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Modeling Study of Activation and Propagation
Delays During Stimulation of Peripheral Nerve
Fibers with a Tripolar Cuff Electrode

Eleanor V. Goodall, Member, IEEE, L. Martin Kosterman, Jan Holsheimer, and Johannes J. Struijk, Member, IEEE

Abstract—Computer simulations were performed to investigate
the timing of action potential production and propagation in
nerve fibers ranging in diameter from 5 to 15 pm during stimu-
lation with a tripolar cuff electrode. The influence of stimulus
pulse amplitude and duration on size selective excitation and
blocking was considered. Because the stimulus duration required
to produce anodal blocking depends on the time at which the
action potential arrives at the blocking anode, delays in fiber
activation and action potential propagation were investigated.
They were found to be dependent on fiber diameter as well as
stimulus amplitude and duration. The total delay associated with
events occurring at the cuff electrode could be expressed as the
sum of the activation delay and the propagation delay. Simple
exponential equations were proposed for calculating activation
and propagation delay as functions of fiber diameter and stimulus
amplitude. Estimates of delays in action potential production
and propagation may be useful for the design of electrodes and
selection of stimuli for producing selective blocking of nerve
fibers, and also for the analysis of compound neural signals
elicited by electrical stimulation.

I. INTRODUCTION

UNCTIONAL Electrical Stimulation (FES) should ideally

produce muscle activation resembling that which occurs
naturally. An important feature of natural neural activity is
that nerve fibers of different sizes are activated in specific
sequences to produce specific functions. The smooth, grad-
ual contraction of skeletal muscle, for example, requires the
activation of first small and then increasingly larger motor
neurons. The emptying of the bladder requires a different
pattern of neural activity: small nerve fibers innervate the
bladder wall, and large fibers innervate the urethral sphincter;
voiding is accomplished by activation of small fibers and
inhibition of large fibers [20]. Clearly, the development of
FES techniques that permit selective activation of nerve fibers
on the basis of size is an important part of achieving natural
nerve and muscle activation. Cuff electrodes are relatively easy
to construct and implant, and versions have been developed
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which appear to be safe for chronic use [15]; therefore, the
development of effective methods for producing diameter
selective stimulation with these electrodes is of particular
relevance.

When simple electrical stimulation is used (e.g., a constant
current pulse delivered monopolarly with a single cathode),
large nerve fibers are excited at lower stimulus levels than
are small nerve fibers, resulting in inverse recruitment order.
More natural recruitment order can be obtained by taking
advantage of the greater susceptibility of larger nerve fibers
to conduction block. Selective activation of small fibers is
achieved by applying a stimulus sufficient to activate both
large and small fibers and subsequently blocking conduction
in larger fibers, by the application of cold, anesthetic, ischemia,
compression, high-frequency stimulation, or hyperpolarization
of the nerve membrane with an anodal current [25].

Cathodal excitation combined with size-selective anodal
block can be achieved with the use of multipolar cuff elec-
trodes. Various cuff electrode configurations, consisting of one
cathode and typically one or two anodes, have been used
to produce blocking of action potential (AP) propagation in
some or all fibers in a nerve. Excitation of fibers occurs at
the cathode, while conduction is blocked near the anode(s).
Tripolar cuff electrodes have been used in various studies [4],
[51, [28]. Sweeney and Mortimer [23] report using a bipolar
electrode combination to generate AP’s conducting in only
the antidromic direction in order to produce collision block of
naturally occurring activity in motor nerve fibers. An insulating
cuff containing a single cathode may also be used to produce
excitation and blocking, if a virtual anode of sufficient strength
is formed at one end of the cuff [26]. The use of a tripolar
cuff having a central cathode and anodes at both ends makes
it possible to limit current flow to within the cuff (providing
the anodal voltages are the same). Stimulus pulses of various
shapes can be used to produce size selective anodal blocking
[11, [5], [10], providing the pulse is sufficiently long (typically
a few hundred microseconds), and does not end abruptly
(which is likely to cause anodal break excitation).

The experimental work done thus far has demonstrated
the possibility of size-selective stimulation and blocking in
a number of specific applications, but has provided relatively
little information about the influence of various parameters of
electrode design or stimulus pulse configuration which could
serve as a basis for selecting the most appropriate electrode
design and stimulation scheme for a particular application.
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Fig. 1. Sections of the volume conductor model showing different conductiv-

ity regions. (a) Transverse section. Positions of nerve fibers used in simulations
are indicated by x (edge of fascicle) and + (center of fascicle). Squares (M)
indicate electrode points; all points shown are linked to form a single ring
contact. (b) Longitudinal section, showing length of cuff, electrode contacts,
and nerve. Model is surrounded by a low-conductivity border region.

Rijkhoff and co-workers have performed computer simulations
in order to optimize contact spacing, contact size, cuff diam-
eter, and stimulus pulse duration for selective activation of
small sacral root fibers innervating the bladder [18], [19]. Two
specific fiber diameters, representative of the fibers innervating
the bladder wall and sphincter, were considered. This seems to
be the most extensive theoretical work done thus far; however,
it is not clear to what extent the results can be generalized to
other nerve and electrode configurations.

We have performed simulations to investigate in greater
detail the influences of pulse amplitude and duration on the
production of size-selective blocking. The goal of these studies
was to obtain a basic understanding of how blocking is
affected, which can be generalized to nerve fibers of different
sizes. Several authors have noted that the pulse duration
required to produce blocking must be related to the amount
of time for the AP to travel to the hyperpolarized region of
the nerve fiber [19], [23]. However, this delay probably is
not simply equal to the interelectrode distance divided by the
conduction velocity of the fiber. There may be a delay between
the start of the stimulus pulse and the production of an AP,
as noted by Erlanger and Gasser [3]; a decrease in conduction
velocity due to anodal hyperpolarization may also influence
the delay, as has been shown experimentally by Fukushima
et al. [7], and in simulations performed by Holsheimer et al.
[9]. Detailed investigations of these delay phenomena have
not been reported. Therefore, an important component of our
simulations was to determine delays in fiber activation and
action potential propagation, and their relationship to blocking,
at various stimulus pulse amplitudes and durations.

II. METHODS

A two-part computer model [22] was used to determine
the effects of electrical stimulation with a tripolar cuff elec-
trode. The first part is a conductor model which is used to
calculate the potential distribution produced within a nerve
and surrounding media by a stimulus pulse delivered with a
particular electrode configuration. A finite difference method

TABLE 1
TRANSVERSE (0, 0y) AND LONGITUDINAL (0 .) CONDUCTIVITIES
OF THE COMPARTMENTS OF THE ANISOTROPIC VOLUME
CONDUCTOR MODEL USED IN POTENTIAL FIELD CALCULATIONS

Model Conductivity | Conductivity
Compartment gf,ay (Q'lm' o, (n'lm'l)
Boundary 0.022 0.02°2
saline 20° 20°

cuff 0.0008 © 0.0008 ¢
epineurium  |0.008 ¢ 0.008 ¢
perinewrium  [0.00336 ¢ |0.00336 ¢
fascicle 0.08 f 05f

=

value selected to give good representation of distant ground;

taken from [8];

¢ value as close to zero as possible without causing numerical processing
error;

d value selected relative to cuff and perineurium conductivities;

e T. Frieswijk, personal communication (calculated from [29]). In the
model, a perineurium thickness of 50 ;zm was used. This was equivalent
to a 35-um perineurium with a conductivity of 0.0026 (2~ 'm~1);

f [12].

(-

using Taylor series was applied to discretize the governing
Poisson equation. The resulting equations were solved using a
Red-Black Gauss-Seidel iteration with variable overrelaxation.
A 57 x 57 x 57 (185 193 point) grid was used; grid spacings
ranged from 0.050 mm in areas of the model of greatest
complexity to 4 mm in areas of least complexity.

Transverse and longitudinal sections of the model are shown
in Fig. 1(a) and (b), and the conductivity values used for the
different compartments of the volume conductor model are
listed in Table I. The model included a nerve consisting of
a single fascicle of about 0.7-mm diameter surrounded by a
35-um (corrected thickness) layer of perineurium and a 50-
pm layer of epineurium, and a cuff electrode consisting of
a cylindrical cuff of a low-conductivity material, and three
ring-shaped contacts. Since the minimum grid spacing in the
model was 50 um, in order to simulate a perineurium with a
thickness of about 35 ym, which would be typical for this size
of fascicle, the conductivity of the perineurium compartment
was increased proportionally. The shape and dimensions of
the nerve were chosen to represent the rabbit tibial nerve, to
facilitate eventual comparison with experimental data. A total
nerve length of 23 mm was modeled. The electrode cuff had
an inner diameter of 1.25 mm and was 0.25 mm thick and 11
mm long, and the contacts were 1.0 mm wide and spaced 3.0
mm apart (edge to edge). The volume conductor model was
bounded by a low-conductivity region and the potential at the
border of the model was set to zero to represent a distant
ground.

The ring contacts were modeled as arrays of linked point
constant current sources. Because the point current sources
were sufficiently close together, they gave a good represen-
tation of a single, larger contact. The spacing necessary for
a good representation is dependent upon the conductivities of
the surrounding materials and was determined empirically as
the spacing at which further reduction in spacing produced
no change in isopotential lines within the nerve. The current
passing through a single contact was initially divided equally
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TABLE I
AXON PARAMETERS
Diameter (um) S 10 |15
Length of Node of Ranvier (um) |{1.5 (1.5 |1.5
No. of Nodes in Model 45 23 15
Internodal Distance (mm) 05 |10 15

among the points making up the contact, but during the
iterative potential field calculation the current was redistributed
among the points to meet the constraint that all points in
a contact were at the same potential. The currents at the
different points of a contact were roughly equal, except at
the edges, where the currents were slightly higher than at
other points. The central contact served as a cathode, and
the two outer contacts as anodes. The current through each
anode was half of the current through the cathode, so that
the sum of the anodal and cathodal currents was zero. Each
anode consisted of 16 points in cross-section by six points in
the longitudinal direction, while the cathode had a 16-point
cross-section and seven points in the longitudinal direction
(the number of points differed because the number of layers
longitudinally was different at the anodes than at the cathode,
while the contact lengths were equal).

The second part of the computer model was a nerve fiber
model based upon that used by McNeal [14], but modified
to better represent a mammalian nerve by the incorporation
of the equations of Chiu ef al. [2], adjusted to 37°C. Details
of this particular model are given in [22]. This approach was
described previously in [24]. With this model, it was possible
to calculate the transmembrane potential in a fiber, induced
by the potential field in the volume conductor, as a function
of time. Rectangular current pulses of various durations were
used. It should be noted that if rectangular pulses are used
experimentally, anodal break excitation may be produced,
and therefore a pulse with a decaying tail is often used, to
avoid anodal break excitation. The nerve fiber model does not
produce anodal break excitation, due to the behavior of the
variables of state of the model at 37°C [6], so for simplicity,
rectangular pulses were used. For purposes of comparison, a
rectangular pulse can be considered to have an excitatory effect
similar to that of a pulse with a somewhat shorter rectangular
portion, plus a gradually decaying tail. A range of stimulus
amplitudes between the excitation and blocking thresholds
was used for each fiber. Nerve fibers with diameters of 5,
10, and 15 pgm were modeled. The numbers of nodes used in
the nerve fiber models were sufficient to prevent end effects.
Axon parameters are listed in Table II. The nerve fibers were
positioned either at the center of the nerve bundle, where the
thresholds would be expected to be highest (indicated by a
+ in Fig. 1(a)), or at the edge of the nerve bundle, where
thresholds should be lowest (indicated by an x). The position
of the nerve fiber along the long axis of the nerve bundle
was defined so that a node of Ranvier was centered under the
cathode.

The excitation and blocking thresholds for stimulus pulses
of different durations were calculated for each fiber under con-
sideration. The excitation threshold for the fiber was defined as

1.2

Threshold Current (mA)
o
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Fig. 2. Excitation and blocking threshold currents (indicated by grey and
black markers, respectively) are plotted as a function of fiber diameter, for
fibers at center (triangles) and edge (circles) of fascicle. Best fit curves
described by the equations Iy = 2.3 (diam)~*-3* (+2 = 0.996) and I, =
10.7 (diam)—*-*® (r2 = 0.989) are shown for fibers at center of fascicle
(solid lines).

the stimulus current which caused the transmembrane potential
at the most easily activated node of Ranvier (in this case, the
node of Ranvier centered under the cathode) to be depolarized
to 50 mV above the resting membrane potential. This amount
of depolarization occurred only in the presence of an AP. The
blocking threshold was defined as the lowest current above the
excitation threshold at which an action potential would fail to
be conducted to the end of the fiber. The position of the AP
along the nerve fiber as a function of time was determined
for a number of stimulus amplitudes between the excitation
and blocking thresholds to investigate the influence on AP
propagation. The time of occurrence of the AP at a node of
Ranvier was defined as the time at which the nodal membrane
was depolarized to 50 mV above the resting potential (on the
rising phase of the AP).

III. RESULTS

Excitation and blocking thresholds for fibers of several
diameters, at the edge and at the center of the nerve bundle,
were plotted in Fig. 2. Current values here and throughout
the paper were given in terms of cathodal current. In these
simulations, the current at each anode was always half of the
current at the cathode. A long (500 ps) stimulus pulse was
used, resulting in the lowest possible threshold values. Because
the differences between thresholds for the fibers at the edge and
the center of the bundle were small (which was to be expected
since ring contacts were used [16]), further simulations were
performed only for fibers located at the center of the bundle.
While we found that fiber diameter had a greater influence
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Fig. 3. Excitation and blocking threshold currents (lines with small and large
markers, respectively) are plotted as a function of stimulus pulse duration for
5-, 10-, and 15-pum fibers.

on threshold than did fiber position, it should be noted that
if a different electrode configuration (e.g., point contacts) was
used, the influence of fiber position could be greater.

Excitation and blocking thresholds for 5-, 10-, and 15-um
fibers were plotted as functions of stimulus pulse duration
in Fig. 3. The excitation thresholds decreased smoothly as
the pulse duration was increased, eventually reaching what
is termed the rheobase (i.e., the lowest current at which the
nerve can be excited with a pulse of unlimited duration).
The blocking thresholds also decreased as pulse duration was
increased, but in a stepwise fashion. This stepwise decrease in
blocking threshold has also been observed in simulations by
Rijkhoff et al. [19]. Closer inspection of the raw simulation
results confirmed the explanation offered by Rijkhoff et al.:
each step in blocking threshold reflected a change in the node
of Ranvier at which the AP was blocked. The lowest blocking
threshold (comparable to the rheobase) was obtained when the
AP was blocked at the most strongly hyperpolarized node,
which in our simulations was always the node which lay
closest to the edge of the anode at the cathodal side. The
pulse durations at which the minimum blocking threshold was
obtained for the 5-, 10-, and 15-um fibers were 320, 216, and
194 pus, respectively. As the pulse duration was decreased,
the AP was blocked at the next hyperpolarized node closer
to the cathode, at a higher threshold. At the hyperpolarized
node closest to the cathode (the last node at which blocking
can occur), further decreases in pulse duration resulted in
an increase in blocking threshold until finally the pulse was
too short to produce blocking at all. As in Fig. 2, blocking
and excitation thresholds were largest for small fibers. The
minimum pulse duration at which blocking was produced was
somewhat greater for small fibers: 145 us for 5-um fibers, 142
ps for 10-pm fibers, and 130 pus for 15-um fibers.
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Fig. 4. Transmembrane potentials at nodes of Ranvier on a 10-um fiber are
plotted as a function of time. Nodes are numbered consecutively according
to position along the fiber; node 12 was centered under the cathode, node 16
was centered under the anode, and node 23 was at the end of the fiber model.
Potentials at nodes 1 to 11 are not plotted, since the model is symmetrical.
(a) A 500-gs, 0.1-mA stimulus pulse (just above the excitation threshold)
was used to activate fiber. (b) A 500-¢s, 0.4-mA stimulus pulse (above the
blocking threshold) is used; an action potential is produced but is blocked at
node 15. (c) A 150-us, 0.4-mA pulse is used. The pulse duration was too
short to produce blocking; the AP propagated from node 14 to node 15 after
the pulse ended.

In Fig. 4, transmembrane potential was plotted as a function
of time at various positions along a 10-um fiber, to illustrate
the generation and propagation of the AP. In Fig. 4(a), a
500-us stimulus just above the excitation threshold was used;
passive depolarization of the membrane at the central node
resulted in the eventual production of an AP, which then
propagated to adjacent nodes. Because of the low stimulus
amplitude, the AP was not produced until several hundred mi-
croseconds after the start of the stimulus pulse. The nodes near
the cathode had begun to accommodate to the stimulus (i.e.,
the terms in the model which control the voltage dependent
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Fig. 5. The position of the action potential (defined as the point at which
the membrane potential is 50 mV above the resting potential) is plotted as a
function of time for various stimulus amplitudes. The duration of the stimulus
pulse (500 ps) is indicated by the grey bar below the horizontal axis. The
position of the AP along the nerve fiber (with respect to the cathode) is
represented on the vertical axis. The locations of the cathode (at 0 mm)
and the anodes (at 4 and —4 mm) are indicated by grey rectangles on the
vertical axis. (a) and (b) are for 5- and 10-um fibers, respectively. In (b), the
determination of the activation delay, d,, and the total delay, d;, is illustrated.
d; is determined by linear extrapolation from data obtained at 0.336 mA. d.
is simply the delay between the start of the stimulus and the start of the AP
at the central node of Ranvier.

sodium current had changed), with the result that the AP’s
produced at these nodes were of lower than usual amplitude.
In Fig. 4(b), a stimulus above the blocking threshold was used,
with the result that the AP did not propagate beyond node 14.
In Fig. 4(c), the same stimulus amplitude was used as in (b),

but the stimulus duration was 150 us; it can be seen that the
AP was delayed at node 14, but that after the stimulus pulse
ended it travelled on. The 50 mV level (used to define the AP
position) was indicated.

When the position of the AP along the nerve fiber was
plotted versus time for various stimulus amplitudes, plots of
the type shown in Fig. 5 were obtained. In this case, a 500-us
stimulus pulse was used. The AP existed only at the nodes of
Ranvier (indicated by markers in the figure), but the markers
were connected by lines to make the plots more readable. The
marker spacing corresponded to the internodal distance, which
was proportional to fiber diameter. These “position-time” plots
illustrated a number of effects of tripolar stimulation. The AP
was first produced under the cathode (indicated by a grey
bar at 0 mm on the vertical axis) at the central node, and
then traveled along the nerve fiber, away from the cathode, in
either direction. If a stimulus amplitude just over the excitation
threshold for the 10-um fiber was used (0.099 mA curve in
Fig. 5(b)), the AP was produced relatively late with respect
to the start of the stimulus pulse. The blocking threshold for
the 10-um fiber was 0.338 mA. At a current just below the
blocking threshold (0.336 mA), the AP was delayed markedly
near the anodes (indicated by grey bars near 4 and —4 mm
on the vertical axis), but travelled at its normal velocity once
it had passed the anodes. The different conduction velocities
of the 5- and 10-um fibers (34 and 67 m/s, respectively) were
reflected in the different slopes of the linear portions of the
curves plotted in Figs. 5(a) and (b). At 0.4 mA, which was
just above the blocking threshold, the AP approached but
did not pass the anodes and eventually died out. Near the
excitation and blocking thresholds, the action potential traveled
faster than usual between the central node and the adjacent
nodes. When the stimulus current was just above the excitation
threshold, the production of an AP was slower than usual (due
to accommodation of the membrane) at the nodes close to the
cathode. At high stimulus amplitudes, the AP was initiated at
the nodes adjacent to the central node by the cathodal current
directly, rather than by conduction of the AP from the central
node of Ranvier.

Two parameters were measured from the position-time plot
data. These parameters were indicated in Fig. 5(b). The first
was the activation delay d,, the delay between the start of
the stimulus pulse and the production of the action potential.
The second was the total delay, d,, which was the difference
between the actual amount of time an AP takes to reach a
point outside the cuff following onset of the stimulus pulse,
and the amount of time it would take if it was initiated at the
start of the stimulus pulse and travelled from the cathode at the
constant velocity observed outside the cuff. d; was determined
by performing a linear extrapolation from points outside the
cuff. The propagation delay, d,,, was calculated by subtracting
d, from d;; it represents the deviation from the normal
propagation time (which depends simply on the conduction
velocity and the distance travelled). In our simulations, this
deviation was always a delay (i.e., AP latency was increased),
but with another electrode configuration it is possible that a
lower than expected latency could be obtained. For example,
if a single cathode with a distant ground was used, at high
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Fig. 6. Activation delay (d.), propagation delay (d,), and total delay
(d¢), indicated by black triangles, dark grey circles, and light grey squares,
respectively, are plotted as a function of cathodal stimulus current for 10-um
fiber. These delay values correspond to the action potential position data
shown in Fig. 4(b). The rheobase current Iy and the minimum blocking current
Iy, are indicated by vertical lines. A 500-us stimulus pulse was used.

stimulus amplitudes an AP would be initiated at some distance
from the cathode, and therefore would have a shorter distance
to travel to points outside the cuff.

In Fig. 6, d., dy, and d, taken from the AP position-time
plot data shown in Fig. 5(b) have been plotted as a function
of stimulus current. Because a 500-ys stimulus pulse was
used, the fiber was first activated with the rheobase current.
Similarly, the minimum current was required to produce
blocking. In Fig. 6, the rheobase current (1) and the minimum
blocking current (I,) were indicated with vertical lines. At
currents just above the rheobase the activation delay d, was
large; it decreased as the stimulus current was increased. The
propagation delay d, was small at low stimulus currents,
and increased as the stimulus current was increased, reaching
its maximum just below the blocking threshold. As a conse-
quence, the total delay d; (which was the sum of the activation
and propagation delays) was large close to the excitation and
blocking thresholds, and was smallest at a point in between.

The relationship between stimulus intensity and activation
delay was similar to the strength-duration relationship, which
has been described in early papers [3], [13]. We chose to fit
our simulation results to a modified version of the equation
proposed by Lapicque [13]

I=1/(1-eT) 1)

where I was the current required to activate the nerve fiber
with a rectangular stimulus pulse of duration ¢, 7 was a
the strength-duration time constant, and I, was the rheobase
current. The equation was rearranged and ¢ was replaced by
d, to obtain

dg =T, — 7, In(1 - To/I). @

TABLE Il

BeST-FIT CURVES FOR ACTIVATION DELAY: dg = To — ToIn(1 — In /1)
Fiber 5 10 15
Diameter

(um)

I, (mA) 0.274 0.099 0.063

Pulse T, |t | |Ta 1. | §T. | |2
Duration (us) || (us) | (us) (us) | (us) ws) | (us)

100 1.61 {53.1 |0.997 [-0.12 |49.5 |0.999 [-1.23 [45.8 [0.999
200 1.88 |52.2 [0.999 }-1.51 |52.1 |0.997 §-1.23 |45.8 ]0.999
350 3.58 |49.6 {0.999 f-1.51 |52.1 |0.997 |-1.23 |{45.8 ]0.999
500 3.58 [49.6 [0.999 ¥-1.51 [52.1 |0.997 §-1.23 [45.8 [0.999
mean, 2.66, |51.1, -1.16, {51.5, -1.23, {45.8,
s.d. 1.07 |1.8 0.79 11.3 00 (00

* 12 is the coefficient of determination (the square of the correlation
coefficient).

A subscript a was added to the time constant to denote that it
is associated with the activation process. The term T, was
included to account for any differences between the time
that the AP was initiated and the time at which 50 mV is
reached. After the curve-fitting had been performed, it was
found that T, was in fact roughly zero and could be omitted.
The activation delay curves obtained from simulations of fibers
of various diameters, at different pulse durations, were fit with
(2). Very good fits were obtained in all cases (r? > 0.99).
From the best-fit parameters. (in Table III), it was apparent
that the activation delay d, depends only on the current and
not on the pulse duration. Naturally, if a short stimulus pulse
was used, the fiber was not excited at the rheobase current,
but at a higher current. The rheobase current Iy used in the
curve fitting was obtained with a 500-us stimulus pulse. The
value of 7, seemed to vary slightly with fiber diameter, but
the variation was small enough that 7, could be treated as a
constant. The mean value of 7, (for all pulse durations and
fiber diameters) was 49.5 us (std. dev. = 2.9 us). T, was only
a few microseconds.

As shown in Fig. 6, the propagation delay increased rapidly
near the blocking threshold. The dependence of propagation
delay on pulse amplitude and duration, for a 5-um fiber, was
shown in Fig. 7. If the pulse was sufficiently long (500 us
pulse), the propagation delay rose smoothly and rapidly as
the stimulus approached the minimum blocking current. If
the stimulus pulse was too short to produce blocking at the
minimum threshold but long enough that blocking could be
produced at a higher stimulus current, the propagation delay
did not increase significantly until just below the blocking
threshold, where it increased abruptly (160 and 190 us pulses).
For the 190-us pulse, the delay decreased slightly before the
blocking threshold was reached. The reason for this was not
clear. The largest propagation delay value occurred just before
blocking occurred. If the pulse was too short to produce
blocking, the propagation delay increased as the current was
increased, approaching a value close to the duration of the
stimulus pulse (100 and 130 us pulses).

For long pulse durations (that is, pulses long enough to
produce blocking at the minimum current amplitude), we
found that the propagation delay produced by currents below
the blocking threshold could be approximated by an equation
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Fig. 7. Propagation delay of action potentials on a 5-um nerve fiber is plotted
as a function of stimulus current, at various stimulus pulse durations. The 100-
and 130-us stimulus pulses did not produce blocking at any current level.

similar to that used to relate the activation delay to the stimulus
current

dp =T1,~—Tbln(1—I/Ib) (3)

where d, was the propagation delay, 7, was a time constant,
and I, was the minimum blocking current. The term T
was included because it was supposed that the propagation
delay might not be completely described by the exponential
expression. Propagation delay curves obtained for fibers of
various diameters were fit with (3); the best-fit parameters are
given in Table IV. The equation provided a good fit to the
curves obtained with 350- and 500-ys stimulus pulses for all
fiber diameters (r2 > 0.99). At 200 us, the fit had begun to
degrade for the 5-um fibers, and at 100 us, the equation did
not describe the curve for any of the fibers. By combining (2)
and (3), we obtained the following equation which predicts the
total delay for a given fiber as a function of Iy, Iy, and I (Tp
was dropped from the equation since in the best-fit equations
it was close to zero):

d; = da+dp = —T, ln(l—Io/I)+Tb—Tb1n(1—[/1b). “4)

Total delay curves taken directly from the simulation results
(large markers) and total delay curves calculated with (4)
(solid lines) were shown in Fig. 8. The values of the rheobase
(o) and minimum blocking current (I;) were taken from
the simulation results, and the best-fit values of 7,, 7, and
Ty, for each fiber diameter (from Tables III and IV) were
used. When these parameter values were used, the equation
provided a good fit to the simulation results; the root mean
square (rms) error  /[(2(sim — calc)?)/N] was 11, 21, and
12 us, respectively, for 5-, 10-, and 15-um fibers (for the
error calculation, data points spaced uniformly with respect
to current level were used; in the figure, points are more

TABLE IV
BEST-FIT CURVES FOR PROPAGATION DELAY: dp = T, — 7 In(1 — I/I})
Fiber Diameter S 10 15
(um)
I, (mA) 1.045 0.338 0.213
Pulse Ty, |7 [P T, | (P Ty |7 [P
Duration (us) @s) {ws) (us) |(us) (us) | (us)
200 43.6 (27.0 |0.933 [31.2 {21.3 |0.973 §20.6 [22.9 [0.992
350 48.1 {37.2 |0.998 [30.2 [23.0 |0.992 [20.7 [22.8 [0.991
500 43.3 137.2 {0.994 §30.5 {22.9 [0.992 [21.7 |22.5 [0.989
mean, 45.0, (33.8, 30.6,22.4, 21.0,22.7,
s.d. 2.7 |59 05 |1.0 0.6 (0.2
v
400
300
N
2
>
K]
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Fig. 8. Total delay plotted as a function of stimulus current, for 5-,
10-, and 15-pm fibers. Markers represent delay values taken directly
from simulations (large black triangles, grey triangles, and circles,
respectively, for 5-, 10-, and 15-pm fibers) and solid lines are delay values

calculated from (4): d¢ = —7aln(l — Ip/I) + Tp — 7 In(1 — I/I}).
Smalt black circles are delay values calculated from (5):
d; = —7oIn(1 — kyd*2/I) + (ks + ked) — 7 In(1 — I/(k3d*4)).

Parameters used in (4) are best-fit parameters for each fiber diameter, listed
in Tables II and III; parameters used in (5) are listed in Table IV.

closely spaced in steeper areas of curve). From the plots, it
was obvious that much of the error occured in the steeper
areas of the curves.

While (4) gave a good description of the simulation results
obtained with long stimulus pulses, it was considered desirable
to calculate total delay in terms of parameters which could
be obtained from experimental data. We modified (4) so that
it could be used with data which could be readily measured
during an experiment in which activity was recorded from
multiple nerve fibers of varying diameters (e.g., by CAP
recordings). In such experiments, it is possible to obtain
reliable estimates of conduction velocity (and subsequently
fiber diameter) for the largest fibers, but difficult to do the
same for smaller fibers.

In order to modify (4) to obtain (5) below, we fit the
relationships between fiber diameter (in pxm) and excitation
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TABLE V
VALUES OF COEFFICIENTS USED IN (5):
di = —7aIn(1 — kyd*2 [T) + (ks + ked) — 75 In(1 — I/(kad*4)).
d Is FIBER DIAMETER SPECIFIED IN uM; I Is
CATHODAL STIMULUS CURRENT SPECIFIED IN MA

Coefficient |Value

Ta 45.8 us

Tp 22.7 pus

K, 2.3 mA

X, -1.34

Ky 10.7 mA

Ky -1.48

kg 56.2 us

ke 2.4
us/pm

and blocking thresholds (in mA) with power functions: Iy =
2.3(diam)~*4 and I, = 10.7 (diam)~1*. The r2 values were
0.996 and 0.989, respectively. The best-fit curves were plotted
in Fig. 2, along with the threshold values taken directly from
the simulations. We approximated the dependence of T}, (in us)
on fiber diameter (in pm) with the linear equation T}, = 56.2
— 2.4(diam)(r2 = 0.987). The total delay was then calculated
as a function of fiber diameter and stimulus current

d¢ = =7, In(1 — kyd*2 /1) + (ks + ked)
— 7 In(1 — I/(ksd*)) )

where d was the fiber diameter, and k1, ko, ks, kq4, k5, and kg
were constants (see Table V). We used the values of 7, and
T obtained for the largest (15 um) fibers in (5). Total delay
curves calculated with (5) were plotted in Fig. 8 (dots). The
rms error was 28, 13, and 35 us, respectively, for the 5-, 10-,
and 15-pm fibers. Again, most of the error occurred in the
regions where the slope of the curve was large, although for
the 5-p:m fiber there was an error along the entire curve. When
(5) was used, and it was supposed that accurate parameter
values were known only for the largest fibers (as would be
the case with experimentally measured compound signals), the
total delay predictions did not match the simulation results as
well as when (4) was used with the best-fit parameters for each
fiber diameter, but still were reasonably close to the values
taken directly from the simulations.

IV. DiscussioN

The dependence of excitation and blocking thresholds on
fiber diameter predicted by our simulations of stimulation with
a tripolar cuff electrode is compatible with simulation and
experimental results reported by other investigators [4], [7].
Rijkhoff [19] and Fang and Mortimer [4] simulated cuff elec-
trodes with tripolar contact arrangements, and found blocking
thresholds of about 0.2 to 0.4 mA and about 0.2 mA, respec-
tively, for large fibers (12 and 20 um, respectively). Blocking
current was expressed in terms of the cathodal current at
which blocking was achieved; the current at the anode was
thus roughly half the cathodal current for symmetric contact
configurations. Fang and Mortimer [4], [5] and Ungar et al.

[26] report experimental blocking thresholds for o motorneu-
rons of about 1.0 and 0.3 mA, respectively, with cuff elec-
trodes. Fukushima [7] reported an experimental & motorneuron
blocking threshold (anodal current) of about 0.05 mA. Block-
ing thresholds for small fibers (4 to 6 pm) ranged from
0.14 mA (Fukushima) to 3.5 mA (simulations of Rijkhoff).
Fukushima also represented dependence of threshold on fiber
diameter with a power function [7], which appears to provide
a good description of the relationship.

The dependence of excitation threshold on pulse duration
predicted by our simulations is also in accord with previous
experimental and simulation results [3], [5], [19]. Excitation
thresholds were consistently lower than blocking thresholds,
and lower for large fibers (roughly 0.1 to 0.33 mA) than
small fibers (roughly 0.5 to 0.9 mA) in both experiments
and simulations. The stepwise decrease in blocking threshold,
which we observed as the pulse duration was increased, has
also been shown in simulations by Rijkhoff ez al. [19]. Similar
behavior was seen in Fig. 7 of Rattay and Aberham {16} for
cathodal block, and with electrode-fiber distances larger than
the internodal distance. Direct comparison of our results with
those of Rattay is not possible since the nerve and electrode
configurations differ. However, it does appear that in our
simulations, the step effect is less pronounced in larger fibers
as the distance between the electrode and fiber approaches
half the internodal distance. Neither excitation nor blocking
thresholds were much influenced by the position of the fiber
within the bundle.

The simulation results describe the general properties of ac-
tion potential generation and propagation. However, estimates
of conduction velocity and threshold should be assumed to be
approximate since many factors which influence the behavior
of a real nerve are not present in the model. For example, the
nerve fiber model which we use assumes an infinite impedance
for internodal myelin. If a finite impedance were used in
the model, lower conduction velocities would be obtained.
However, a reliable measurement of internodal myelin is not
available, though it is presumably high. In addition, in a real
nerve, the threshold at a given node of Ranvier may vary over
time, thresholds may be different at different nodes of the same
fiber, and conduction velocities may vary over the length of the
nerve fiber due to variation in node spacing. Because the fiber
is located at the center of a nerve bundle and there is a layer
of saline between the electrode contact and the surface of the
nerve bundle, the effect of assuming that the node of Ranvier
is centered under the cathode rather than distributed randomly,
as would be the case in an actual nerve, has a minimal effect
on threshold estimates. In previous simulations (unpublished),
we found that the influence of node position on thresholds is
considerably less than the influence of fiber diameter (this may
not be the case with other nerve and electrode configurations,
however).

By plotting the position of the AP along the fiber as a func-
tion of time at currents between the excitation and blocking
thresholds, the timing of AP production and propagation could
be observed. When activation, propagation, and total delays
were plotted versus stimulus current, the dependence of these
effects on the stimulus amplitude became obvious. Simple
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equations were proposed to describe the delays as a function
of stimulus amplitude and fiber diameter. We have taken the
approach of fitting equations to the results obtained from
the simulations because it was not feasible to derive closed-
form equations for parameters of interest (such as activation
or propagation delays, conduction velocities, excitation, or
blocking thresholds) from the system of equations which
formed the basis for the volume-conductor and nerve fiber
models. The equations which we have presented here serve
as a means of summarizing the results of the simulations
and describing the influence of varying stimulus amplitude
and fiber diameter. Our equations describing activation and
propagation delay each include only a single exponential term,
following Lapique. This simple equation was chosen because
it gives a good approximation of the results, and not because it
is the most complete or accurate from a theoretical standpoint.

For FES purposes, it is clearly of interest to determine
whether a nerve fiber of a given diameter will be activated or
blocked by a particular stimulus. The importance of knowing
the delay produced at the stimulating electrode may not
be so obvious: the delays produced at the electrode in our
simulations were typically no more than several hundred
microseconds, which is unlikely to be of concern in terms of
controlling muscle activation. However, these delays should
be taken into account when making a choice of contact
spacing and pulse duration for producing selective blocking of
nerve fibers in a particular size range: a choice based on the
assumption that AP’s are produced at the start of the stimulus
pulse and conduct at a constant velocity will not necessarily
produce the desired effects.

Several examples serve to illustrate the importance of taking
into account activation and propagation delays. The conven-
tional method for calculating the time that it takes for an AP
to travel a specified distance from the cathode is to divide the
distance travelled by the conduction velocity. It is also usually
assumed that the AP is produced at the onset of the stimulus
pulse. According to our approach, a more accurate delay value
can be calculated by adding the total delay (calculated with (5))
to the distance travelled divided by the conduction velocity.
Using the conventional method and assuming a constant ratio
of 6 m/s (conduction velocity) per um fiber diameter [11], an
AP will take 50 s to travel 3 mm on a 10-um fiber, or 33.3 us
to travel the same distance on a 15-um fiber. This estimate is
independent of stimulus amplitude. Using our approach, with
a 0.1944-mA stimulus pulse (which is just below the blocking
threshold for the 15-um fiber), it will take 135.9 us for the
AP to travel the 3 mm on the 10-um fiber, or 268.0 us on
the 15-um fiber. Two conclusions should be drawn from this
example. First, the amount of time for the AP to travel the 3
mm (which in our model is the distance between the cathode
and the anode) is considerably larger than would be expected.
If selection of the stimulus pulse length needed to produce
anodal block is based on the time for the AP to travel from
the cathode to the anode, the assumption that the AP travels at
a constant velocity between the cathode and anode will result
in the selection of a pulse duration which is too short. Second,
at the distance and stimulus amplitude used in this example,
the latency of the AP on a large fiber is actually greater than

the latency of the AP on the smaller fiber. If the AP must travel
a distance of 10 mm from the cathode, (5) gives a latency of
252.6 ps for the 10-pm fiber and 346.0 us for the 15-um
fiber, at a stimulus amplitude of 0.1944 mA. In contrast, if a
constant conduction velocity is assumed, the expected latencies
are 166.7 us and 111.1 us for the 10-um and 15-pum fibers.
Equation (5) gives larger latencies and a greater latency for the
15-pm fiber than for the 10-um fiber. If a stimulus amplitude
of 0.13 mA (which is not close to the excitation or blocking
threshold for either fiber) is used, the AP latency is 284.9 us
on the 10-um fiber and 185.5 us on the 15-pm fiber. In this
case, the latency is greater on the smaller fiber, as would be
expected, but both latencies are larger than is predicted by the
assumption of a constant conduction velocity.

In our simulations, the latency of the AP at nodes of
Ranvier between the cathode and anodes depended as much
on the activation and propagation delays as on the conduction
velocity of the fiber, and the minimum pulse durations required
to block different diameter fibers were fairly similar. We
used a contact spacing of 3 mm; if the distance between the
cathode and anode was larger, it would be expected that the
minimum durations for blocking would be greater than what
we obtained, and would be more dependent on fiber conduction
velocities. The results of simulations performed by Rijkhoff
and co-workers, in which similar electrodes with larger contact
spacings were used, are compatible with this hypothesis [19].

If the equations we have presented are to be useful for
analyzing compound neural signals, the constant terms used in
the equations must be known a priori or determined from ex-
perimental measurements. The time constants 7o and 7, (which
are essentially the same for all fibers) can be determined
from a strength-duration curve for the most easily activated
fibers in the nerve, as can the rheobase, Iy, and minimum
blocking threshold I,. The conduction velocity of these fibers,
and thus diameter (assuming a constant proportion between
the two) can be determined from latency measurements if the
conduction distance is known. In order to calculate Iy and I,
for fibers of other diameters (conduction velocities), a power
function can be used; it is not necessary that the constant
of proportionality between diameter and conduction velocity
is known, since if the equations are fit to experimentally
measured velocity measurements, the constant will simply be
incorporated into the coefficient of the best-fit curve. We think
it is reasonable to assume fixed values for the exponents.
The multipliers (coefficients) are more likely to depend on
the particular experimental conditions (e.g., presence of fluid
or tissue between the contacts and the nerve may cause
a nondiameter-dependent increase in thresholds). d; can be
determined as a function of stimulus current for the largest
(fastest conducting) fibers, from the latency of the first peak
of the compound signal, and T} can then be calculated.

The nerve fiber model used in our simulations had multiple
nodes of Ranvier, each with a resistance and capacitance.
Therefore, the time constants 79 and 7, which fit the equation
to the simulation results were actually weighted combina-
tions of fiber time constants and could not be assigned to
particular structures of the nerve fiber (in our nerve fiber
model, the membrane resistance multiplied by the membrane
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capacitance is 10.5 ps and the axonal resistance multiplied
by the membrane capacitance is 8.39 us). The propagation
delay in particular was dependent on the number of nodes
of Ranvier which were hyperpolarized by the anodal current,
and therefore on the fiber diameter (i.e., internodal distance).
We chose to use simple equations to calculate the activation
and propagation delays; they appeared to produce reasonable
estimates of the delay values. It should be noted that very
close to the excitation or blocking thresholds, the equations
could predict unrealistically high delay values. In reality, the
firing behavior of a real nerve fiber will be probabilistic
near the excitation and blocking thresholds, so the true delay
values for an individual fiber (or whether the fiber will be
excited or blocked at all) could not be predicted with our
equations. However, activation delays greater than about 1.4
ms [3], and propagation delays greater than about 200 us per
hyperpolarized node, can be ruled out.

Our modeling results clearly indicated the possibility of
selectively activating or blocking fibers of different diameters
by using a fixed pulse duration and varying stimulus amplitude.
It appeared that selective activation and blocking could also
be achieved by using a fixed stimulus amplitude and varying
the pulse duration, but the range of pulse durations in which
selective blocking would occur is quite small; perhaps small
enough that in practice varying pulse duration would not
provide good selectivity. We expect that the range of pulse
durations over which selective blocking can be achieved would
be expanded if an electrode with a larger separation between
the cathode and blocking anode was used [19], and do not
consider the contact spacing used in our simulations to be
optimal for producing size-selective blocking by varying pulse
duration.

The choice of whether to vary amplitude or duration may
depend on which parameter is more easily controlled in the
application being considered. It may also depend on which
parameter will provide more stable control in practice. Selec-
tivity based on varying pulse amplitude will be more sensitive
to changes in thresholds caused by, for example, connective
tissue growth near the electrode in a chronic implant, while
selectivity based on modulation of pulse duration would be
more sensitive to changes in fiber conduction velocity.

Information about fiber-diameter and stimulus dependent
delays may also be of use in the analysis of compound neural
signals. The diameter distribution of fibers in a nerve is often
estimated from compound neural signals, working from the
assumption that the latency of a single fiber’s contribution to
the compound signal is dependent on the conduction velocity
of the fiber [21], [30], [31]. It has been recognized that
other factors (activation delay, virtual cathode excitation,
anodal break excitation) can influence AP latency, but these
effects have not been sufficiently described to incorporate into
compound action potential (CAP) [21] or current (CAC) [30],
[31] decomposition algorithms. The delay produced by long
current pulses used in combination with a blocking anode
has not been considered, probably because this stimulation
approach has not generally been used in combination with
CAP decomposition techniques (though visual inspection of
CAP’s has been used to evaluate anodal blocking of a nerve)

[1], [10], [27), [28]. A reliable CAP or CAC decomposition
technique which took into account delays produced by long
stimulus pulses and anodal current would be very useful for
evaluating size-selective stimulation methods.

V. CONCLUSION

With our simulations, we investigated the dependence of
activation and propagation delays on stimulus amplitude and
stimulus duration, during stimulation with a tripolar cuff
electrode. We found that when a stimulus pulse was used
which was long enough to produce blocking at the lowest
possible currents, the propagation delay could be described
by a simple exponential equation. The activation delay was
also described by an exponential equation, as presented by
Lapicque [13]. By combining these two equations, we were
able to quantify the delays associated with events at the
stimulating electrode over a range of stimulus amplitudes. This
information will be useful in the analysis of compound neural
signals, and will provide a theoretical basis for the design of
electrodes for size-selective activation and blocking.

In our simulations, we considered a single nerve and elec-
trode configuration. However, the general approach that we
have used will be applicable to other configurations as well.
The equation used to describe the activation delay should
apply to other configurations without modification, though
the constants will presumably have different values. The
propagation delay and blocking threshold will be dependent on
the distance between the cathode and anode, so the equations
which we have presented will not be appropriate for all
other electrode configurations without the incorporation of
additional terms.

Although we have presented only simulation results in this
paper, the equations relating activation and propagation delays
to stimulus current and fiber diameter have been developed in
such a way that they can be applied to experimental data in a
straightforward manner. Thus, it should be possible to test the
accuracy of the model and ultimately to use it as an aid in the
analysis of experimental results and the design of electrodes
for FES.
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