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II 1. Production and avoidance of injury to brain from 0.1 msec. to 5 msec. Hence, the present ~xve· 
tissue by electrical current at threshold va- form passes tile minimum number of coulombs through 

: :·_::: : lues. - JOHN C, LILLY, JOHN R. HUGHES1 THELI tile tissue at tllresllold for excitation. Shorter pulses 
::`:: : MA W. GALKIN and ELLSWORTH C. ALvORD, Jr., than these pl·obnbly require total energies so high 
:::'::-: :·: National Institutes of Health, Bethesda, Md. that tile Ileating effect will begin to destroy tiss~~e. 

i In recent years, several groups of investigator~ Tl'ese results suggest that one mechanism of in- 
have ),egull stimlllatillg the brains of patients for S~Y by tlle passage of electrical current through 

: Long perioils of time through electrodes implanted iii tissue may be tile displacement of large charged pm- 
:: tides (proteins, enzymes, etc.) from key positions deep structures. In work Of tllis nature, it is desirable 

to avoid injury to the structures involved, especially in tile cells over I·elatively lollg times by a process 
damage due to electrical current. As is well known, analogous to electrophoresis. These processes are 
direct c~ulellts destroy nerve tissue (Horsley and slower thkll tile excitatory olles alld are presumably 
Clark 1908). Some evidence (7;ill;y, Austill and 'e"ersible by passing an equ~l charge in the opposite 
Chambers 1952) indicates tlla.t unidirectional rec- direction within a. short period of time; the critical 
tangular pulses call n·l·so destroy nerrr. cells, time interva.l for injury is yet to he determined. 

In order to test motor and other tllresllolds and ndscltssion : 
their cballges during al1d after injury, a non-injn~ious Dr. OFPNER : For a. Illlmbel' Of years we have been 
electrical waveform is essential. We hnue found one 

such form of electrical cun·ent (1955). This ~nve- 
makillg electroslloclr appara.tus I1Sillg the brief 

form consists of a brief pulse (30 ~Lsec.) pnssed stimulus cul·1·ellt proposed I,y Dr. ~iberson, who uses 

i. througll tile tissue in one direction .711d ii. pulse Of 811 ii I1IOI1OPhBSiC wave form of just a.bout this form 
er]ual net charge passed in the opposite direction "1' to 1 msec pulse dura.tioll. 
rvithin 0.1 msec. It was fo~~nd that such a. n'nve- It seemed to me oil pllgsica.l-chemica1 grounds 
form applied to cerebra.l cortex gives motor move- that a truly ullic~il·ectional current could cause injury, 
ments very similar to those found previously with alld so I made tile apparatus to give not pulses in 
unidirectional pulses alld with sine waves. By p~ssing· both directions, but lather an ,zvelage of zero D.C. 
such a waveform through the brain of ullanestlletized trnllsfer by shifting the baseline so the pulses go 

macaques with implanted armg·s of 36 to 121 elec- "P, and then there is a small reverse current in the 
trodes, we found no evidence of injury after 6 to opp0site directioll to eclual it. I wonder if Dr. Lilly 
22Ya weeks exposure for 4 to 5 hours per day at believes that this would l1a.ve tile same effect in 
threshold, eliminating inj~uy as osing pulses in opposite 

di~·ectiolls. 
Using this wa.veform to contianally check thresh- 

old, we have recently found tha.t passing llnidirec- Altllougll I I,elieved it possible that this would 
tional pulses rR.ises tllis threshold in an irreversible occur, T still \rollder wlletller tile occurrence of injury 
manner. One electrode of an arl·ny was exposed to ill these prepalatiolls is pelllaps due to the metallic 
unidirectional pulses at threshold current values electrode effect in which you get an actual electrolysis 

: (1 msec. duration, 5 sec, trains, 2 per min.) for alld therefore perhaps the liberation of HC1 at the 
: a period of 41~ Ilo~~rs. We found, with the pulse- allode, and on the cathode you would get perhaps 

pairs, "p to a 125 per cent rise in threshold for NaOH liberated, abreakdown of NaC1 or whatever 
movements developillg within tile first 24 Ilours after electrolyte is there. 
the exposure. Tile gra.diellt of tlneshold change 111 direct metallic colltact with the dura or tile 
across the surfa.ce of tile cortex wa.s determined by brain, however it n'as nrlanged, if lie had used a 
other electrodes in the array; in tile fil·st few mm. wick electrode so tllattlle products of electrolytic 
the gra.dient was found to vary inversely a.s the scluare discharge were not directly in a, position where they 
rootof the distance from tile electrode exposed to the could diffuse into the brain, I wonder if he believes, 
unidirectiollal pulses. Detectable rises of threshold i,, that case, that he would obtain the same injury. 
amounting to 10 per cent could he found as far This is important, because in electroshock the 
away from tile exposed electrode as 10 mm. along a electrode is on the surfa.ce of the sca.lp, and the elee- 
gyrus. This rise in thlesllold and gradient ~va.s found trolytes wllicll may he found would not diffuse into 
to he maintailled during tile next 2 weeks nlithont 
significant chnllgr from the level at 24 hours after 
exposure. Dr. SEhr-JacossEN: I have enjoyed this paper 

We have e~;idellce that this bidirertional wave- ue~y much. I Ilave olle question. 
form is within the collstant coulomb region for stim- Rnve you tested your stimulus and seen if any 
ulation of coltes. Sllortening tile inte~·ral between the cllanges appear in tile recording a.fter the stimulation 
tn~o pulses: to mines less than 0.1 msec. results in a is terminated, particolarly if any 1 to 2 c/sec. slon~ 
rise in threshold; lengtlleninff tile interval between the ~~~ares of medium to high voltage are found ( 
two P"lses gives no cllange of l-.llreshold for intervals We liilow that after stimulation with 0.5 to 1 mA 

[458 i 



SOCIETP PROCEEDINGS 459 

and B V., slow waves are frequently encountered. electrode from causing culrellt flow through the 
They also appear when using the same electrodes, tissue. 
technique and stimulus in a jar of egg white. The In answer to Dr. Sem-Jacobsen, alsout.mhethsr me 
same slow waves are encountered. Transient flocculs- saw ally slow waves, we llaven't looked in time to 
tion is seen at the same time around the contacts. see tile transient slow waves that he sees after un 
This has Ilothing to do with neuronrtl activity. idirectional pulses. We have not seen any produced 

We feel that these slow waves al·e a very good by tile bidirectional pulses. We looked at the electro- 
indicator of illjury, and I would like to know your corticogram for the bidirectional ones, but we haven't 
ideal stimulus rates in this test. illvestigated the case of the rectnllgular pulses. 

Dr. THonrAs: In contrast to the theoretical calcu- I" regard to Dr. Tllom,zs's question of whether we 
measured the local temperature, no, me Il,zve not; but latiolls regarding the Ileating effect, does Dr. Lilly 
we have not seen any fried aracllnoid or dura. I h~ve any experimental epidence, such as temperature 

measurement in the stimulated area ~ We intend trying out the bidirectional waveform 

i 
on Dr. Sem-Jacobsen's "egg white" preparation to 

Dr. BrcrrFoRo: We have recently had some ex see if the heating effectis enough to cause any 
periences with what might be called the pars appreciable white precipitate to appear around the 
meters of an hallucination induced by depth stim- elld of the electrode. 
ulation. Ill ;111 epileptic patient we were able to plot I was very much interested in Dr. Bickford'8 
the para.meters of an induced ]lollering noise ~yhich presentation. I wonder where lie had been stimulating : he said was caused by voices, to croke the hallucinations. 

It appears to us that in confirmation of what 
Dr. Lilly said, the short duration pulses are not mie do have one point here that I mould like to 
only very effectual, (although this has been doubted emphssize, namely, that if you use pulses which are 
by others ill the past), but the 0.01 msec. pulse is ve'y much shorter than the ones we have shown, on- 
rather the more efficient, taking into account the doubtedly the threshold for energy dissipation and 
lesser amount of current expended. In ]luman stim- damage to tissue by heat will come into the picture. 
ulation work we should obviously use these very short In fact, we have tried shortening them to two 10 

microsecond rectangular pulses of equal coulombic durations in order to avoid tissue damage. value on each side of zero, first positive and then We have also ]lad the experience of change of 
threshold with sleep in the case of a pyramidal tract negative, and watched the electrodes under a micro- 
stimulation in man, the results of which me will ScOpe If you make the current high enough you call 
p'esent a little later in this meeting. The threshold See Steam at the tip and a little flash of light as a 
increased markedly during sleep in one patient. In Sp"''k jumps the gap in the steam cavity. Hence, 
another in further answer to Dr. Thomas, there is an upper case we recently investigated wit2l head 
turning, the threshold remained quite the same in limit to how short you call make the pulses, and that 
waking and sleeping states, so apparently there can be iS the total energy dissipation limit determined by 
hoth situations depending upon the system being ]'O" I'igh the threshold is, current-wise, and how high 
stimulated, the electrode impedance is. 

Dr. LILLP (closing): In answer to Dr. Offner's We have several experiments bringing one of 
questions, first of all we know very little about the tl'ese pulses closer to the other one than the 100 
effects of shock therapy on the brain. Secondly, we pSec. value that we showed you here; if you keep the 
have not tested his type of waveform on the cortex, pU1SeS at least 100 psec. apart and then move them 
so I can't say whether it is injurious or not. farther apart in time, you find that the threshold 

He wondered if metallic electrode electrolysis ef- does not change at all, even as far a.part as 5 to 
fects came into the picture. Undoubtedly they do with 10,000 ~Lsec. As you get them closer together than 
unidirectional pulses. As I said in the paper, within 100 ~Lsec., the threshold starts rising abruptly, and 
a short distance of the electrode they are probably as they get closer and closer you may quickly get 
very important. Farther away you would not expect tl"esholds up to 10 times what it is with the interval 
them to be so important, because the circulation can "t 100 ~Lsec. 
probably handle diffusing ions at some dist;tnce So, here too, one will also get into the energy 
away. dissipation limit at which you mill begin to fry 

Concerning the question of using a nonmetallic tissue if the pulses are brought any closer together 
electrode, we have published some data: we used a than 100 ~Lsec. This is also an indirect proof that the 
nonmet,zllic electrode and showed extensive damage duration of our pulses is within the constant charge 
for unidirectional pulses. I want to emphasize again region for nenronic excitation; as one pulse gets 
that these are truly unidirectional. We placed a diode closer to the other the second one begins to cancel 
in the circuit to prevent the back potential from the the first, and the threshold rises. 
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