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CHAPTER 6 

Injury and Excitation by Electric Currents 

A. ~e Balanceol Pulse-Pair ~aveform 

JOHN C. LILLY 

OUR GOAZ. HAS B~N to ~nd an electric current the proper parametric regions, can have thresholds 
waveform with which animals could be stimulated less than those for excitatory processes. The tech- 

through implanted electrodes for several hours per nical problem in chronic brain stimulation is to stay 
day for several months without causing irreversible above the excitatory threshold and below the injury 
changes in threshold by the passage of current threshold in the neuronal system under considera- 
through the tissue. We have found one such wave- 
form (Lilly et at., 195~ia, b, c), shown in Fig. 6.1. 
There are certain ultimate limitations in the use of 

any electrical waveforms, including the one illus- ~_+ 
trated here. The search for an ideal waveform is 

being continued; the ideal one is only approached, 
not achieved, by the waveform of Fig. 6.1. 

The present chapter treats of the thermal energy 
limit and the electrolytic limit which are reached E 
as the neuronal fhr~shold data are traced through If 
large systematiclchanges of waveform. However, 
the discussion concerns only chronic persistent 
stimulation--that is, 1 to 3 trains per second for up 
to 18 hours per day, 5 to 7 days per week for 6 to 100 micr6seconds 
12 months. It does not concern acute stimulation Fro. 6.1. Waveform of stimulating current: pulse pairs 
at one session or stimulation for one hour per day of current resulting from quasi-differentiation, with pas- 
for several weeks. Many waveforms, including 60- sive electrical elements, of a rectangular pulse. Measured 
cps. sine-wave current (Olds and Milner, 1~54), at 2 per cent of the peak, the duration of the positive 
can apparently be used safely for these limited pulse (upward) is 34 pee., and the duration of the 

schedules of stimulation. In our experience they negative pulse (downward) is 28 ysec. The areas under 

cannot be used for the intensive, long-term sched- the two pulses are equal; therefore the negative coulomb 
flow is zero for the pulse pair algebraically summed 

ule of chronic stimulation. (See Lilly, 19~5~, 19S7a during a time interval of 200 CLsec. from the beginning 
to d, 19~5~a, b, c, 1959~a, b; Lilly et at., 19~5~a, b.) of the positive pulse. (From Lilly et at., 1955a.) 

IN~URY tion. This result can be achieved most easily by the 
Electric current passed through the brain can proper choice of waveforms and their time courses; 

cause at least two distinct types of injury: thermal and less easily by the choice of the range of repeti- 
and electrolytic. These two types are separable by tion frequencies and train durations (Lilly et at., 
the proper choice of electrical parameters and, in 1~5~2). As has been amply demonstrated (Liddell 
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INJURY AND EXCITATION BY ELECTRIC CURRENTS 
200 kilocycles) can cause thermal injury by over- 
heating the tissue without excitation and without 
electrolytic injury if no recti8cation is allowed to 
occur tin the circuit, and especially at the elec- 

3 trodes). Apparently the amount of electrolytic in- 
jury is related in great measure to the total quantity 
of unidirectional electricity (coulombs) passed 
through the tissue in a given interval without 
reversals, whereas the amount of thermal injury is 
more closely related to the total energy (watts) 
passed. 

i~ol dr PuLsE-l:~uRnTloN, ~ec 100 100o Both these types of injury can be shown to exist 
in some other waveforms in the intensity ranges of 

Fro. 6.2. A typical "strength duration" curve for a interest in brain stimulation. As an example, in the 
cortical zone using unidirectional rectangular pulses. case of unidirectional rectangular pulses we choose 
The threshold current (at 60 pulse pairs per second, in the threshold for the amount of excitation of, say, trains 5 seconds long repeated at 30-second intervals) 
is shown as related to the pulse duration, on a log-log cerebral cortex, to excite movement in the periph- 

plot. Beyond about 5 msec. is the "rheobasd' plateau, ery in the unanesthetized monkey. For any given 
i.e., "constant current" threshold; such long pulses pulse duration we choose a repetition rate suf~- 
cause rapid electrolytic injury. Below 0.1 msec. is the ciently high (50 to 200 per second) so that we can 
45" constant slope showing a first-power relation be- keep the threshold current low. As we increase the 
tween current and pulse duration; this is the "constant pulse duration, the current at threshold becomes 
quantity" region of excitation. In the very short (0.01 lower until we reach rheobase, at about 5 msec. 
msec.) duration region such pulses can cause thermal (Lilly et al., 1952). But as we change pulse dura- 
injury at threshold, tion, the quantity of electricity passed and the 

energy dissipated at each threshold value are also 
and Phillips, 1951; Lilly et al., 1952; Hess, 1954c; changed. If the electrodes are nonpolarizable (Lilly 
Cure and Rasmussen, 1954), these parameters also et al., 1952), the resistance is constant with time 
i~uence excitatory thresholds and possibly deter- and with pulse duration changes; and the energy 
mine which systems are excited in the vicinity of (watts) per pulse is given as peak current (am- 
the electrode. peres) squared times the resistance (ohms) of the 

Our ~rst emphasis is on avoidance of injury. We electrode. The amount of electricity (coulombs) 
proceed on the basis of accepting--as threshold passed per pulse is the product of the pulse dura- 
excitation of any or all systems at the electrode tion (seconds) times the peak current (amperes). 
tip--the values of current which give a visually or To illustrate the points involved, some values have 
tactually detectable response or change of behavior. been calculated for a representative implanted 
(Of course, other methods of detection can give electrode in a monkey. The results are shown in 
lower threshold values, and other waveforms can Figs. 6.2 to 6.5, in all of which pulse repetition 
excite other systems at the electrode ['hreferentia~· frequency is held constant at 60 pulses per second, 
excitation], but these subtleties are not germane at and train duration at 5 seconds. 
this point. ) We are looking for those characteristics Figure 6.2 shows the relation between the thresh- 
of waveforms which cause excitation but do so old current and the pulse duration. The classical 
without injuring brain tissue after many hours or rheobase is difficult to obtain because of the elec- 
days of stimulation. ~olytic injury, which raises the threshold rapidly; 

The two types of injury are possibly best illus- the value here is an extrapolated estimate. 
trated by the effects of two extreme ty~s of Figures 6.3, 6.4, and 6.5 are calculated from the 
waveforms. Unidirectional direct current causes data of Fig. 6.2. Figure 6.3 gives the threshold peak 
electrolytic injury (Horsley and Clarke, 1908) but -energy per pulse; Fig. 6.4, the threshold quantity 
little excitation, if increased from, and then de- of electricity per pulse, each plotted against the 
creased to, zero value sufficiently slowly to allow pulse duration; and Figi 6.5, the energy plotted 
accommodation to take place in the nervous tissue. against the quantity. In each of these graphs an 
High radio-frequency currents (greater than, say, estimate is given of the threshold for the two types 
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of injury: thermal in Fig. 6.$; electrolytic in Fig. 
6.4; both in Fig. 6.5. However, it is suspected that 

the electrolytic injury threshold is very much lower :r 
than this value; the lower limit is yet to be deter- 
mined carefully for stimulations lasting many days. % 
The thermal injury threshold is an estimate based 
on the observation of the breakdown of water tin 
normal saline) to steam for single pulses at a metal- r, 
lic electrode whose resistance was the same as the q Elaclrolylic injury 
·electrode used in determining the data on these 
graphs; the values for tissue damage are probably 
lower than the one estimated here. This threshold 

o.l Ir, to too looo 

is a function of the area of metal exposed and the PULSE DURATION. msec. 
size and ef~ciency of the heat conduction path away Fro. 6.4. Quantity of, electricity per pulse versus pulse 
from this electrode interface; howevei, the value is duration at threshold. For· this electrode, waveform, and 
of the approximately correct order of magnitude for train parameters, the electrolytic injury threshold is at 
practical electrodes. As the area of the metal in con- about 0.5 microcoulombs per pulse at about l.0-msec. 
tact goes down (smaller electrodes) and hence the pulse duration. 
resistance goes up, the threshold energy may reach 
such values that the local temperature reaches in- Of pulse was extended to a time constant of 5 pee., 

jurious levels at local threshold values of current. the threshold rose slowly in the first few hours of 

We have found (Lilly et al., 1955a) that if a ·stimulation (deep, subcortical electrode). We then 

120-microsecond rectangular pulse is'quasidiffer- changed to the short pulse pair; the threshold 

entiated (to a pulse duration of about 30 ~sec.) stayed at the final value for six months. Many 

and the resulting pulse pair (Fig. 6.1) is used to experiments in several loci, at many "dosages," 

stimulate; no detectable injury occurs over many demonstrated that "electrolytic" injury was being 

weeks of stimulation. Apparently this sliort-term generated by this longer pulse pair. In other experi- 

(within 200 rsec.) reversal of curr'ent, with equal ments the duration; of each member of the pulse 

charge in each of the opposite pulses, reverses pair· was shortened to 10 rsec.; at threshold values 

processes leading to "electrolytic" injury. of current the threshold rose. rapidly until break- 

In some experiments we found that if the pulse- down of water began to interrupt the current seen 

pair interval was extended to 16 tLsec. (80/sec.) on an osci~loscope:'I3~e peak energy dissipated per 

and the duration of each condenser-discharge type -pulse ~I·as of the order of 2 watts. The thermal 
.injury level was. exceeded by these very much 
shortened pulses. Thus for the matched opposite 
pulse pairs there are two extremes, limiting the 

P range applicable· to brain stimulation without in- 
_I jury: the lower, low current, low energy, high 

·quantity pulse pair causing electrolytic injury; the 
upper, high current, high energy, minimum quan- 

I \ I tity pulse pair causing thermal injury. . 
In other experiments we found that even in the 

presence of a 100 per cent rise in threshold resulting 
from electrolytic injury (maintained for six ·weeks), 
the damage was not detectable under the micro- 

0.01 QI PULS~.O DURP;TIONl,Omsec. scope; only very much larger increases in threshold 
were correlated with visible damage. 

FIG. 6.3. Peak dissipated energy versus pulse duration 
at threshold. The data are calculated from Fro. 6.2 EXCITATION 
in this and subsequent figures. For this electrode, wave- 
form, train duration, andtrain repetition rate, the In general, the: threshold under discussion here 
thermal injury threshold is appro~mately 1 watt peak is for either demonstrable evoked movement or 
power at about O.Oe-msec. pulse duration, some change in what the mqnkey did in resppnse 
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UNIDIREGTIONAL RECTANGULAR PULSES Hess (1954c) used a very long duration 

~ too '"balanced" waveform, in order to excite all elements 
PULSE AEPETITIOH FREPUENCY: 60ppl~sc. near the electrode in equal amounts. We do not w TRblN WRP~TION: 5 eer every So ~sc. 

13 la~ow how long he stimulated in each session 
(hours) nor for how many days or weeks he ob- 

~ lo-ll 1 served thresholds. If these times are comparable to 
a I ours, and the thresholds remained constant, the 

) facts in the two cases disagree, and further research 
5 DURATION. msec. is needed. 

~I·01 ~a 6""' The shorter balanced pulses may possibly stimu- 
ddd late only short chronaxie elements, but this is doubt 

g ful. To obtain an observable effect on behavior 
O Elecf rolytic injury 

I requires firing several thousands of elements near 
I ··I Thermalinjury the electrode. The local ~eld strengths near the 

.bOl o.l I.o lo electrode at the currents observed are presumably 
THRESHOLD PEAK ENERGY..watts very much above threshold for even small fibers. 

Fro. 6.5. A relatively minimal-injury parametric region: Apparently the shell within which small, long- 
quantity versus peak energy at threshold at various chronaxie elements fire is smaller than the shell in 
pulse durations. (Data are combined from FIGS. 6.3 which the larger, short-chronaxie elements respond. 
and 6.4.) Both of the-injury thresholds for the parame- With the longer pulses (resembling Hess's case), 
ters previously given are shown. The vertical straight- the two shells may be more coincident in space. 
line portion of the curve is "rheobase" and the horizontal 
one is "constant quantity" on this plot. It is to be 

However, it is yet to be demonstrated that these 

emphasized that for maximum safety the waveform of 
differences do not average out in the mass of ex- 

FIG. 6.1 is to be used. No region for the unidirectional cited elements, rendering them undetectable by 
waveform can be used longer than the times given (5 behavioral criteria. A point-to-point comparison 
sec, every 30 seconds) without causing electrolytic in- should be carried out, in which, if possible, injury 
jury. It is also to be emphasized that the waveform of is avoided. There may be a different injury thresh- 
Fro. 6.1 can be shortened or extended to give results old for each of the different elements, analogous 
like those in FIGs. 6.2 to 6.5. Values of the injury to but not identical with the digerences in excita- 

thresholds very close to the ones of the above illustra- tion thresholds (Lilly, 1950b, 1952, 1954; Lilly and 
tion are found for such shortened and extended forms Cherry, 1954, 1955). 
for very long trains applied continuously forhours per 
day for several weeks. The bidirectional waveform in EFFECTS 
the proper parame~ic region extends the permissible The criteria for truly long-term frequent stimu- 
total stimulation time of each session by many hours, lation were developed in the course of a program 

of mapping the monkey's brain for elicitable be- 
to stimulation. The ~rst threshold is definitely - havioral, emotional, and motor effects of localized 

higher than for the minimum evokable local elec- electrical stimulation. In some systems ("start" sys- 
·h·ical activity, and the second can be of a magni- tems), the animals could be trained to start the 
tude comparable to that of the electrical response stimulus trains repetitively in their own brains 
(Lilly, 1958a, c). ("start capture," Lilly, 1958c; Olds and Milner, 

As can be seen from the illustration, the short 1954); in other systems ("stop" systems),they could 
pulses land pulse pairs).have a constant quantity be trained to stop trains started by the apparatus 
of electricity per pulse at threshold; these quanti- or by the observer ("stop capture," Lilly, 1958·c; 
ties are of the order of 0.2 to 0.5 microcoulombs Delgado et al., 19·5427); in still other systems ("alter- 
per pulse at 60 pulses (or pulse pairs) per second nating" systems), they would start a train of several 
in 5-second trains for pial electrodes over cortex, seconds' duration several times and then stop such 
and about 0.05 microcoulombs for some deeper trains several times (Lilly, 1950a, b). 
placements. The long pulses have, temporarily, a In the "start" systems the sessions would last up 
constant current threshold (rheobase of the order to 12 to 16 hours per day at an average train repeti- 
of 0.2 to 1.0 milliampere) but such pulses destroy tion rate of at least 2 trains per second and peak 
tissue, rates up to 18 trains per second, 7 days per week 
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up to 18 months; each train was about 6 to 12 pulse to those for the "stop" systems for the same reasons. 
pairs at a frequency of 60 pulse pairs per second. The sexual systems, at least those subsidiary to 
The number of trains delivered per day was from erection in the male, show the "alternating" prop- 
80,000 to 260,000. In one spot in one monkey the erty ex~emely clearly. 
total number of trains delivered over a 6-month 

period was approximately 15 million. The number Careful quantitative data concerning the spatial 
of pulse pairs delivered was 180 million, or about factors in electrical excitation are conspicuously 
10 coulombs (0.06 microcoulomb per pulse pair). absent in the literature. Many more data and much 

In the "stop" systems, with the crescendo ~ain more analysis are needed for evaluation of the re- 
technique, trains were started by the apparatus suits of stimulating closely packed systems like the 
every 12 seconds and stopped by the animal at his hypothalamus, intralaminar nuclei, etc. At best, 
own chosen threshold. Because of deleterious effects localization of function in the central nervous sys- 
on the animal as a whole, these sessions were limited tem suffers at present from the lack of a truly 
to 3 hours per day (900 trains) for several weeks quantitative theory based on what is done in the 
(100,000 trains), or to unbroken 48-hour sessions laboratory rather than on some neuroanatomical 
(18,000 trains) without sleep. Each train had an conjectures. Obviously, the neuroanatomical ~nd- 
average of about 300 pulse pairs at threshold. The ings are essential; they contain the most quantita- 
stop system loci thus received up to 30 million pulse tive data we have to date. But an understanding 
pairs or about 1.8 coulombs for 0.06 microcoulomb of function requires, in addition, a biophysical 
per pulse pair. quantitation of the geometry of the relations be- 

In the "alternating" systems the ~gures are similar tween excitation and the ~eld set up by the current. 


