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Electrical Stimulation of Brain Localized without Probes-- 
Theoretical Analysis of a Proposed Method 

WILLIAM J. FRY 

Biophysical Research Laboratory, University of Illinois, Urbana, Illinois 61•03 

A method of electrically stimulating neural elements confined within small volumes of brain at predetermined 
deep locations without employing probes is considered theoretically. The basic principle of the method is the 
partial rectification in the focal region of an ultrasonic field of the alternating current that flows in the entire 
brain, or a major portion thereof, in response to an externally applied electric field of the same freqeuncy. 
Since the magnitude of the electrical conductivity of the tissue varies with the temperature the adiabatic 
temperature, changes produced by the acoustic disturbance cause a periodic variation in the conductivity 
that results in a net unidirectional transfer of charge when the œrequenices of the two fields are equal. The 
condition for stimulation is expressed quantitatively by a relation involving the amplitudes of the electric 
and acoustic field parameters, the thermal coefficient of electric conductivity of the tissue, the threshold 
quantity of charge that must be transferred unidlrectionally per unit area to result in stimulation, the pulse 
duration, and a parameter that is determined by the geometric orientation of the electric and ultrasonic field 
vectors at the acoustic focus. Numerical calculations suggest that stimulation can be produced in the absence 
of thermal or other mechanisms of damage to the tissue. The values of the charge-stimulation and electrical- 
conductivity parameters employed in the calculations are derived from available experimental data. 

INTRODUCTION 

LTHOUGH studies involving the stimul•ttion of 
sites within the brain have yielded much infor- 

mation regarding its structural organization and 
mechanisms of operation, such work suffers from the 
considerable limitation that intervening brain must be 
penetrated by some type of probe (electrode, cannula, 
etc.) in order to provide lhe necessary localization of 
the stimulus to neural elements confined in relatively 
small interior volumes or regions. Although a multi- 
plicity of sites can be stimulated along the course of a 
path of penetration, it is apparent that any method 
employing probes is severely limited by the number of 
sites that can be stimulated in one brain without 

imposing such extensive damage that the results 
obtained are either difficult to interpret or are meaning- 
less for an undamaged brain. [f localized electrical 
stimulation could be achieved wilhout damage either 
at the site or along a path through the tissue to reach it, 
then a tool of considerable potential would be available 
for electrophysiological studies oft the brain. This paper 
is concerned with a detailed theoretical analysis of a 
possible method of achieving this goal. 

The determination of specific conditions, including 
values of electrical parameters used with specific 

electrode conligurations, for achieving localized elec- 
trical stimulation of the brain has received the attention 

of a number of investigators (Lill_v et al., • Bickford 
et al., • Maclntyre el al., a Heath and Mickle, s and 
Phillips and Portera). The stimulation of neural 
elements is produced by the unidirectional net transfer 
of sufficient quantity of electric charge, the magnitude 
of the charge depending in general on auxiliary experi- 
mental conditions. Quantitative studies of electro- 
stimulation parameters such as pulse duration have 

• J. C. Lilly, G. M. Austin, and W. W. Chambers, "Threshold 
Movements Produced by Excitation of Cerebral Cortex and 
Efferent Fibers xA'ith Some Parametric Regions of Rectangular 
Current Pulses (Cats and \Ionkeys)," J. Neurophysiol. 15 
319 341 (19521. 

-' R. G. Bickford, ,1. C. Petersen, It. W. Dodge, and C. W. 
Se•ni-Jacobsen, "Observations on Depth Stimulation of the 
Human Brain Through Implanted Electrographic Leads," Proc. 
Staff Mtgs. May'o Clinic 28, 181-187 (1953). 

• W. J. Maclntyre, T. G. Bidder, and V. Rowland, "The 
Production of Brain Lesions with Electric Currents," Proc. Int. 
Biophys. Conf., 1st, 723-732, Plates 26-31 (1957). 

• R. G. Heath and W. A. Mickle, "Evaluation of Seven Years 
Experience with Depth Electrode Studies in Human Patients," in 
Electrical Sttdies on the Unanesthetized Brain, E. R. Ramey and 
D. S. O'Doherty, Eds. (Paul B. Hoeber, Inc., New York, 1960), 
Chap. 11, pp. 214-242. 

a C. G. Phillips and R. Porter, "Unifocal and Bifocal Stimu- 
lation of the Motor Cortex," J. Physiol. (London) 162, 532-538 
(1962). 
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received the attention of some of these investigators. t.• 
These workers have demonstrated the importance of the 
unidirectional transfer process for stimulation. The 
importance of charge transfer, as compared with 
electrically produced thermal effects in the production 
of lesions, has received the attention of others (Mac- 
Intyre el al., a Rowland7). In these latter studies, it has 
been demonstrated that conditions for repetitive 
stimulation exist in which relatively enormous amounts 
of charge can be transported in an alternating fashion 
(no net unidirectional transport) across tissue bound- 
aries over time periods of hours to months, without 
causing damage. Lilly 6 has summarized in graphical 
form (Fig. 6.5 of referenced publication) information 
on the variation of the threshold charge transfer per 
pulse, using pulse pairs, as a function of the pulse 
duration. His graphical presentation shows where the 
threshold conditions for stimulation overlap those for 
the production of injury, electrolytic at long and 
thermal at short pulse durations. The range between 
approximately 0.03 and t0 msec is available for stilnu- 
fation without concomitant injury, with the "safety 
factor" obviously dependent upon the specific choice 
of the value for the pulse duration. 

It is apparent that if a method for producing partial 
rectification in any desired small volume of a high- 
frequency current field produced by appropriate means 
throughout an entire brain, or a large part thereof, 
were available that achievelnent of stimulaiion at 

localized deep sites without the use of probes would 
then become a distinct possibility. In order to ac- 
complish this, it is necessary that the frequency of the 
electric (or magnetic) field that induces the current 
flow be high enough so that the charge transferred 
through tissue clements on each half-cycle is small as 
compared to that required for stimulation. Of course, 
the frequency should not be so high that penetration 
of the tissue in depth by the field is limited. However, 
this latter requirement is easily achieved for the method 
considered here. 

The basic principle of the method, which is con- 
sidered from a theoretical viewpoint in this paper, 
consists of the simultaneous application of an electric 
field, applied externally to the brain, and a focused 
ultrasonic field localized with the focus at the site 

desired for stimulation. In the simplest case, the 
frequencies of •he electric and acoustic fields are equal. 
Since a traveling acoustic wave has associated with it a 
propagating alternating temperature variation, and 
since the electrical conductivity (and incidentally, the 
dielectric susceptibility) of media, including tissue, 

• J. C. Lilly, "Injury and Excitation by Electric Currents, (A). 
The Balanced Pulsed-pair Waveform," in [•leclrical .%'timulation of 
the Brain, D. E. Sheer, Ed. (University of Texas Press, Austin, 
Tex., 1961), pp. 6(•64. 

• V. Rowland, "Stereotaxic Techniques and the Production of 
Lesions," in Ne•roendocrinology, L. Martini and W. F. Ganong, 
Eds. (Academic Press Inc., New York, 1966), Vol. 1, Chap. 4, 
pp. 107-137. 

changes with the temperature, the acoustic field thus 
induces a periodic variation into the values of these 
parameters with the maxinmm variation occuring at 
the focus of the field. The amplitude of the variation 
in the focal region, as compared with that in the 
intervening tissue, is dependent upon the "gain" of 
the focusing system and the acoustic losses that occur 
in the tissue. Since the freqnency of the electric field, 
and thus the currents produced in the tissue in response 
to it, and the frequency of the acoustic field are equal, 
it is apparent that the current that flows in the tissue 
at the focal center when the temperature is increased 
above the average value (that is, during a compressive 
half-cycle of the acoustic wave) is not equal to the 
current that flows in the opposite direction during 
a rarefaction half-cycle of the wave (that is, when the 
temperature is below the average value for the tissue). 
Thus a unidirectional transfer of charge occurs (the 
return part of the current loop lies off the focal center), 
that is, the charge transferred at the focal center during 
a compressive half-cycle of the sound wave is not equal 
to the charge transferred in the opposite direction 
during a rarefaction half-cycle; the magnitude of this 
unidirectional or rectified charge transfer is determined 
by various factors including: (1) the amplitude of the 
periodic temperature change in the sound-wave field 
at the focus, (2) the "linearity': of the brain tissue and 
coupling medium for the propagation of finite-amplitude 
acoustic waves? (3) the magnitude of the acoustic 
absorption coefticient incl.•ding its dependence on the 
frequency, (4) the magnitude of the electrical conduc- 
tivity of the tissue and its coefficient of variation with 
temperature, and (5) the amplitude of the electrical 
field that induces the current flow in the tissue. 

The feasibility of producing electrical stimulation 
at localized sites within the brain by the method 
outlined depends upon the magnitudes of the indicated 
parameters and their determination of the maximum 
values of the electric- and acoustic-field variables that 
can be employed. Therefore, it is necessary to consider 
quantitatively a number of different aspects of the 
proposed method, and all of those of evident importance 
are considered in this paper. An ontline of these aspects, 
considered analytically in subsequent Sections, is now 
presented. First, it is convenient to express the condi- 
tions for electrical stimulation, based on the principle 
under consideration, in terms of a relalion between 
electric-current density• acoustic sound-pAse amplitude 
(temperature, pressure), pulse length, and threshold 
value of electric charge that must be transferred uni- 
directionally in order to produce stimulation. The 
indicated relation serves to identify minimum values 
for combinations of the various field parameters that 

s F. E. Fox and W. A. Wallace, "Absorption of Finite Amplitude 
Sound Waves," J. Acoust. Soc. Amer. 26, 994-1006 (1954). 

0 V. A. Krassilnikov, V. V. Shklovskaya-Kordy, and L. K. 
Zarembo, "On the Propagation of Ultrasonic Waves of Finite 
Amplitude in Liquids," J. Acoust. Soc. Amer. 29, 642-647 (1965). 
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could result in stimulation. However, many such 
combinations are unacceptable because of wtrious 
limiting factors some associated with the sound field, 
others associated with the electric field. 

For the sound field, it is necessary to choose a fre- 
quency sufficiently high to produce a small focal 
volume in order to appropriately confine the stimu- 
lation. Since ultrasonic absorption per unit path length 
increases linearly with the frequency in the range of 
possible interest, it is apparent that one upper limit 
to the frequency is determined by the magnitude of the 
absorption, the depth of the penetration desired, and 
the gain of the focusing system. In addition, since the 
sound levels that must be employed are high, it is 
necessary to take into account the transfer of energy 
that occurs, during propagation to the focus, from the 
fundamental frequency of the field to the harmonics. 
Also, the ¾alues of the parameters of the sound pulse 
must be below those that produce lesions either by 
thermal or nonthermal mechanisms (Fry, m and Barnard 
el alY). 

With respect to the electric field, it is necessary to 
consider possible difficulties associated with its appli- 
cation to the brain, such as field concentrations in the 
neighborhood of the electrodes and impedances as- 
sociated with electrode interfaces (Schwan •2 and 
Schwan and Maczuk•a). The effectiveness of the induced 
variation in electrical conductivity (recent experimental 
data obtained at this laboratory indicate that dielectric 
susceptibility changes are less important in the usable 
frequency range) in causing a periodic redistribution of 
the electric currents in the region of the focus must be 
evaluated. It is also necessary to compute the tempera- 
ture rise produced in the tissue by the electric field and 
to consider the heat-exchange problem introduced by 
the application of the field to the entire brain or a 
reasonable fraction thereof. Quantitative analysis of 
these factors indicates limitations on the ranges of 
the values of the field parameters that can be used and 
thus identifies possible combinations that can be 
employed experimentally in attempting to stimulate. 

I. ANALYSIS 

Since the method under consideration employs 
focused ultrasound to produce localized stimulation 
and since the region to be activated is determined by 
the volume of the focal region, it is essential that the 
acoustic frequencies employed be such that the wave- 

•øW. J. Fry, "Intense Ultrasound in Investigations of the 
Central Nervous System," Advan. Biol. Med. Phys. 6, 281-348 
(1958). 

n j. W. Barnard• W. J. Fry, F. J. Fry, and R. F. Krumins, 
"Effects of High Intensity Ultrasound on the Central Nervous 
System of the Cat," J. Comp. Neurol. 103, 459-484 (1955). 

•2 H. P. Schwan, "Alternating Current Electrode Polarization," 
Biophysik 3, 181-201 (1966). 

•a H. P. Schwan and J. G. Maczuk, "Electrode Polarization 
I•npedance: Limits of Linearity," Proc. 18th Ann. Conf. Eng. 
Med. Biol., 18th IEEE-ISA 24 (1965). 

length of the sound in the tissue is relatively small. That 
is, since the transverse diameter of the focal region is 
of the order of one-half wavelength, one should employ 
a frequency high enough so that a half-wavelength is 
of the order of the diameter of the tissue volume to be 

slimulated. However, it should be noted that for the 
transducer geometry normally employed to irradiate 
the brain, the longitudinal diameter of the focus is 
longer, in general, than the transverse diameter. (See, 
for example, Fry and Dunn. •4) In addition, it is ob- 
served that since the magnitude of the absorption 
coefficient of the sound in the tissue increases with the 

frequency, it is not possible to decrease the diameter 
of the focal region indefinitely by the choice of higher 
frequencies. Based on this consideration alone, the 
useful fi'equencies for the intended purpose if pene- 
tration to the maximum depth is to be achieved in 
relatively large brains is between 1 and 10 MHz. (The 
wavelength in the brain at 1 MHz is approximately 
1« ram.) 

The formulas derived are applicable over a wide 
range of frequencies, but it is convenient for fixing the 
ideas to illustrate the relative magnitudes of many of 
the parameters by calculations made at one specific 
frequency. It is to be observed first that the mechanism 
considered here, and for the frequencies of immediate 
interest, one can confine the considerations to changes 
in the resistivity of the tissue induced by the acoustic 
field. At frequencies from 1 to 4 MHz, the specific 
electrical resistance (parallel-circuit representation) of 
mammalian brain gray matter is close to 250 fi.cm 
at normal body temperature. This estimate is based on: 
values of the specific electrical impedance of rabbit 
cerebral cortex in vivo reported relatively recently by 
Ranck, •s early data on minced human brain at 23øC 
reported by Rajewsky) • and on preliminary experi- 
mental measurements in the frequency range of interest 
on excised rat brain at this laboratory. The pertinent 
information in the second reference is listed by Schwan •* 
in a comprehensive review chapter (see Table V of the 
reference) on methods of measuring biological im- 
pedances. The data by Ranck extend only to a fre- 
quency of 50 kHz, where the specific resistance is in the 
range 200 to 250 •. cm. However, the data of the earlier 
reference cover the range from 1 kHz to 100 MHz and, 
although not directly applicable, because of the in 
vitro minced state and lower temperature, it might be 

•4 W. J. Fry and F. Dunn, "Ultrasound: Analysis and Experi- 
mental Methods in Biological Research," in Physical Technique* in 
Biological Research, W. L. Nastuk, Ed. (Academic Press Inc., 
New York, 1962), Vol. 4, Chap. 6, pp. 261-394. 

• J. B. Ranck, Jr., "Specific I•npedance of Rabbit Cerebral 
Cortex," Exp. Neurol. 7, 144-152 (1963). 

•B. Rajewsky, "Biophysikalische Grundlagen der Ultra- 
kurzwellenwirkung in Lebenden Gewebe," in Ultrakurzwellen• 
Band 1, Ergebnisse der Biopkysikalischen Forschung (George 
Thieme Verlag, l.eipzig, Germany, 1939), Zweites Kapital, pp. 
145, 147fl. 

•* H. P. Schwan, "Determination of Biological Impedances," in 
Physical Techniques in Biological •esearch, W. L. Nastuk, Ed. 
(Academic Press Inc., New York, 1963), Chap. 6, pp. 323-407. 
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used to conclude that the specific impedance does not 
increase in the frequency range from 100 kHz to 10 
MHz. 

Only preliminary dielectric susceptibility data are 
available for brain in the frequency range of interest. 
Measurements at this laboratory at 1 MHz indicate 
a value near 800 fi.cm. This general magnitude is 
suggested also by measurements on brain made at 
higher frequencies and by data for other tissues on the 
frequency dependence of the dielectric constant. These 
latter extend over the frequency range from lower 
values to the range of interest here. Thus, in the absence 
of data on the variation with tissue composition, a 
choice of 2000 as an upper limit for the "average" 
dielectric constant of brain at 1 MHz is not unreason- 

able. It is of some interest to note that the dielectric 

constant is lower in value at higher frequencies--thus a 
value of 70 to 75 is listed by Schwan •? for 100 MHz. 
It is apparent then that at 1 MHz the impedance of the 
parallel-capacitative branch of the equivalent electrical 
circuit for macroscopic size regions of brain tissue is at 
least several times the impedance of the resistive branch. 
Therefore, the principal attention in this paper is 
centered on the resistivity of the tissue as having 
significance with respect to the mechanism of stimu- 
lation considered here2 s 

In frequency ranges where the value of the resistivity 
of the tissue is essentially independent of the frequency, 
that is, not in relaxation regions (Schwan•7), the tem- 
perature coefficient of the specific resistance is that 
characteristic of electrolytic solutions corresponding to 
the composition present in the tissue. A value of 
--2%/C ø would constitute a reasonable choice for 
brain tissue in the absence of specific information. 
However, since the operating frequencies of interest 
may be within or ne;•ghbor such a relaxation region, it is 
important to have at least rough measurements of 
the temperature dependence of the resistivity at hand 
for any specific frequency under serious consideration. 
Accordingly, measurements of the changes in resistance 
and reactance, as a function of the temperature, were 
made at this laboratory on a series of freshly excised rat 
brains. The data indicate that at a frequency of 1 MHz 
and at normal body temperature the mag•tilude of the 
change in specific resistance is at least 2%/øC. 

As a result of the periodic temperature change that 
occurs in a sound field, it is apparent that the specific 
electrical conductivity of the brain at any position in 
the focal region of an ultrasound beam changes periodic- 
ally at the frequency of the acoustic field. No data are 

•8 The subsequent analysis, with relatively minor changes, is 
applicable also at frequencies for which the specific reactance is 
comparable to or smaller than the specific resistance. However, 
the threshold values for the unidirectional charge transfer required 
for stimulation, in the formulas of the analysis developed here, are 
then not as readily identified with the values of threshold uni- 
directional charge obtained from the usual stimulation experi- 
ments employing rectangular current pulses (Lilly et ol) and 
Phillips and Portera). 

available on the variation of the electrical conductivity 
of brain with pressure at the frequencies of interest 
here. However, since the measured variation with 
temperature at these frequencies shows that the tem- 
perature coefficient is close to that of a solution of 
NaC1 at the concentration of this salt in the tissue, it 
might be argued that a similar situation would be 
expected of the pressure coefficient. E. L. Hixon has 
drawn the attention of the author to a paper by Fox, 
Herzfeld, and Rock published in 1946 that deals with 
the effects of ultrasonic fields on the conductivity of 
salt solution) • These authors employ in their calcu- 
lations experimental values for the variation of the 
specific resistivity with pressure reported by K•Srber 
in 190970 This latter author measured changes in 
specific resistance of solutions of various salts for a 
large range of concentrations as the pressure was 
varied up to 3000 kg/cm 2 and for a variety of tempera- 
tures. Calculations based on KiSrber's data show that 

if extrapolation of his results to tissue and to the 
frequencies of interest in this paper is possible, then 
at 40øC, the conductivity changes induced in the brain 
by the pressure variations in the sound field would be 
only slightly less than those due to the temperature 
variations in the field, and the two effects are additive. 
This dependence of the conductivity on the time can be 
expressed by the following relation: 

a=a0[l+ (/x•/•) sinw(t--x/v)•, (1) 

where the symbols denote the following: ,0--electrical 
conductivity with no field present, /xa--amplitude of 
the conductivity change 2, x--space coordinate in the 
direction of the beam axis, z•acoustic velocity, 
t time, and o•angular frequency. 2• 

If an electrical field is superimposed on the tissue, 
then the current density J that results is related to the 
field vector E by the expression 

J=aE, (2) 

when a=a0, the corresponding value of the current 
density is designated by J0. The particular configura- 
tion of current-density changes that occurs in the region 
of the acoustic focus depends upon the relative orien- 
tation of the electric-field vector and the direction of 
the axis of the focused ultrasonic beam. 

It follows from formulas for the current density as a 
function of position in the cross section of an electrical 
conductor that for the frequencies and tissue sizes 
(i.e., brain "diameters") of interest here, the current 
density does not vary appreciably because of the "skin 
effect." In this regard, it is appropriate, for estimating 

• F. E. Fox, K. F. Herzfeld, and G. D. Rock, "The Effect of 
Ultrasonic Waves on the Conductivity of Salt Solutions," Phys. 
Rev. 70, 329-339 (1946). 

•0 F. K6rber, "Uber den Einfluss des Druckes auf das elektro- 
lytische Leitverm6gen yon LOsungen," Z. Physik. Chem. 212-248 
0909). 

•The amplitude change &a is dependent on the space co- 
ordinate x because of the convergence and divergence of the beam. 
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l.'m. l. Form of instan- 

taneous pressure and con- 
ductivity distributions along 
axis of ultrasonic beam in fo- 

caI region--electric-field vec- 
tor perpendicular to axis of 
acoustic beam. 

X •" • F• Id 

the magnitude of this effect, to employ the expressions 
that have been derived for cylindrical conductors (for 
example, see pp. 335-337 of Hund22); when this is 
done, it follows that for a frequency of 10 MHz and a 
brain "diameter" as large as that of the human that 
the difference in current density from the center to the 
periphery is no more than 1% because of the indicated 
effect, and therefore this constitutes no restriction on 
the stimulation method under consideration. Since the 

skin effect decreases as the frequency is reduced and 
also as the diameter of the brain becomes smaller, it 
follows that its effect is negligible for smaller brains at 
the frequencies of interest here. 

Since the resulting response in current density for 
any orientation between electric-field vector and beam 
axis can be obtained by superimposing in appropriate 
fashion the current-density changes that occur in the 
two configurations shown in Figs. 1 and 2, we need 
consider only these two in detail. In Fig. 1, the electric- 
field vector is oriented at right angles to the acoustic- 
particle-velocity vector, which is along the direction 
of propagation. In Fig. 2, the electric-field vector is 
parallel to the acoustic-particle-velocity vector. 

It is necessary now to derive for each of the two 
configurations a relation bet•veen the change in the 
magnitude of the electrical conductivity of the tissue 
in the focal region and the corresponding change in the 
magnitude of the current density which results. This 
is most appropriately obtained by analysis (in progress) 
based on the partial differential equation involving 
the potential function for the electric field and the 
gradient of the conductivity, but a simplified lumped- 
circuit analogy, not included here because of the length, 
does provide a way of estimating quantitatively the 
relation between fractional changes in conductivity 
and current density--that is, a means for evaluating 
the proportionality parameter 1" in the expression 

[ AJl/l J0 [ = FAa/ao. (3) 

When this is done, it follows that: For the configuration 
of Fig. 1, 

0.7_< F• < 1.0, (4) 

and for the configuration of Fig. 2, 

F.•0.14. (5) 

'-,2 A. Hund, Phenomena in High I:req•ency ,¾ystems (McGraw- 
Hill Book Co., New York, 1936). 

That the latter value is a conservative estimate is 

shown by the first numerical results obtained on the 
basis of the field type of analysis. This work indicates 
that the value of F listed here is low by ahnost a factor 
of 2. 

From Eqs. 1 3, an expression is obtained for the 
magnitude of the current density J in terms of the 
amplitude of the electric field E0 in the focal region: 

J=ao[l+F(•a/ao) sinw(l--x/v)•Eo sin•/. (6) 

The current density that results in charge transfer 
to produce stimulation is the unidirectional component 
that flows during the entire duration of the current 
pulse, that is, the value of J from Eq. 6 averaged over 
the time of the pulse. (The unidirectionM charge trans- 
ferred during each half-cycle of the field is far below 
that needed to produce stimulation, as becomes ap- 
parent from the nnmerical calculations.) The magni- 
tude, J•c, of this component is evaluated then by 
integration of Eq. 6; for rectangular pulses, integration 
over one period yields the same result as integration 
over the entire duration of the pulse: 

J•c= T Jo L ao x w• 
where T is equal to the period of the acoustic and electric 
fields. On evaluating this expression, one obtains 

&a b wx 

where Jo=aolio. It should be noted that no loss of 
generality occnrs by not inserting a specific phase angle 
in the argument of either of the trigonometric functions 
describing the acoustic or electric fields, since the 
expression wx/v already constitutes a phase-angle shift. 
As Expression 8 indicates, the magnitude of the uni- 
directional component of the current density is depend- 
ent not only on the amplitude J0 of the current density 
with the sound field absent and on the fractional change 
in conductivity produced by the sound field, but also 
on the phase difference between the acoustically in- 
duced change in the conductivity and the electric 
current produced by the electric field. The maximum 
value of the unidirectional rectified component of the 
current density is achieved at positions where cos•x/v 

l"t(;. 2. Illustration of 

form of instantaneous pres- 
sure and conductivity dis- 
trlbut•ons in focal region of 
ultrasonic beam--electric- 
field vector parallel to axis 
of acoustic beam. 

Current 
F•eld 
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is equal to 1. Since this rectified current density varies 
from 1 to 0 as a function of position in the tissue, 
it is appropriate to introduce a spatial average value 
Joc such that, over a distance of one wavelength, 
comparable fractions of the tissue volume within which 
Eq. 8 applies experience rectified current densities 
greater and less than JDc--the average of one half- 
cycle of the cosine function is 2/r. The size of the tissue 
volume experiencing more than the average current 
thus has the following dimensions: The transverse 
diameter at the position of the focal center is somewhat 
greater than the beam width (measured at the half- 
intensity contour, where the rectified component is 
equal to 0.707 of the axial value as compared to the 
average of 2/•r for the cosine function), and is zero at a 
distance of 0.14X from the middle of the focus along 
the beam axis. The neural elements in a series of 

similarly shaped volumes (the specific number depend- 
ing on the dimension of the focus in the axial direction) 
of decreasing size, and spaced « wavelength apart 
along the axis of the beam, would experience the 
necessary conditions for stimulation assuming that 
threshold conditions were constant throughout. It 
should be noted that the direction of the unidirectional 

current flow is, in general, immaterial from the view- 
point of stimulating nerve-cell bodies; and at different 
positions in the tissue, the unidirectional current 
component might well be oriented in different direc- 
tions, but this is innmaterial for stimulation if sufficient 
charge is transferred at each site. The expression for 
Joc is then: 

Jz>e = J o(Aa/ao)F/qr. (9) 

Let w designate the electrical charge that must be 
unidirectionally transferred per unit area in order to 
achieve stimulation when t• is the duration of the 
electric- and acoustic-field pulses (rectangular en- 
velopes); 

w = Joch. (10) 

It is of interest to recall here that, in general, the 
value of v• depends on the pulse duration (Lilly et al2), 
but consideration of the specific form of this dependence 
is deferred until the end of this Section where numerical 
values of the parameters involved in the method of 
stimulation analyzed in this paper are presented. If 
the fractional change in electric conductivity from the 
acoustically undisturbed value is expressed in terms of 
the temperature amplitude, T, of the sound wave and 
the temperature coefficient of electrical conductivity, h, 
one obtains 

a•/.o = •T. (11) 

The effect of the acoustic pressure on modifying the 
conductivity can be included by simply letting h 
designate the value of the temperature coefficient 
multiplied by a factor derived from the ratio of the 
magnitudes of the two field effects. Upon substitution 

for Joe and /x•r/ao from Eqs. 10 and 11 into Eq. 9, 
one obtains 

JoT= (r/F)(•/hh). (12) 

This expression (Eq. 12) thus constitutes the funda- 
mental relation that must be satisfied between the 

current-density amplitude in response to the time- 
variable electric field, the temperature amplitude of the 
sound wave, the pulse duration of the acoustic and 
electric fields, the charge-stimulation parameter for the 
neural elements, and the temperature coefficient of 
electrical conductivity of the tissue. Of course, one 
can replace the temperature amplitude of the sound 
wave by well-known expressions involving acoustic 
pressure amplitude or intensity (Fry and Dunn•4). 
If the pressure amplitude P is introduced, Eq. 12 is 
replaced by 

• \ pova/ F\hh/ 
(13) 

where /• designates the coefficient of thermal expan- 
sivity, Kr the adiabatic compressibility, and p0 the 
tissue density. 

The relation between the pressure and temperature 
amplitudes ernployed here is that characteristic of a 
plane traveling wave; and it can be used as a good 
approximation to the relation existing between these 
amplitudes for the focused fields of interest here. 
Similarly, the sound intensity at the focus is expressed 
here in ternas of the pressure amplitude by the relation 
that obtains for plane traveling waves--i.e., 

l'•P•/2poV. (14) 

When the pressure a•nplitude from Eq. 14 is substi- 
tuted into Eq. 13, 

.td= (lS) 
F (2•ov)•hh Kr- (1/pore) ' 

Before considering a specific example, in order to 
illustrate the magnitudes of the quantities involved it is 
necessary to determine a value for •, the charge that 
must be transferred across unit area in the tissue in 

order to achieve stimulation2 a The work of Lilly et al., • 
in which the charge transferred via a pore electrode to 
stimulate motor cortical elements was determined as a 

function of the pulse duration over the range from 0.1 
to 10 msec, shows quantitatively how the threshold 
charge (for just perceptible movement) decreases as the 
pulse length is shortened in the indicated interval. This 
dependence can be exhibited graphically as shown in 

aa In this regard, it should be noted that threshold unidirectional 
charge-transfer values derived from electrophysiological experi- 
ments in which no currents at frequencies of the order of a mega- 
cycle or higher are involved are appropriate, since it is the duration 
of the rectified component of the high-frequency current that is 
pertinent here and not its period. 
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Fro. 3. Charge transferred per unit cross-sectional area of a 
cortical surface electrode as a function of pulse duration to induce 
stimulation--charge values calculated from experimental results 
of Lilly et al. (Eq. 19). 

Fig. 3, where the charge at the pore face, in coulombs 
per square centimeter, is plotted as a function of the 
pulse duration in milliseconds. These charge-transfer 
values obviously represent upper lirails to the threshold 
values in the tissue at the stimulated neural elements 
i.e., the latter might well be considerabl 5 lower. How- 
ever, the dependence upon pulse duration would be the 
same for threshold values and the curve of the Figure 
can thus be used for converting from values of the 
charge transfer deduced from the data of other in- 
vestigators for specific pulse duratim•s to derive corre- 
sponding values of the charge for different pulse 
durations in the interval covered by the graph. Before 
using the curve in this fashion, it is holed that no 
marked advantages, with respect to the charge required 
for stimulation, can be achieved by employing pulse 
durations shorter than 0.1 reset, as shown by additional 
measurements of Lilly? (See Fig. 6.5 of the referenced 
publication.) A lower upper limit might v:cll bc ex- 
pected in studies employing macroelectrodes, if the 
activity of single cortical neurons is observed; this is the 
case as shown by the work of Phillips and Porter? 
These investigators recorded the activity of single 
pyramidal neurons in response to rectangular stimuli 
of 0.2 msec duration at a rate of 1 or 2/sec. The 
stimulus electrodes were chlorided silver balls of 

approximately « nun diam applied directly to the 
cortex. It does not appear unreasonable to cakulate 
a charge-transfer value on the basis of the minimum 
value of current that resulted in stimulation, as reported 
by Phillips and Porter,:' 1.15 mA, since a charge- 
transfer value for stinmlation computed using a currcnt 
density at the electrode surface is obviously larger 
than threshold for pyramidal neurons. ;\'hen the 
indicated value is employed, a charge transfer of 
2.9(10)-:' C/cue is calculatetiaa; and since this is for 

a• If one assumes that the current leaves the electrode over half 
of its surface, that is, that only half the area of the sphere is either 
in contact with tissue or covered with a film of salt solution, the 
corresponding value is 5.8(10) • C/cm •. However, since it is the 
current density at the neural element that is the important factor, 
along with the pulse duration, in causing stimulation, the specific 
value calculated for the electrode interface is not of fundamental 

TABLE [. Charge-transfer values for stimulation.* 

(reset) (C/cm 2) (C/cm ø-) (C/crn ø-) 

0.10 2.4(10) -a 0.64(10)-& 
1.09 6.2 (10) -a 1.28(10) s 1.7 (10)-• 

10.0 25(10)-• 6.6(10)-a 

+--Macrox'lectr,•de-eh,ctrode interface values. z•--Microcleetrode- 

0.2-msec pulses, the graph of Fig. 3 yields by proportion 
the values listed in the second column of Table I for 
upper limits on the charge transfer for stimulation at 
the neuron membrane for the pulse lengths indicated 
in the first column. 

First, it is of some interest to compare the value of 
• given in the Table for 1.09-reset pulses with the 
charge transferred to produce stimulation in deep brain 
in the experiments reported by Heath and Mickde. 4 
At the surface of their 1-mm-diam ball electrode, this 
is 2.5(10) -4 C/cm 2 for l-reset pulses (100 cps). This 
latter value is much greater than that listed in the 
Table, as probably would be expected from the indi- 
cation of stinmlation that was employed. 

it is important from the viewpoint of obtaining better 
estimates of 'q, to compare stimulation "threshold" 
charge-transfer values at ntacroelectrode surfaces with 
vahles calculated from microelectrode data. The follow- 

ing calculation cmplo3s nScroelcctrode data reported 
by l:rank and l:uortes ø-:' for cat n•otoneurons to derive 
values of •.• to compare with those given in Table I for 
pyranfidal cells of the motor cortex of the cat. The 
rheohase currents determined by these investigators 
for the motoneurons the 5' studied fall into two reason- 
ably distinct ranges of values (see Table I of the cited 
paper). Only those uuits for which the time constant 
of the strength latency curve is given in addition to the 
rheobase current are considered here. These mo- 

toneurons are their Nos.: 3, 7, 15, 16, 18, which exhibit 
rheobase values from 2.0 to 6.5(10) -s A with an average 
rhcobase of 3.7(10) s A and an average time constant 
of 1.09 reset, and their Nos.: 11 and 13, with rheobases 
of 18.1 and 12.0(10) • A and time constants of 1.73 
and 0.68 rosco. The much greater current values for 
Units 11 and 13 indicate that the measured currents 

were probahly not confined to passage through the cell 
membrane and may well include leakage current around 
the shaft of the microelectrode, which the authors 
suggest as a source of error. In view of this data, it 
appears reasonable to conclude that the average value 
calculated for the rheobase of units 3, 7, 15, 16, and 18 

importance in this case; in fact, it does not influence the final 
choice of values for m to be used in the fornmlas relating sound 
field levels and current densities, as becomes apparent from the 
subsequent calculations. 

as K. Frank and M. G. F. 1.'uortes, "Stimulation of Spinal 
Motoneurons with Intraccllular Electrodes," J. Physiol. (London) 
134, 451-470 (1956). 
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FIO. 4. Model of neuron in imhedded tissne and equivalent 
electric circuit. 

C m R• C,• 

is more nearly representative of the neurons than the 
average calculated by including the measurements on 
Units 11 and 13. Therefore, if one chooses, an effective 
surface area of 5(103 4 cm -• for the motoneuron (see, 
for example, Eccles-'e), one calculates 27.28 the threshold 
current i from 

i= ir/(lq-e-'tr). (163 

For a pulse duration of 1.09 msec a value for the thresh- 
old charge-transfer paran•eter • of Table I, 1.28(103 8 
C •cm 2 at the cell membrane for stimulation is computed. 

In order to obtain an approximate relation between 
the charge transferred across the membrane of the cell 
body per unit area and that transferred per unit area 
of the brain substance when macroelectrodes are 

employ-ed, let the neuron soma lm represented by a 
cube equal in volume to thai of the cell body and with 
one pair of parallel faces oriented with the normal in !he 
direction of the electric field, as illnstrated in Fig. 4. 
Then the equivalent circuit, also shown in the Figure, 
is appropriate for estimating the ratio of the charge 
that flows across the cell membrane per unit area and 
that which flows per unit area extraneuronally. Values 
for the parameters that characterize the electrical 
behavior of the neuron and the imbedding tissue for 
the stimulating pulse durations of interest here are 
estimated from the work of various investigators. From 
impedanme measurements made on rabbit cerebral 
cortex, Ranck • derives values of these parameters 
that would suggest the following choices: r•=250 
f•. cm, r•= 100 •.cm, r,•= 3000 f•-cm ø-, C,= 1.5 •F/cm •-. 
The value 100 •2-cm listed here for the internal resis- 

tivity is low as compared to the values characteristic 
of the cells of other tissues--Schwan indicates that an 

internal resistivity equal to about twice the external 
value is the usual situation. However, the following 

• J. C. Eccles, The Pltysiology of Nert. e Cells (The Johns Hopkins 
Press, Baltimore, Md., 19573. 

•* The relation between the rheobase current i• and the threshold 
current i for a pulse duration I for stimulation is given approxi- 
mately by: 

i=i•,/(I-e-ttr), (16) 

where T is the time constant. See, for example, Katz (Ref. 28). 
• B. Katz, Electrical Excitation of ,Yerve (Oxford University 

Press, London, 19393. 
J. B. Ranck, Jr., 'Analysis of Specific Impedance of Rabbit 

Cerebral Cortex," Exp. Neurol. 7, 153 174 (19633. 

calculations are insensitive Io the value of r•-even a 
factor-of-5 increase in the value of this parameter, 
i.e., r•=500 {2-cm, makes uo appreciable dillerence. 
With respect to r,,,, a value of 1000 f•.cm • was obtained 
for the lnotoneuron of the cat by Frank and Fuortes 2a 
from microelectrode data. Now the value of r•, as 
derived by Ranck, is critically dependent on a knowl- 
edge of the volume fraction of neurons in the tissue, 
that is, a small error in this fraction results in a large 
error in the value of membrance resistance. So, it might 
well be argued that one should employ the 10004b cm ø- 
value for the numerical calculations of this paper. 
However, since lower values of r,, result in smaller 
values of the product of cun'ent and sound-level 
amplitudes requiring for stinmlation, an intermediate 
value of 20(10 •- cm'-' is chosen in order to be conservative 
in calculations. 

The tissue volumes occupied by the neurons on one 
hand and all other elements on the other may well be 
about equal. Ranck lists a value of 40%-50% for the 
percentage of the tissue occupied by the neurons in 
rabbit cortex. However, it is apparent from the ensuing 
calculations that the conclusion that results is practi- 
call3' independent of the dMsion of the tissue volume 
between neural elements and other components unless 
the neurons were to occupy ahnost the entire volume, 
which is certainly not the case. This independence 
results because the transneuronal impedance per unit 
area is large as compared to that of the extraneuronal 
tissue as call be seen from the following. For the purpose, 
let the cross-sectional areas associated with the intra- 

neuronal and extraneuronal currents, flowing in re- 
sponse to the applied electric field, be equal, and let the 
cell bodies account for all the neural volume. Of course, 
neither of these assmnptions corresponds to the actual 
situation; but the objective is to show first, that with a 
lower limit for the neural shunting impedance, the 
impedance of the extraneuronal tissue is much lower. 
Let 

R•= 250d= 0.83[2, 

R•= 500d = 1.65{--), (17) 

R,,, = 2000•.., 

C•= 1.5 •F. 

The value for d, 3.3(103 -acm, chosen here, is for 
pyramidal cortical neurons, since the conclusion derived 
in this case follows also for all smaller values of d, 
corresponding, for example, to smaller neurons, axons, 
and dendrites. The voltage difference ['e is Ed. At a 
frequency of (103 s cps, the transneuronal impedance 
via the capacitance elements is 25 times, and the 
transneuronal resistivity is several orders of magnitude 
times the parallel extraneuronal impedance. Therefore, 
it is apparent, unless the stimulating pulse has a major 
fraction of the energy in its frequency spectrum above 
the indicated frequency, that the average voltage 
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difference across the cell during the period of the pulse 
is essentially independent of the pulse duratirm. 

Under the conditions just discussed, it is p',trlicu- 
lady easy to compare, at least approximately', the 
charge transferred per unit cross section of the tissue, 
in response to the applied electric field, with those 
charges transferred per unit area across the resistive 
and across the capacitative elements of the soma 
melnbranes of any subpopulation of neurons of diameter 
d. For the resistive paths, when t• designates the pulse 
duration, these charge-transfer values are: 

q•'•-'tvEd/R•-- lvE/250 (18) 

for the extraneuronal reedinto, and 

q•;•tvl'id/(2R•,+R,)=lvEd/(2R,,•+500d) (19) 

for the resistive elements of the membrane. For the 

dimensions of interest here, it is apparent from Eqs. t 7 
that 2R,•>>R,, so Eq. 19 becomes 

q,.,= t•F,,d/2R,,, = t,,1,id/4000. (20) 

The corresponding charge transferred across the mem- 
brane via the capacitative elements is 

½c=EdC,•/2(l_e ._,•/•e•c,,,). (21) 

In view of Eqs. 17 for pulse durations longer than 
(10) -• sec, Eq. 21 can be simplified to: 

q•c = ]idC,,,/2 • (I. 75 (10)- •/.•'d. (22) 

Both qgc and q• are small as compared to q• for the 
cases of interest, and this accounts for the large ratio, 
apparent from Table I (pulse duration of 1.(/9 msec), 
between the value 6.2 (10) -• C/co9 for •.• and the value 
1.28(10) -• C/cm 2 for e•. To calculate values for q• and 
qgc from the former value, the ratios qr•/'q,: and qgc/q• 
are required. From Eqs. 18, 20, and 22, 

q,•/q,.=d/16 (23) 
and 

qgc/q,= 1.9(10)-•d/tv. (24) 

For a pyramidal cell diameter, d=3.3(10) -acm and 
lv= 1.1(10) -a sec, one obtains on identifying q• with 

q•,=2.1(10)-4.6.2(10)-:,_ 1.28(10) s (:/'cm" (2,';) 

and 

q•c,= I-6.3 (10) -:•. 6.2 (10)-a•/1.1 (10) -:• 

=3.6(10) s C/cm.2. (26) 

Now the sum of these two charge-transfer values, 
4.8(10) -8 C/col 2 is to be compared with the value 
e,= 1.28(10) -s C/cm =, which was obtained above from 
the microelectrode data. The ratio of these two values, 
3•, is then a value for the spreading factor by which the 
current density is reduced from the value at the elec- 
trode surface to the position of the pyramidal cell 
undergoing stimulation in the procedure of Phillips 

T^nLE II. Values of acoustic- and electric-field parameters for 
stimulation of cortical pyramidal neurons (freq. 4 MHz). 

Som•d intcnsily l{I (}l}{} 1(} (Ill0 511 000 $0 000 
I (W/cn9) 

Pulse duratiop {L10 1.{)9 0.10 1.09 
t• (msec) 

Current density •' 35 8.5 15.6 3.8 
J0 (A/cm 2) 

Relative orientation 90 ø 9{) ø 9& 90 ø 
of fields 

Temp. rise (electric) 3.7 1.9 0.74 0.38 
(aT), (C o) 

Te•np. rise (acoustic) 0.20 2.1 1.03 11.6 
(ar)• (C ø) 

Temp. rise, total 3.9 4.0 1.8 12.0 
(c o) 

ß If the effect of the sound field pressure on the conductivity is included, 
its discussed above, calculated values of current density are reduced by a 
factor of allhOar two and. of course, the corresponding temperature incre- 
ments, due to the electric field, are reduced by about four. 

and Porter. s The value of this factor 3ø is certainly 
reasonable from the viewpoint of the geometry in- 
volved---«-mm-diam electrode in contact with the 
surface of the cortex and pyramidal units lying approxi- 
mately 1 mm below the surface. Evidence that cell 
bodies rather than fibers are excited at considerably 
lower values of charge transfer is furnished by the 
work of Asanuma and Sakata? 1 Using this factor, 
one can then calculate a value of n• that is more nearly 
representative of that required at a pulse duration of 
0.1 mscc lh•m the wdue of •.• given in the first column 
of Table [. This is 0.64(10) :' C,'cm 2, and it is an ap- 
pro[Mate lower limit for ,•., to insert into Eq. 12, 13, 
or 15 when calctdating interrelated valnes of the current 
density and focal sound level to induce stimulation. 

Now since unpublished data of this laboratory show 
that a sound level of 10000 W/cm • at appropriate 
pulse durations for stimulation can be achieved at a 
frequency at least as low as 3 MHz (but not as low as 
1.0 MHz) in the brain at the focus, an acoustic-pressure 
amplitude of 170 arm and a corresponding temperature 
amplitude of 0.38 C ø can be achieved. The numerical 
values of the parameters employed here to interrelate 
the amplitudes of the acoustic-field variables are those 
characteristic of water at 38øC (see, for example, Fry 
and Dunn•4); and the value of the thermal coefficient 
of electrical conductivity, h, is chosen equal to 0.02 
as previously discussed. Inserting these values and 
those for • corresponding to pulse durations of 0.10 
and 1.09 rosco, as listed in the right-hand column of 
Table I, into Et I. 12 yields the current-density values 
required to stimulate cortical pyramidal cells when the 
axis of the focused ultrasonic beam is perpendicular 
to the direction of the electrical field- i.e., choosing 
F=0.75 in view of Expression 4. In summary, several 
sets of conditions to stimulate cortical p)'ramidal 
neurons are glvcn in Table II, where the tissue volume 

:•0 The factor is 7.5 if it is assumed that the current leaves the 

spherical electrode over only half of its surface. 
at H. Asanuma and H. Sakata, "Function Organization of a 

Cortical Efferent System Examined with Focal Depth Stimulation 
in Cats," J. Neurophysiol. 30, 35-54 (1966). 
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involved is determined by the wavelength and the 
transducer aperture. 

The last three rows of the Table are included to show 

the corresponding temperature increases calculated for 
the tissue caused by the absorption of energy from the 
electric and acoustic pulses since the values chosen 
for the stimulation parameters nmst be consistent 
with no thermal damage. In order to obtain specific 
numerical values for the temperature increase due to 
acoustic absorption, it is necessary to choose a specific 
frequency. Accordingly, a value of 4 MHz was chosen 
since this frequency is an appropriate operating choice 
from the viewpoint of other factors, as shown in this 
paper. The last row of the Table lists the total tempera- 
ture rise in each case. 

It is of interest to emphasize that the form of Re- 
lations 23 and 24 indicates that the conditions for 

stimulation depend upon the "diameter" of the neural 
element--if the diameter is doubled, the required 
value of the product of the acoustic pressure amplitude 
and the current density is halved, if the net charge 
transfer across the membrane per unit area to produce 
stimulation is invariant. 

A second observation of some interest is suggested 
by Eqs. 23 and 24. As Lilly n has shown for pulse 
durations less than 0.1 msec, the macroelectrode charge 
transfer for stimulation tends to a constant value--i.e., 
the value of the quantity q• required for stimulation 
is independent of the pulse length. Under such condi- 
tions, it follows from Eq. 24 that the charge transfer 
for the capacitative elements of the membrane increases 
in inverse proportion to the pulse duration while that 
transferred across the resistive elements, Expression 23, 
remains constant. a-' I[ one considers it unlikely that 
stimulation requires increasing amounts of charge 
transfer as the pulse length decreases, then it follows 
that the achievement of a "threshold" charge transfer 
across the resistiz, e element of the membrane is the 

critical electrical factor involved in initiating 
stimulation. 

II. AUXILIARY CONSIDERATIONS 

A number of considerations bear upon the choice of 
frequency and sound level, at the focus in the tissue, 
for the ultrasonic field. With respect to the frequency, 
it is necessary, of course, that it equal the frequency of 
the electric field so that limitations on the parameters 
of the latter field imposed by the electrical charac- 
teristics of the tissue and accompanying media could 
influence the determination of the frequency for the 
acoustic field. However, it follows from the electric 
characteristics of the tissue that the only limitation on 
the choice of the frequency for the electric field is that 

a• It should be recalled here that Eqs. 23 and 24 are applicable 
only when the extraneuronal impedance is small as compared to 
the transneuronal value, so that the conclusion stated here is 
subject to this limitation. 

it equal the frequency for the acoustic field. The 
minimum volume for the focus that can be achieved at 

a given depth in lhe tissue is deternfined by the wave• 
length of the acoustic radiation and by the diameter of 
the transducer. For the frequencies o• interest here•a 
few megahertz and above--the volume of tissue in the 
"stimulation region" can be restricted to a tenth of a 
cubic millimeter (at 4 MHz) or less if desired at higher 
frequencies. 

Since the sound levels that must be employed to 
achieve stimulation by the mechanism under considera- 
tion are extremely high, it is necessary to take into 
account the cavitation thresholds for both tissue and 

coupling media. in selecting an appropriate frequency of 
operation. These threshold values are dependent on the 
manner in which the liquid is degassed and/or freed 
of nuclei that constitute sites for cavitation initiation. 

The threshold is dependent on: the viscosity of the 
medium, the frequency of the acoustic field, the pulse 
duration, the vapor pressure, the dissolved gas content, 
and possibly a number of other factors? It has been 
shown by Esche a• that the cavitation threshold for 
alegassed water at room temperature rises rapidly at 
frequencies near 1.0 MHz and, in fact, is greater than 
50 atto for this frequency. As the frequency is increased 
above this value, the threshold for water rises rapidly. 
With respect to the brain, the author and collaborators 
(Fry :ø) have shown that cavitation does not interfere 
with the •chievement of sound-pressure amplitudes of 
the order of 50 atto (1000 W/cm •) at 1.0 MHz for 
durations of the order of a second, but at 10000 
W/cm •, the cavitation threshold is exceeded at this 
frequency for pulse durations as short as 1.0 msec 
(unpublished data). By comparison, at a frequency of 
3.0 MHz by direct measurement (unpublished data), 
a level of 10 000 W/cm ø- can be sustained in brain for 
periods as long as 5 msec without evidence of cavitation. 

The propagation of ultrasonic energy through tissue 
is accompanied by absorption and, for most soft tissues 
that have received attention thus far, including the 
brain, the absorption coefficient per unit pathlength 
is directly proportional to the frequency. The value of 
the absorption coefficient at a frequency of 1 MHz 
has been shown by Dunn aa to be independent of the 
sound level for mouse spinal cord up to an intensity 
of 200 W/cm •. It has also been shown that at this same 
frequency, sound levels up to 1000 W/cnV- are achieved 
deep within cat and monkey brains when the loss along 
the transmission path through the tissue is calculated 
on the basis oœ the "low-level" absorption coefficient 
value (Frfø). 

aa T. F. Hueter and R. H. Bolt• Xoni½s (John Wiley and Sons• 
Inc., New York, 1955). 

a• R. Esche, "Untersuchung der Schwingungsk Cavitation in 
Flussigkeiten," Akust. Beih 4, 208-218 (1952). 

aa F. Dunn, "Temperature and Amplitude Dependence of 
Acoustic Absorption in Tissue," J. Acoust. Soc. Amer. 34, 1545- 
•547 (•962). 
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In order to achieve ultrasonic intensities of the order 

of 10 000 W/cm •, it is necessary to consider the transfeB' 
of energy from the fundamental frequency of the field 
to the harmonics as the sound propagates toward the 
focus. This energy loss from the fundamental frequency 
can be of comparable importance to the absorption loss 
in the tissue. Therefore, it is essenti}d to evaluate the 
mag•nitude of this energy-transfer process as a function 
of the convergence of the field, the sound level at the 
focus, the operating frequency, and other parameters 
of the tissue that are important in determining its 
acoustic-propagation characteristics. This has been 
done, and typical results of the computations are shown 
in graphical form in Figs. 5 and 6. The deviation from 
the linear relation existing at low sound levels indicates 
ener•' loss by the transfer process. The results for 
two frequencies, 1.0 and 4.0 Mltz, are gixen for two 
values of the absorption coefficient: that for water at 
approximately 20øC and an average for brain tissue 
at a temperature of 37øC. The transverse "diameter" 
of the focus is chosen in each case slightly greater than 
one wavelength, 0.16 cm at 1.0 .MHz and 0.04 cm at 
4 MHz. Results for a single focal length, 5.0 cm, are 
given. The quantity Q•(0) is proportional to the sound- 
pressure amplitude at the transducer face and Qt(5) 
is the corresponding value at the focus. The gain of the 
focusing system is simply the ratio of these two values. 
(Intensity gain is equal to the square of the ratio.) Of 
course, in any practical experiment arrangement, part 
of the sound path is in the coupling medium so the gain 
for a composite transmission path is required. Curves 
are shown for two aperture angles of the cone of con- 
vergence, 60 ø and 90 ø , and it is apparent that the 
deviation from linearfly occurs at higher sound levels 
at the focus for the larger angle, indicating the desira- 
bility of using the largest angle consistent with the 
opening that can be made in the skull to reach the sites 

Fw.. 5. Analytical 
results, frequency 1 
MHz. Normalized 

pressure amplitude 
Q• (5) and percentage 
second harmonic at 
focus (lower set of 
curves) as a func- 
tion of normalized 
pressure amplitude, 
Q, (0), before beam 
convergence taking 
into account energy 
transfer from funda- 

mental and absorp- 
tion. Curves shown 
for two values of the 
convergence aper- 
ture angle 0 and pres- 
sure absorption co- 
efficient a. 

•/2- deg. 

O0 -- 

80 

o• 

Oo(X=O) 

Iqo. 6. Analytical results, frequency 4 Mltz. Normalized 
pressure amplitude Q•(5) and percentage second harmonic at 
focus (Iower set of curves) as a function of normalized pressure 
amplitude Q,(0) before beam convergence taking into account 
energy transfer from fundamental and absorption curves shown 
for two values of the convergence aperture angle, O, and pressure 
absorption coefficient c•. 

of interest. All of the curves correspond to cases where 
the second harmonic content at the transducer is zero. 

However, in order to show the effect of adding a small 
percentage of second harmonic, the dots adjacent to the 
solid curves show the results of calculations when a 

value of Q• (proportional to the sound-pressure ampli- 
tude of the second harmonic) equal to 2% of Q• is 
introduced at x=0. 

Since a value of 10 000 W/cm •, corresponding to a 
pressure amplitude of 171 arm, for the sound level at 
the focus, to produce stimulation by the mechanism 
analyzed in this paper, is an acceptable choice from 
the viewpoint of cavilarian at a frequency of 3 MHa 
and above, and also from the viewpoint of tissue 
heating as discussed next, the value of Q•(5)=17.1, 
which corresponds to this intensity level, is indicated 
by the horizontal lines ou the graphs. It appears that 
10 000 W/cm • can be achieved readily at the focus, 
insofar as limitations imposed by energy transfer 
to harmonics are concerned. For a cone of convergence 
for the bean) of 90 ø apex angle, the curYes of Figs. 5 
and 6 yield for a sound level at the focus of 10 000 
W/cnl 2 a second harmonic content of about 5% at a 
frequency of 4 MHz and approximately 15% at 1 
MHz. At lhe 50000-W/cm '• level, corresponding to 
Q•(5)=38.2, the percentage of second harmonic is 
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about 15% at 4 MHz. As is discussed next, the use of 
such high sound levels at the focus at the higher 
frequencies would provide considerable advantages. 

The choice of values for the acoustic-field parameters 
must be consistent with the avoidance of thermal 

damage to the brain, as already indicated. Therefore, 
it is necessary to calculate the heating produced by the 
acoustic pulse in the tissue at the focus. An upper limit 
for the increase in temperature that occurs can be 
obtained by assuming that no heat conduction takes 
place during the time of the pulse, and this assumption 
is not inaccurate because of the short pulse lengths 
employed. Under these conditions, the time rate of 
change of temperature is (Fry m): 

dT/dt=ul/pC. (27) 

In this expression, the symbols designate: u intensity 
absorption coefficient per unit pathlength (centi- 
meters-•), pC•heat capacity of the tissue per unit 
volume (joules/cubic centimeter), and /•sound in- 
tensity (watts/square centimeter). For a rectan•dar 
acoustic pulse of time duration t•, the above expression 
yields 

(28) 
9C v0 

where • is a function of the temperature and (•T)• 
designates the incremental change in temperature 
caused by the acoustic field. To obtain an estimate of the 
magnitude of the temperature increase in the tissue 
for specific conditions of irradiation at 37øC, one can 
choose the value for the heat capacity of the tissue 
equal to that of water and for u a value of 0.20 times 
the frequency in megahertz. As a typical result: For 
a frequency of 4.0 MHz, an intensity of 10 •0 W/cm •, 
and a pulse duration of 1.09 msec, the maximum tem- 
perature rise in the tissue due to the absorption of 
acoustic energy is 2.1øC. 

Ultrasound can also produce lesions in the central 
nervous system by "nonthermal" action (Fr?), and 
dosage studies indicate that, in this case, a linear 
relationship exists between sound-pressure amplitude 
and the reciprocal of the duration of exposure to result 
in a specific change in the tissue. These data have been 
obtained by irradiation of the young mouse spinal 
cord (Dunn and Fry a•) for a variety of body tempera- 
tures of the animal. Extrapolation from the conditions 
under which the mice were irradiated (maximum in- 
tensity about 200 W/cm • and frequency of 1.0 MHz) 
to the conditions required for stimulation by the 
mechanism analyzed in this paper is too great a step to 
yield much confidence in derived values of the param- 
eters for lesion production, by the nonthermal mecha- 

a• F. Dunn and W. J. Fry, "An Ultrasonic Dosage Study: 
Functional Endpoint," in Ultrasound in Biology and Medicine, 
E. Kelly, Ed. (American Institute of Biological Science, Washing- 
ton, D.C., 1957), pp. 226-235. 

hisre, at the high sound levels required--10 000 W/cm 2 
or higher. However, such extrapolation does suggest 
that nonthermal lesions would not be produced under 
some of the conditions appropriate for stimulation, and 
this is experimentally verified by unpublished obser- 
vations made at this laboratory--at 3.0 MHz and 
10 000 l•V/cm 2, lesions are not produced for exposure 
times as long as 5 msec. Thus, it appears that an order- 
of-magnitude safety factor between the conditions for 
stimulation and "nonthermal" lesion production can be 
achieved. 

The simplest method, in principle, of producing an 
electric field within a large fraction of the brain is to 
use metal electrodes (either insulated or noninsulated) 
in contact with Ringer's solution bridges, which are in 
turn in contact with the exposed dura or surface of the 
brain. The use of ionic conducting bridges to couple 
the electrical energy to the tissue elinfinates fringe 
field effects at the brain surface. Such precautions are 
imperative since, although the current densities are of 
the same order as those at microelectrode tips when 
injecting neurons intracellularly, a7.a8 the total electric 
power and the total current that must be transferred 
via an electrode when whole brains are involved are 

necessarily large. For example, a current density of 
8.5 A/cm 2 throughout a brain volume of 25 cm a (squirrel 
monkey) corresponds to a pulse power of about 225 
kW. These values indicate the desirability of employing 
even higher sound levels and thereby reducing the 
current density and total power required. However, 
the purpose here is to show that an acceptable set of 
values of the parameters for stimulation appears to 
exist and to leave for future combined experimental and 
theoretical study the choice of optimum sets. 

The electrode polarization impedance (uninsulated 
metal) in contact with a salt solution is dependent on 
the value of the current density only for low densities. 
Schwan •2 has studied this electrode-polarization im- 
pedance phenomenon from both a theoretical and an 
experimental viewpoint, and it appears from his work 
at current densities lower than those of interest here 

that, as the current density increases to the relatively 
high values of the order of tens of amperes per square 
centimeter, the voltage drop across the polarization 
impedance will tend to a constant value independent 
of the current density. 

()ne of the limitations on the parameters of stimu- 
lation for the method under consideration results 

because of heating of the tissue by the current that 
flows through the large tissue volume. This restricts 

a• High unidirectional current-density values are calculated 
from data available in the literature. For example, if the micro- 
electrode current during injection is 5(10) -s A and the inside 
diameter of the tip is 1.0 • (see for example Coombs et al., Ref. 
38), the current density in the cell body at the electrode interface 
within the cytoplasm is 7 A/cm • and such current densities are 
applied for periods of time of the order of 1 min. 

as j. S. Coombs, J. C. Eccles, and P. Fatt, "The Electrical 
Properties of the Motoneuron Membrane," J. Physiol. (London) 
130, 291-325 (1955). 
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the frequency of stimulation since the heat is not so 
readily dissipated as that resulting from a very localized 
and restricted application of a stimnlating electric 
current pulse, such as that at a probe electrode. In the 
latter case, the current densities can be quite high but 
the temperature in the region of the electrode returns 
rapidly between successive applications of the stimu- 
lating pulse because of the high-temperature gradient 
in the region of the electrode and the rapid exchange of 
blood at lower temperature from the immediate 
surroundings. Thus, the necessity of operating at higher 
sound levels and lower current densities is emphasized. 
For example, if the tissue can sustain a sound level 
at the focus of 50000 W/cm • at an appropriately 
chosen frequency--e.g., 4 MHz--then the total elec- 
trical power for stimulation can he reduced by a factor 
of approximately 5 over that required at 10 000 •X/cm '2. 
Values of the calculated temperature increase at the 
focus for this sound level are also included in Table II. 

The contribution to the temperature rise caused by the 
second harmonic of the acoustic field is calculated on 

the basis of a 90 ø cone of convergence for the beam. 
tn this case, for a 50 000-W/cm • intensity of the funda- 
mental, the heating at the focus due to the second 
harmonic of the field amounts to approximately 5% 
of that caused by the fundamental. 

The temperature rise due to electrical heating during 
the period of a pulse is readily computed, if it is assumed 
that heat dissipation is absent, which is substantially 
the case for the short pulse times of interesl. Then 

(a •')•= Y0•d2•:', (2o) 

where R designates the resistivity of the tissue. Values 
for this temperature increment per pulse are also given 
in the Table, and the total temperature increase at the 
acoustic focus due to the combination of acoustic and 

electric absorption is listed. 

III. CONCLUSIONS 

(1) A quantitative expression is derived that consti- 
tutes the condition for electrical stimulation of neural 

elements in localized sites in the brain by externally 

applied, pulsed, high-frequency electric and acoustic 
fields. ']['he n•tgnitucles a. nd configurations of the 
electric- and acoustic field variables required are ex- 
pressed in ternis of the pertinent parameters of brain, 
including its electric and acoustic properties, and the 
threshold values of the stimulation paraments of the 
neural elements. 

(2) Limitations on the energy content of the high- 
level electric and ultrasonic fields imposed by their 
heating actions and by nonthermal mechanisms of 
damage are considered. Energy transfer to the har- 
monics of an intense focused ultrasonic field is also 

discussed from the viewpoint of determining the 
conditions for achieving the requisite amplitudes of the 
acoustic field variables at the focus. Cavitation thresh- 

olds and electric polarization at electrode interfaces 
are also considered. 

(3) An analysis of data available in the literature on 
stimulation of neural elements of the brain by macro- 
electrode and microelectrode methods is made in order 

to obtain values for the unidirectional charge4ransfer 
parameter to result in neuron stimulation. Data on the 
variation of the threshold amplitude for stimulation 
by rectangnlar electric current pulses, applied via 
macroelectrode, as a function of the pulse length are 
combined with information on single neural units to 
provide values for the charge-transfer parameter to be 
employed in the expression constituting the condition 
for stimulation by the electroacoustic •nechanism 
considered here. 

(4) Acceptable values for the amplitudes of the 
electric- and acoustic field parameters to 1)c employed 
lo stimulate cortical pyramidal neurons are presented. 
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