulation)A] 4173
&A410] I2)7F ASPUE 40 uC/em?/phollA A A3} 0.4
w©C/phetal B 5}HCH23]. 71 & McCreery 52 AsMEE
12 pC/em?/phol Al A% A5} 6 pC/phE A=A Z2Z0] &
A% Wi, FePUE 10 £C/em?®/phollA A% #8t 5 4C/ph
2 AFA] &40] AT 7]&sioirH14]. ol2tt A=
Aol Al Hotet Mshdert SHA 0 R A4S P27
7] Hok= 3| ZHgsto] SHiAZ e A o= HoITH14,25,27].
F(rar) d=m2] H7|1A= AtollA= 10-90% B9t A
SUE 143-286 pA/mm*} 500-Hz ©=4 pulse(mono-
polar pulse) =22 7 40-50 mAoA 22|84 tfjx]w]
2] &4 HRIAIHTH21,28]. o]2fst AYEES] AolA
HeRd A71200 digh QFARI9IE Shannon A 2ot
SA10 2 AAISFATH20].

logD) = k - log(Q), 2.0 > « > 1.5)

= A3 HoPd%(charge density per phase)g %51,
QL A Al 9Ju3ith. ki A2 dorAY o7
o= A7 1A M9E &2tk o213t Shannon®] 41 A
FhE ApEofA A= AARE Stk Ag3do] tkFig. 1).
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Fig. 1. Damaging and non-damaging levels of electrical stimula-
tion of experiment animal brain adapted from Shannon equa-
tion. Where D is charge density per phase, Q is charge per
phase, and 2.0 > k > 1.5, fit to the empirical data. A k value
was chosen as it provides a good qualitative boundary between
damaging and non-damaging stimulation levels. Reproduced by
the kind permission of Institute of Electrical and Electronics
Engineers (IEEE) from Shannon [20].

, A 9 F3EZ ERRE o] 2o o) 2utEch wet
=937 Asfd Ato]9] HEFHA dojuh= FH ZHE-2
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o} HEHoAY Mot AgE= 8 7142 &34
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oltt. B3 (equilibrium)ol] o]2H HoJFAX AU Wl o]
2>Z B9 88TV SET BHS o|FA] Xotd AR
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°] XVVFL«] 73—:— o] BgEo] &= 4o Xﬂ_oﬂ F714
O 45E 4 U= 7137 vErd &= Qlnh33l. 1=
ARl 7142 &4 o229 2K deposition)HA] = 4
=2 A=Y E=(polarization)= AT 4= AcH33]. ESH
M7k ’él%’%oﬂ Hol o F742 A&=H42Hpia-arach-
noid), B B HHLH 9 o FAL FH5-Z 7HAIL §lo]
d2hE 4o 4= 9lth7,9,15,33]. &, A7 1A (trans-
cranial electrical stimulation)& 3] YAYsH= = A5}
= EE BAE Y, SrdEkscalp shunting) 2 213
WA o7 BET dijnd2 BabEc15,34](Table 1). o
2hA] gho g ot vt gl gF TR QItellAl b
siotal of Az

3) & 2z

o= o dof| gt A7]A 2 E3F GofluA] A4k = RlT)
IS I 5= AH16,21]. wHHA A= 77k 1
YA @-"A A7|A=7|(high energy short-pulse electri-
cal stimulators)® 253l= 4%, EAlol dist 971 4
83sitH16). &3 FAIM7171eAY8] (International Elec-
trotechnical Commission, IEC)ollAE Qof gt &4
1st7] sl A71A=717F 1,000 Q2] Ao FAd 50
mf= ZIsfA= QF "okl H35]. SHAIRE £ 9] S
0.01% W&=2 E%J__’_ Ao 7 GHbe mE 9 X749 o
&£AFO] H = ofz] BESIH16).

4) 7|et

tiiwj o] gt M7 A= MRS S &A=
A ZBM|ZE(neuron)®] A (neuronal hyperactivity)S -
T3TH18,21,23,26]. AE7} AABA| o] SEH Ca?* o] A=

Table 1. Comparison between some experimental animal and clinical human studies

Stimulation Electrode Electrode Pulse Intensity frequency Charge/ph Charge Neural
type diameter material duration  (mA) (Hz) (#C/ph)  density/pH damage
(mm) (ms) (1C/cm’/ph)
Experimental animal studies
Pudenz et al. 1977 [22] Bipolar 1.1, 1.4 Pt, Rh 01to 05 3,6 50 0.3 to 3.0 30 to 300 +
Agnew et al. 1977 [50] 14 Pt 0.25 3 50 +
Yuen et al. 1981 [23] 1.1 Pt 0.1 to 1.0 1.6 to 4 50 216 to 720 40 to 400 +
Babb and Kupfer 1981 [27]  Bipolar 02 NCr osrtessf‘mless 01 05 to 225 to 240 0.4 to 14.4 11'616%;" +
Agnew et al. 1983 [51] 1.1 Pt 0.25 - 20, 50 - 20, 100 +
McCreepy et al. 1988 [52] 1.1, 1.0 Pt, Ta 0.4 > 25 50 08 to1 80 to 100 +
McCreepy et al. 1990 [53] - Pt 0.4 - 50 0.05 to 18 10 to 1,600 +
Oinuma et al. 2007 [28] Monopolar 1.0 Ag 0.2 15 to 50 500 0.3 t0ol0 0.3 to 10 +
Intraoperative testing (clinical human studies)
Penfield and Jasper 1954 [4] Bipolar 1.0 - 2.0 - 60 - -
Ojemann 1979 [54] Bipolar 1.0 - 125 5to 10 60 5.0 159
Robertson 1979 [55] 35 Pt 0.5,1.0 - 10 - - +
Gordon et al. 1990 [9] Bipolar 3475  Swinless steel 0y 45 50 44 57
90%Pt-10%Ir
King and Schell 1987 [56] Bipolar - - 1.0 3 to 10 50 3 to 10 300 to 1,000
Ojemann et al. 1989 [57] Bipolar 1.0 - 125 15to 10 60 10.0 1,000
Berger et al. 1990 [58] Bipolar 1.0 - 125 2 to 16 60 10.0 1,000
Taniguchi et al. 1993 [6] Monopolar - - 0.4 < 20 500 <8 <8

Pt: platinum; Rh: rhodium; Ir: iridium; NiCr: nichrome; Ta: tantalum.
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U &} K9 AlZY 527t 715t o]2igh Wl <lsy
Azt AZHA| 7} sk

ES} A7AEL W (seizure)d T (afterdischarge)
= T S qlon, AEEdTolA iR vEHERA] g
73 W} Sbdo] ARt} =% 59t A&EE 50-60
Hz9| 71 A7t & gAr W2y} $HPeE Fo f8et
oH15]. 28 o]=jdh W2k A7|AE | o AFEA
 A7IA= AR Qlsl FE=]9ITH18,23,33,36,37]. Wt
A A7|1A =2 fEE R Hof| A7 FAEAR 9k
F2] &S o7 AZEH, [ONM 5 A7|A=2o] uhE gkt
L HEdERNpartial seizure)2& A TEE 4= At &
% A71A =] oI5t WARS short acting barbiturateS A
FARBIAY, A7]A= % cold Ringer's lactate solution©.
2 AlF(irrigation)sto] =, Tk oJAIHSHE Fukel
2Hzto] ¥gsHd 715AR1 o ® 31EE w74 cortical
mapping IS FAFO R FHT & JH33]. =& T 1F
Z9] S £0)7] Holrle A QR ET A= A=E =
o]x] k= Zo] ETH33l.

3. HIIRIZA| Aiziasto] ZXIEHH ws)
1) ={mmo) asists 5

Jemde mso] g elEonm FRAAACNA 714
2 E3oidlolrt. MUAAL 77} &5, A7he uiFe) A7,

o . - L
QU4 437, 719, <lol, o] T A5 Tt
i} dofl= 23t A3AIE(neuron) R oFAlE(glia cell)
7 Sk

AR = AFAC +2 4 75 2¥oH, AFA=
(nerve impulse) FEIZ [7|2 ¥HslE whsojiiy, AlYA
(synapse)ollA] el o2 st} ofwAE= AFAEL A
olof YA|oto] AFMEHTR L AFA| ] AeddsES
FAGH= Hl EmZ FARE AFA e} g AFA|EYEE
9] A5Ag 9 M7 ASHGoE= FofokR] Y=ct,

2) MRS & Azl HEfsty sl

51
W72l olet AdEge] dubzRl 2Ash A2 A

[9,22,28]. Pudenz 5= 11%J0| tixmde] =74 A7 A=
oA A7 wroH A H 49K (leptomeninges)S X
oFet A i FollA] B4 AR, SEAAE, Al
2ako] BAEA, FE00E ARA|, WE AxdaEs =
27 7(glycogen) & 5 7P AT 22|5HA HalE B
StAcH22]. Oinuma &2 F(rane] di=dolA 40-50
mA2] IHIE B2 A7) high-frequency monopolar

electrical stimulation) °]% $AFE7] 9 AJHA|9] HEo]
SholE Rtk 71&stHeH28]. A8 kainic acidof
F AR Al HoR= @A AlEZWRE(intracellular
edema)¥t FHHE AN ] AN E Y&(hyperchromic
shrunken neuron), $4E7] 153 FARGIH38-42]. ©]
Z PAET)9] BEL LAE7IEX|(dendritic arbor)el Wk
e, $4E71E 534074719 AZAIR Aololy &
4 AU JF(excitatory synaptic inputs)S EoH=
tlof] $83F AT StEE WE5HA AlHATF BAdtehe A
ZollA FHeket 4= Qlo] A7 IR QI A4 E o
E7J0]t}28,38,39,43]. Ly AikaA] HdolA UEhy
= AZEZ(extracellular edema)S tix|m] o] H7|x =+
of thgt AP AFolM= T A] =44l

A73AES] B} Qof| = FAIEA &40l wet ot
7} ZA(proliferation)stal B]t(hypertrophy)afiX|+= ofal
S(gliosis)o] HEFE &= Ql=Hl, ol Z= AldA 7152 &
Hot= M2 o] AFHGEZES] 558 FAIoHL EX
g FAJoke o TolstH45]. HoA &40 oy &
RAN| IR} ol WA 7} S} FRIZ o]5g thE, WS A
FAIZE oY & ofwlFo] AlRFER, 3-5Y o] A4ZoKre-
myelination)ol] 7]ojstx, wlR|Yo 2 ofwA|EL HEE(glial
scarye B/deTH45,46]. webA v AFolAE FAagh
] v d ¥t A olE(foreign body) £AW-E0& 1
% I, oA A% vety otwdy A= @9 Ae{mono-
nuclear infiltration)o] #ZETH9,23,24,47]. Yuen S
Pulse duration (0.1, 0.25 ¥ 1.0 ms), A= AI7K1.5, 5,
6, 15, 20 ¥ 50 hour) ¥ HoFd=(40, 100 ¥ 400 pC/
cm’/ph)E 77t ZEsto] 11%fo]o] thujde] M7=
Shal, A&/l tigk 225k s shoitH23]. 40 pC/
cm?/ph9] AsdEoAE AdZ oM A= ofwZa ddt
g ofw Ao A FE]F 0] oFF S T e 417
£ Holal, BAFoA AFAS] YFRZo] o E]w,
o] gt 54 9 o] A TREI 18 100
#C/cm?/ph o|4Fe] AstAro| A mAZ oA ot ET
S8|F o] & ¢ Yol WHEY, 2AuhHo 2 A Frf4
AR, A=W XA A|(intracellular dense bodies), A=A
S, AlZY FFo] Holal, AT AFA| Y 5 ¢ E|g}
7} 1= Q1. o]t MSk= pulse durationo|yr R=HAI7E
of W22 ko, T3t of2] AN E 2ATH FFES
Aoz TE=A Ao wh et 5kirH14,22,24,
27,471

N ZAFEARR} AR 7183 229 Ml tEAT A
shdof whe 2A5HA WHolk= F 7HA] B FAAA et
tHFig. 2, Table 2). o|gA H7|A=0l W& AZAPEALR}
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Cell dehydration (shrinkage)
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Fig. 2. Morphological and biochemical changes during apoptosis and necrosis. Reproduced from Darzynkiewicz et al. with permission

of John Wiley and Sons [48].

Table 2. Comparison of morphological features of apoptosis
and necrosis

Apoptosis Necrosis

Cell shrinkage and
convolution

Intracellular swelling

Pyknosis and karyorrhexis Karyolysis, pyknosis, and

karyorrhexis
Intact cell membrane Disruptured cell membrane

Cytoplasm retained in
apoptotic bodies

Cytoplasm released

No inflammation Usually inflammation

FAR= “Apoptosis-Necrosis Continuum’°]2R= 374 A
S5t VEYZT FHigHoR BHFY|E $HH48,49].

I3 I%o]9] tfu o] WiFH(platinum salt) 23H&E
< °]83t Agnew 59| AolA | A|l2E AA|(membrane
cytoplasmic bodies)?} Zebra AA 5& TESIACHS0].
ol2fgt A2 9] o/ AL Bo|-AtAR(Tay-Sachs disea-
se) & BAZPESoA LAgsl7] wiizol HFo] A7|ekst
vkl wheh o] 8o Ee FAEo] tiy] aa AJAH|
QIS F= A2 AABFATH25,50]. 2y X|F7HA] Z7]
A=02 QIgE 9wt Al AAU Zebra A0 gk Bl
o ol gitt

T8 4F ARz QAE 23R A7|AF0 2 AFE)

o] IR, 5-7Y o] o= SA2 HolX| k=t ot
TH22,24,28]. 11¥0]9] thx]wdo] 50 Hzol o}/ 713k
SAl, Pudenz 5 A=A52} ge] 5Y o|Fofyt ZA L
(phagocytic activity)oll T&E A EE{crystalline in-
clusions)o] WAL 51991, McCreery 52 A= 1534
o|% Fstdn|HoM= SAH AN AT H g Hol
U, MR @R| o= FEHAA Y5, AZWEEe] &
Holgt v7tdH o s A AEAR JREHAL sHlth
[22,24]. SFAJTF McCreery 62 948 1¥0]9] i
TollA 7AIZE B 50 Hz8| A7IRSA], A= % &4 A
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