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A Model for Electrcal Stimulation of Central Myelinated 

Fibers with Monopolar Electrodes 

A mathematical model for monopolar cathodal stimulation of myelinated fibers 
in an anisotropic medium is developed. This model includes all of the factors 
known to affect significantly the stimulation properties of myelinated fibers. The 
quantitative relationship between stimulation current and electrode distance pre- 
dicted by the model compares favorably with experimental data for stimulating 
electrode distances greater than about 500 p. The model is used to predict electri- 
cal stimulation properties for myelinated fibers in other regions of the central 
nervous system. 

Introduction 

The bulk of the experimental results presented in the previous paper 
(‘2~) are for the fairly restrictive case of monopolar cathodal stimulation 
of single myelinated fibers in an anisotropic medium by rectangular cur- 
rents of 50-psec duration from a 100-p diameter platinum-iridium electrode 
located at the surface of the medium. In this paper, a quantitative model 
is developed which can explain much of the experimental data on the basis 
of seemingly reasonable assumptions. The model is composed of all the 
factors usually thought to determine the electrical stimulation properties 
of myelinated fibers. Furthermore, we shall show how this model can be 
used to predict stimulation characteristics for myelinated fibers in situa- 
tions beyond those directly measured, even when absolute values of all 
the parameters in the model are not known accurately. 

The stimulation situation for a monopolar cathodal electrode located 
directly above a node of Ranvier is depicted in Fig. 1. The electrode diam- 
eter, the distance of the electrode from the fiber, and the internodal length 
are drawn to approximate their relative relationships. However, for the 
sake of clarity, the fiber diameter and nodal width are greatly exaggerated. 

‘This work was supported in part by a research grant from the National Institute 
of Neurological Diseases and Blindness (NB-04352) and by the Horace H. Rackham 
Endowment. 
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FIG. 1. A schematic representation of cathodal current flow lines for a stimulating 
electrode located directly above a myelinated fiber node. In actuality, current may be 
flowing out across nodes immediately adjacent to the stimulated node as well. 

The model developed is based upon the solution to the difference equa- 
tion generated from the usual lumped equivalent circuit for a section of an 
infinitely long cylindrical myelinated fiber. The assumptions associated with 
Fig. 2 and with the solution to the difference equation are listed below. A 
list of symbols related to Fig. 2 and to the development of the quantitative 
model is also given. 

Assumptions 

1. The geometry of the system is represented by a group of infinitely 
long parallel cylinders with conducting cores and surface membranes, and 
a common external conducting layer, all with linear electrical character- 
istics. 

2. All of the currents are zero and the potential is constant throughout 
the core and external fluid at any point along the length of the model when 
the fiber is in the resting state and there is no outside current. 

3. The internal and external fluids represent pure constant linear resist- 
ances. 
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FIG. 2. An equivalent circuit for a representative portion of a myelinated fiber. For 
nomenclature see the text. 
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4. The excited nerve fiber acts in a manner similar to the theoretical model 
of Hodgkin and Huxley (IO). Thus the membranes can be considered as 
equivalent to a membrane capacitance in parallel with series combinations 
of membrane ion resistances and ion potentials. 

5. The myelin is a perfect insulator, broken only at equally spaced 
intervals by nodes of infinitesimal length and finite resistance. 

6. The node where an action potential is first generated is directly below 
the cathode. 

Assumptions l-5 are basically the same as those used by Hodgkin and 
Rushton ( ll), Taylor (24), and Patlak ( 16). A. ssumption 6 simplifies the 
derivation of the quantitative model without any loss of generality, as will 
be apparent later. The other assumptions necessary to make the model 
quantitative are introduced at various points in the development. A detailed 
discussion of these last assumptions follows the derivation of the quanti- 
tative model. 

TAULE 1 
LAST OF SYMBOLS 

ye = Resistance per centimeter of the external fluid (ohms/cm). 

ri = Resistance per centimeter of the inner core of a fiber (ohms/cm). 
K,,, = Resistance of a node (ohms). 
C,, = Capacitance of a node (farads). 
Z,,, = Complex impedance of a node (ohms). 

il = Longitudinal current flowing in the external fluid (amp). 
1 2 = Longitudinal current flowing in the inner core of a fiber (amp). 

‘1X, = Current flowing outward across the nodal membrane (amp/cm).” 

11, = Current per centimeter length flowing radialllr into the outer fluid 
from an outside electrode (amp/cm). 

I = Transverse current flowing outward across a node (amp). 
1: = Total current through the electrodes (amp). 
I,‘, = Voltage between two successive nodes (v). 
I’ ,,, = Change in voltage across the nodal membrane when I,, is flowing 

(21). 
r = Axis cylinder radius (cc). 
K = A constant which relates the axis cylinder radius to the inter- 

nodal length. 
I = LXstance between nodes (cm). 
n = Number of fibers in the surrounding medium. 

2 The convention of iIn as an iuxurd current was used by Taylor (24) and Patlak 
(16). However, the modern convention is to define iIn as a depolarizing current which 
is directed outward across the node. 
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Model Development 

Figure 2 indicates an equivalent circuit for a representative portion of 
a myelinated fiber and is usually designated as the one-dimensional or 
simple core conductor model. In a manner completely analogous to that of 
Taylor (24 j and Patlak (16)) one finds the difference equation 

Im(k + 1) - [2 + d(nr, + ri)/Zm]lm(k) + Im(k - 1) = Ir~i,(k)/Zn~, [II 
when a fiber is stimulated by an infinitesimally small monopolar cur- 
rent electrode located at the kth node. The solution given by Patlak for 
I, = Owhenk#O,andG(k) = 1,whenk = Ois 

Ill,(O) = - 
r,! 

(??r, + ri) 1 + 
[ 

4zm 
(tire + ri) 1 

$ 1,. 14 

The solution of the difference equation as represented by Eq. [2] in- 
volves an assumption that the extracellular potential field is linear with 
distance in the direction of the fiber. This important assumption is justified 
for distances greater than about 400 p in the discussion associated with 
Fig. 4. 

Summation of the currents at the k = 0 node gives 

I*(O) + i*( - 1) - ii(O) + I,(O) = 0. [31 

However, from the symmetry of the fiber with respect to the stimulating 
electrode 

Therefore. 

i1(- 1) = -&(O). [41 

G(O) = [I, + L(O)1/2. iSI 
Equation 2 is solved for I, and substituted into Eq. [5] along with 
Im(0) = V,(O)/Z, to give 

Therefore, 

At’, = il(O)Zr, = I71 

If R, = 4 1 (nr, -l- ri) as discussed later, at zero frequency 2, = R, 

and Eq. [7] reduces to 

At’. g +Vm(0). PI 
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Therefore, under the assumptions indicated, the membrane voltage can be 
quantitatively related to the extracellular dc voltage imposed between two 
adjacent nodes. 

Maxwell (14) and Rush (21) f ound that the voltage resulting from a 
point source of current applied to an anisotropic medium is 

v=I” II 
ZlZ2Z, 

2n 
__, 

z1x2 + zzy2 + z3s2 1 191 

where I, is the total current delivered in amperes; Z,. z,, and Z:, are the 
specific impedance in ohm-cm in the longitudinal, transverse, and depth 
directions respectively; and A-, y, and z are the distances in centimeters 
from the current electrode in the longtitudinal, transverse and depth direc- 
tions respectively. Ranck and Be&lent (20) d iscussed the application of 
Eq. [9] to the anisotropic dorsal columns. 

If the internodal length is assumed to be linearly related to the axis 
cylinder radius r, by a constant K, then from Eq. [ 91 the internodal voltage 
AV, can be expressed as 

When Eq. [lo] is combined with Eq. [S] and solved for IO, the result is 

If one assumes that about 15 mv is necessary to trigger an action poten- 
tial, that no accommodation occurs, and that Z, = 2, = 32, where 
Z, r 200 ohm-cm, then 

IO = 79 x 10-6 i 
I [ r?f3(:‘f-2) *- 1 [ (x + KY)2 : 3(y” + 2) 1 \ *f-l 

wi 
When the stimulating electrode is directly above a node, x = 0; and 

if d* = f + 2, 

IO = 79 x 10-o [$ - [K2rl ; J]-‘. 

where d represents the shortest distance of a fiber from the stimulating 
electrode. Therefore, Eq. [ 131 represents the relationship between the 
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distance d and the dc current I, required to stimulate a particular fiber 
for the stated assumptions. This relationship becomes fully quantitative 
when a particular fiber radius r and a suitable K are assumed. 

An Analysis of the Factors and Assumptions which Make the Model 

Quantitative 

Many of the anatomical and physiological factors that can influence the 
electrical stimulation and conduction characteristics of myelinated nerve 
fibers are known. The purpose of this section is to examine in greater 
detail those factors which contribute to the quantitative nature of the 
model developed. The next section compares the experimental data with 
the relations predicted by the model, based upon the specific values of the 
factors discussed below. 

1. The Specific Iwfedance of the Medizdlpl. The impedance of the tissue 
or medium in which the fiber resides determines the electrical field and 
current flow from a remote stimulating electrode. The specific impedance 
of the anisotropic dorsal columns is about three to six times as large in 
the transverse and depth directions as it is in the longitudinal direction 
(20). The longitudinal specific impedance of 200 ohm-cm actually used in 
the model is a compromise value from their data and neglects the slight 
frequency dependance of the impedance since their maximal phase angle 
is only about 7 deg, with smaller or unmeasurable angles at frequencies 
lower than 5,000 Hz. 

2. The Mentbrane Depolarization Necessary fov Firing. The change in 
the membrane potential required to trigger an action potential is generally 
considered to be 10-20 mv. Tasaki (23) stated that the threshold level 
for a peripheral myelinated fiber is about 15 mv above the resting poten- 
tial for short (e.g., 50 psec) pulses. Coombs, Curtis, and Eccles (5) found 
the threshold depolarization for the initial segment of motoneurones to be 
in the range of 5-18 mv. Therefore, a somewhat arbitrary, but reasonable 
value of V, = 15 mv is used in the model. 

3. The Asmmption that Rm = 41(nr, + ri). The constant 4 can be 
considered as representing the ratio of nodal membrane resistance to axo- 
plasmic resistance since n Y, < Y,. If the symbol RR is used to denote such 
a resistance ratio, then for K = 400 the equation 

RR = r/(800 pw c,) [I41 

can easily be derived, where T is the nodal time constant, P is the axo- 
plasmic resistivity, w is the nodal length and c,,, is the nodal capacitance 
per unit area. Each of these factors is discussed now so that Eq. [14] can 
be used to estimate RR for mammalian myelinated fibers on the basis of 
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reasonable data. The nodal time constant T is estimated to be between 7.5 
and 125 psec from the strength-duration data of Figs. 6 and 7 of the previ- 
ous paper (2~) and from the frequency dependence of the impedance found 
by Ranck and BeMent. The axoplasmic resistivity p is not known with 
great precision. However, the resistivity of cytoplasm is 1.5-3 times that 
of interstitial fluid in all cells studies (17)) and the resistivity of cerebro- 
spinal fluid is about 60 ohm-cm (S). The nodal length zu of cut dorsal 
column fibers is 0.5-1.5 p (3). The nodal capacitance c, is not known 
with great precision. However, most biological memhranes are thought 
to have capacitances of the order of 1 ,~Fjcm~, although Tasaki (23) esti- 
mated c, to be 3-7 pF/cm’ for frog sciatic nerve fibers, Eccles (7) found 
mammalian motoneuron membrane capacitances of about 6 pF/cm”, and 
Lux and Pollen (12) obtained membrane capacitances of 1.5-5.0 pF/cm” 
for large Betz cells. 

The value RR = 4 used in the development of Eq. [S] seems reasonable 
for mammalian myelinated fibers since RR = 4.16 when T = 100 psec, p = 
150 ohm-cm, zu = 1 .O CL, and c,,, = 2 ~F/cm?. Certainly the lack of precise 
data for the factors in Eq. [l-4] affects the credibility of any value of RR 
selected. 

4. The Nodal Time Constant. The time constant of the nodal membrane 
certainly influences the relation between the stimulus pulse duration and 
the amount of current required to stimulate a myelinated fiber, as can be 
seen from the strength-duration relations of Figs. 6 and 7 of the previous 
paper (2a). Therefore, in order to compare the experimental results with 
the values predicted by the quantitative model, the dc stimulating current 
predicted by Eq. [13] has to be adjusted to correspond to the actual ex- 
perimental situation where the stimulating current pulse was 50 psec long. 
This adjustment is made by assuming that nodal depolarization changes 
exponentially with time constant T as the 50 psec current pulse is imposed. 
The quantitative model specifically assumes that T = 100 psec which is 
about the nodal membrane time constant. Therefore, when the stimulus 
duration t = 50 psec, exp ( -t/7) s 0.1, which means that the equivalent 
stimulating current for a 50-psec pulse duration is about 2.5 times the 
dc stimulating current predicted by Eq. [ 131. 

5. The Internoda.1 Length. The results shown in Fig. 5 of the previous 
paper (2~) indicate that it is possible to measure with electrophysiological 
methods what may be the internodal length of a fiber. The model assumes 
that the internodal length is about 200 times the axis cylinder diameter 
(K = 400) from the anatomical data of Hess and Young (9) and Bodian 
(2b). Unfortunately, when the conduction velocity for the fiber of Fig. 5 of 
the previous paper is calculated from an apparent internodal length of 625 
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p, a factor of 0.8 to relate the axis cylinder diameter to the total fiber diam- 
eter, and Hursh’s factor of 6, the calculated conduction velocity of 23 
m/set is less than one-half the conduction velocity actually measured for 
that fiber, 53 m/set. For four other fibers investigated the differences 
between the calculated and measured conduction velocities, relative to the 
measured conduction velocity, are -1, -7, +17, and -4O%, where the 
longitudinal stimulation properties are obtained for one period or more. 
Therefore, a much larger study of the longitudinal stimulation properties 
of these myelinated fibers is necessary to check by electrophysiological 
means the assumption of K = 400 based upon the anatomical data. 

6. The Fiber Diasneter. There is no method presently available which 
allows one to obtain the actual diameter of a fiber from which one is re- 
cording in viva with the preparation and method used here. However, an 
analysis of the fibers shown in an electron micrograph of the cervical 
region of the cat dorsal columns shows a median axis cylinder diameter of 
about 4 p, with a median outside diameter of about 5 p. The median con- 
duction velocity for all of the fibers presented in this study is about 37 
m/set; therefore, Hursh’s factor of 6 predicts a median outside fiber 
diameter of about 6 p. In view of the errors associated with the preparation 
of the eiectron micrographs and with the determination of the conduction 
velocities. there seems to be good agreement between the anatomically and 
the physiologically derived median fiber diameter. 

7. Pnrauactcr VSnrintio~zs. The values of dc stimulating current predicted 
by Eq. [ 131 can be altered by parameter variations in two distinct ways. 
Variations in the values of items 1, 2, and 3 result in changes in the multi- 
plicative constant, 79 X 10-O. Variations in the factor K relating fiber 
diameter to internodal length result in nonlinear changes in the predicted 
values of stimulating current. Figure 3 indicates the sensitivity of the cur- 
rent-distance relationship predicted by the model for other values of K 
since the broken curves indicate the predicted relationship for a 7.5-p 
-diameter fiber when K = 300 and K = 500, relative to the solid curve 
for K = 400. 

The factors and assumptions just discussed are considered to be of 
principal importance in the development of a quantitative model to describe 
a relationship between stimulus intensity and distance from the stimulating 
electrode. However, because of the uncertainty associated with many of 
the factors involved, the exact values assumed in the model may be quite 
untrue. Nevertheless, these values seem to be the most reasonable ones 
available based on the data and relationships known at the present time. 
The next section compares the experimental data with the relations pre- 
dicted by the model under the assumptions discussed above. 
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FIG. 3. A comparison of experimental data with a iew theoretical relations pre- 
dicted by Eq. [13]. The solid curves are derived from the equation with K = 400 and 
three values of fiber diameter. The broken curves assume a 7.5-p fiber diameter and 
two other values of K. The individual points indicate averaged experimental data for 
three distinct ranges of conduction velocity shown in the legend. These points are from 
data obtained in the study described in the previous paper (Z(z). 

A Comparison of the Experimental Data with the Model Predictions 

The solid curves of Fig. 3 show the current-distance relationships pre- 
dicted by three different fiber diameters for K = 300. The individual 

points represent the averaged stimulation data for fibers separated into 
three distinct ranges of conduction velocities and were obtained from the 

data associated with the previous paper. When the conduction velocity is 
assumed to be related to the fiber diameter by Hursh’s factor of 6, there 

is reasonable agreement between the curves predicted by the model and 

the experimental data for electrode distances of 600 p or greater. Further- 
more, for these larger distances the general shape of the curves predicted 

by the model seems to agree with the shape of curves that could represent 
the data points. 

The model also predicts that curves which correspond to a doubling of 
the diameter of a fiber should compare with data points associated with a 
doubling of the conduction velocity. However, Fig. 3 indicates that such 

a correlation between the fiber diameter as represented in the model and 
the conduction velocity as represented by the esperimental data is not as 

good as one might wish. Therefore, the model appears to have at least one 
reasonably important shortcoming. 

The values of stimulating current predicted by the model seem to depart 
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from the experimental values to an increasingly greater extent as the elec- 
trode distance becomes less than 500 p. Such a lack of agreement at the 
smaller electrode distances is not surprising because (a) the errors associ- 
ated with the acquisition of the experimental data have been shown to be 
largest at the smaller distances and (b) Eq. [9], which describes the 
voltage developed in an anisotropic medium from a point source of current, 
becomes increasingly less valid at smaller electrode distances. When Eq. 
191 is rewritten with 2, = 200 ohm-cm. z, = ZR =3Z1, and d? = 51~ -t- ?, 
the result is 

v  = 9.55 x lo3 Z,,/[X? + 3d?]i. 1151 

The quantity V/Z, from Eq. 1151 is plotted in Fig. 4 with respect to X, 
the longitudinal distance from the current source. The parameter d is the 
net distance of the fiber from the stimulating electrode. The figure indi- 
cates that for d’s less than about 400 p, Eq. [9] violates rather signifi- 
cantly the assumption of a linear voltage change with distance in the 
.r direction. 

There are other reasons why the model may be inaccurate at smaller 
electrode distances. In the usual stimulation situation, the stimulating 
electrode is not directly above the stimulated node. In fact, the median 
distance of the stimulating electrode from the stimulated node in the 
.r direction can be shown to be about 150-400 p, depending upon the inter- 
nodal length of the fiber. Furthermore, the stimulating electrode diameter 
is large (100 p) when compared with the usual nodal width (0.5-1.5 p). 
However, at distances greater than 500-600 p these factors tend to become 
less important and may even be negligible. 

We have not directly tested the assumption that central myelinated fibers 
have saltatory conduction properties that follow the same laws as for 
peripheral myelinated fibers. However, we feel that this assumption is 

I 0 1 I I I 1 

0 200 400 600 600 1000 1200 
x distance (microns) 

FIG. 4. Equation [iSI plottcl in terms of I./I,, versus x for various valurs of d. 
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valid based upon similarities between peripheral and central myelinated 
fibers with respect to their nodal and internodal anatomy (4), the regu- 
larity of internodal distances, and the variation in threshold exhibited by 
the longitudinal stimulation data. The approximations used to establish 
the basic equations for the motlei-infinite internodal membrane resistance. 
zero internodal membrane capacitance and a linear extracellular potential 
gradient along the fiber-are certainly not strictly correct. HowelTer, it 
appears unlikely that minor changes in such approsimations would result 
in major changes it1 either the ahsolute values or the shape of the curves. 

We do not have precise values for all of the terms that are necessary 
for a fully quantitative model. However. we have indicated that enough is 
known about each of these factors so that a range of values can be assumed. 
Furthermore. agreement between the esperimental stimulation data and the 
model is achieved with values comfortably within these ranges. Therefore, 
(JiWL thr Zmic ns.s/rrrrptiorl of salfllfor~~l c-odncfio~l. flll~ cllll,l!Jcs ill the pw- 
diCtCti Sti77lllk7tiOlL clltrr:nc-fcl.i.~tif.S d//r' f0 0 ).d<ltiT'C fhl{JC i?L SOlllC jWY77H- 

ctcv is AMY. Thus, the model allows us to predict electrical stimulation 
characteristics for situations other than those for which we have direct 
experimental data. in particular, for stimulation in areas with other specific 
impedances and river wider ranges of fiber conduction velocities. 

Practical Applications of the Data and Model, with Limitations 

Tn one sense the experimental data presented in Fig. 3 (and Fig. 4 of 

the previous paper) represent a fairly restrictive set of stimulation cir- 
cumstances because they were obtained with a SO-+ec rectangular cathodal 
current pulse delivered through a monopolar 100-p diameter surface elec- 
trode into an anisotropic medium from a distance of 300-1200 TV. Therefore, 
a certain degree of caution should be emplo~etl in any attempt to generalize 
these results to other systems of elrctro(les, stimuli, rscitahle elements. and 
biological media. The purpose of this section is to indicate some practical 
applications, estensions, and limitations of the data and the model and can 
he considered as an “instruction manual’ for the use of Figs. 3 and 5, and 
Fig. 7 of the previous paper (3 j . 

1. Distances Lrss Tha*l 500 p. One has to he particularly cautious when 
interpreting or estentling the tlata and the motlel for electrode distances 
iess than about 500 p hecause each is known to be increasingly inaccurate 
for smaller and smaller distances. Hobvever. the data do indicate that the 
threshold stimulation current is dependent upon the distance of the elec- 
trode from the fiber. Furthermore, the data from the longitudinal stimula- 
tion studies give some indication of the dependence of the stimulating 
current upon the position of the stimulating electrode relative to the nodes 
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of a fiber. Therefore, it seems reasonable to generalize from (a) the ex- 
treme values, the mean, and the standard deviation of the raw data, and 
(b) the longitudinal stimulation properties, that about 10-70 pamp of 50- 
psec cathodal current is required to stimulate fibers about 300 p from a 
100-p diameter surface stimulating electrode. Similarly about 25-100 pamp 
seems necessary to stimulate fibers about 500 p from the same electrode. 
The relatively larger experimental errors that occur for these smaller dis- 
tances do not permit any definite conclusions concerning the effect of 
conduction velocity upon the threshold stimulation current. 

2. Distances fro,ttr SO0 to 1200 p. For stimulating electrode distances 
greater than 500-600 p, the amount of stimulating current can also be 
related to the conduction velocity of a fiber, whereas the position of the 
nodes relative to the stimulating electrode becomes of less importance. 
The data for these larger distances imply that a 150 pamp current will 
generally stimulate 60 m/set fibers located 800-1200 p from the stimulat- 
ing electrode, and 30/set fibers located 600-900 p from the stimulating 
electrode. The respective limiting values suggested here are based pri- 
marily upon the mean values and standard deviations obtained from Table 1 
of the previous paper (Za) . 

3. Extensions to Other Conduction Velocities. The model can be ex- 
tended to other ranges of conduction velocities with the stipulation that 
the limits of error are increased appropriately, since no experimental veri- 
fication exists from our data for conduction velocities less than about 25 
m/set or greater than about 65 m/set. Such extensions at least give an 
idea of the order of magnitude of the stimulating currents required and 
the distribution of fibers that might be stimulated by a given current. 

4. Extensions to Other Regions of Neural Tissue. No effort was made 
in these studies to investigate the electrical stimulation properties of single 
myelinated fibers located in other regions of the central nervous system. 
However, there appear to be no obvious reasons why the model developed 
for the electrical stimulation of dorsal-column fibers could not be general- 
ized to include the electrical stimulation of myelinated fibers in other 
regions, once the impedance of the other tissue is determined and the 
model altered accordingly. 

Impedance measurements of central white matter have been obtained 
only from the dorsal columns (20) and the internal capsule (15). The lack 
of precision associated with both of these measurements seems sufficient to 
explain any differences in the values obtained. Therefore, until more pre- 
cise measurements are made we shall assume that the impedance of these 
two regions of white matter is the same. 

Figure 5 illustrates current-distance relations obtained from the model 
for myelinated fibers of different conduction velocities located in a medium 
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0 

FIG. 5. Current-distance relations predicted from eq. [Ill for the stimulation of 
myelinated fibers in an nonhomogeneous, isotropic medium where Z, = Z2 = 2, = 250 
ohms/cm in all directions. The stimulus is again a 50 psec rectangular monopolar cath- 
odal current pulse and the other constants in the equation are the same as assumed 
previously. The number heside each curve is the conduction velocity predicted from the 
particular fiber diameter assumed for each curve. The darkened portions on two of 
the curves represent the limits of the dorsal column experimental data translated into 
this different nonhomogeneous, isotropic medium. 

of 2.50 obm/‘cm specific resistance (I 9). Here again the stimulus is as- 
sumed to be a SO-+ec rectangular monopolar current pulse originating 
from a cathodal electrode located 400-1500 p from the site of stimulation. 
The conduction velocity range indicated ( IS-120 m/set) corresponds to 
a range of fiber diameter from about 3 to about 20 TV, which includes most 
of the myelinated fibers usually found in the central nervous system. The 
relations predicted by the model have been given for distances up to 1500~ 
even though the underlying experimental data were obtained only for tlis- 
tances up to about 1200~. However, we feel that the form and basic rela- 
tions represented by the curves should not be significantly different at these 
extended distances. 

The physiological mediums represented in Figs. 3 and 5 correspond more 
or less to the extremes of specific resistances likely to be encountered in 
the central nervous system, i.e., Fig. 3 is for a homogeneous anisotropic 
medium with a specific resistivity of about 600 ohm-cm in two directions, 
and Fig. 5 is for a homogeneous isotropic medium with a specific resistance 
of about 250 ohm-cm in all directions. Therefore, stimulation in regions of 
other resistivities may require some interpolation between the two figures. 
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However, note that Figs. 3 and 5 are not actually very different when one 
is superimposed on the other. 

5. Bomzdary Efjrcts. The experimental data were obtained far enough 
from the border of the dorsal columns so that the effects of adjacent gray 
matter of different impedance could be ignored. The model also assumed 
that the dorsal column medium was of infinite extent. However, since the 
results of Figs. 3 and 5 do not differ by much, there should not be very 
large effects on predicted stimulation currents because of adjacent areas 
of gray or white matter and such effects can be guessed by interpolating 
between the two figures. However, one would expect a significant difference 
for a situation where the stimulating electrode was not located on a surface 
exposed to air. Thus, if the stimulating electrode is in the middle of a tissue 
media, about twice as much current should be required to stimulate at a 
given distance as when the electrode is on the surface. If cerebrospinal 
Huid (resistivity about 60 ohm-cm) is near the region to be stimulated, 
much of the current will flow into this low resistance fluid. For instance, 
if a stimulating electrode is on a gray matter surface covered with a large 
volume of cerebrospinal fluid or physiological saline solution, about four 
times as much current will flow in the fluid as in the tissue. Therefore, 
about five times as much current should be required to stimulate from a 
fluid covered surface as from a dry surface. 

6. Stimdus Currcvtt Duration. The normalized strength-duration data 
shown in Fig. 7 of the previous paper (2a) allow one to transform the 
threshold stimulation data obtained for a SO-psec rectangular stimulating 
pulse into equivalent data for other rectangular pulse durations. For ex- 
ample, the same fiber should take about two-thirds as much lOO-+ec 
stimulating current and about one-half as much ISO-psec stimulating cur- 
rent as is required for stimulation with a SO-ksec stimulating current, all 
other factors being equal. Therefore, the ranges of stimulus current and 
electrode distances predicted previously can be translated into equivalent 
ranges for other stimulus durations. 

7. Stipples Polarity. We have indicated that stimulating myelinated 
fibers from a monopolar anode require from 3.2 to 7.7 times as tnuc11 cur- 
rent as stimulating from a monopolar cathode. Similar findings have been 
reported for gray matter (22). 

8. Elcct~otlc Skc. The actual diameter of the uninsulated tip of the 
stimulating electrode should influence the current density at the site of 
stimulation only when the distance to the site of stimulation is of the same 
magnitude as the diameter of the electrode. 

9. Other Elcct~otl~ T~1~c.s. We do not have experimental or analytic 
results for bipolar or concentric electrodes. Presumably, such results could 
be obtained by the same methods employed for the monopolar case. 
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General Comments on Extracellular Electrical Stimulation 

of the Central Nervous System 

It is certain that niyelinated fibers are often stimulated directly in estra- 
cellular stimulation of the central nervous system. Tt is almost equally cer- 
tain that other elements are also stimulated tlirectly. ‘The data of Stoney, 
‘l’honqmm, ant1 Asanm~a ( 22 ) indicate that cell lxdies or something in 
the vicinity of cell hotlies nmv he the element directly stimulated. The 
greater ease with which mnn!~ neocortical neurons are stimulated by sur- 
face anotlal currents than with surface cathodal currents ( IS) also seem5 
to indicate that something in the vicinity of cell l~odics is l)eing stimulatctl. 
Chronasies for central stimulatioii of gray matter are often about 200400 
psec (1, 22 ) which is tlifJicult to esplain since myelinatetl fillers have 
chronnsies of ahout 100 psec, whereas cell ldies ant1 initial segments of 
proximal dendrites should have chronnxies greater than I msec. Perhaps 
some central nodes of lianvier have longer time constants than those found 
for dorsal column fibers. If chronasies were either about 100 psec or 
greater than 1 nisec at least one could be somewhat certain oi what is 
being stimulated. Note that hIacl,ean ancl I’loog ( 13). in a study of penile 
erection, found that in some electrode locations trains of 1 msec pulses were 
most effective and in other locations trains of IO-SO-psec pulses were most 
dfective. Doty (6) found that stimulation of cat neocortes to give n con- 
ditioned response resulted in a chronasie of ahout 1 msec. 

Since data on strength-duration relations for central stimulation are 
generally not available. we recommend ol)tnining ant1 publishing strength- 
duration curves routinely. 
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