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Threshold Estimation with Field Stimulation
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Durlram, N.C. 27708-0281 USA

Abstract: The central focus of this report is
on the evolution of transrnembrane potentials
following initiation of a point-source field stimu-

lus, particularly when the stimulus is short and
the stirnulating electrode is close to the responding membrane. A central question is whether it
is possible to know in advance if a stirnulus of
specific rnagnitude, duration and location will result in a subsequent action potential. Such determination can be based on the rnembranets ttvoltage thresholdr" which unfortunately was found
to vary rnarkedly depending on the duration and
location of the point current stimulus. A related question is whether an active membrane
can be assurned to function initially as a passive
rnembrane would; if sot rlore sirnple procedures
(than would be required with accurate non-linear
rnernbrane properties) rnay be available to determine if an action potential will be elicited.
Results from the nurnerical examples show that
the passive response tracks active responses long
enough to be a good estirnator of subsequent action potential development. Examples show that
the evaluation of the transmembrarre potential,
V7n, about 0.30 rrtsec after stimulus initiation was
a better predictor of subsequent excitation than
was either initial transmernbrane curreltt, or V77
at the time when the stirnulus ends. The delay tirne of 0.30 rnsec was chosen on the basis
of mernbrane (rather than stimulus) characteristics. Most of the circurnstances analyzed here
with electric field stimulation also appear likely
to be valid with magnetic field stirnulation.
INTRODUCTION
Practical applications of stimulators oftett involve a
complex multi-fiber geometry. In contrast, the geometry
used here is that of a single stimulus site near a single,
long unmyelinated fiber. Chosen for its relative simplicity, this geometry is nonetheless sufficiently complex to
retain all essential elements of the questions involved.
From a design perspective, it is important to be able
to anticipate the consequences of a field stimulus, an issue that has received previous attention for myelinated
fibers, e.g., [9,13, 16]. We evaluate here examples testing several strategies. More comprehensive findings are
in [1].
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Figure 1: Geometry. The point-source stimulus current .Ie is located a distance å from the centerline (the
z axis) of a fiber with radius o. In numerical examples, o was.0020 cm, and å varied from.01 to 1.0
cm. Fiber half-length ,L was 1.8 cm in numerical exand often extended to infinity
amples, or about 2l
in analytical results.^,The fiber was located within a
conducting medium of infinite extent, with extracellular (intracellular) resistivity of 30 (200) ohm-cm, and
Cm = Ipr,Flcm2. For numerical calculations the fiber
was divided into segments of length Lz -.0060 cm.

METHODS
For purposes of numerical experimentation we used
the simple single fiber geometry of Figure 1. The sim-

ulations mainly involved field stimulation from a single extracellular point-source stimulus located a perpendicular distance å from the fiber's centerline. At
that site the stimulating electrode injects current Is. In
some other cases, the transmembrane current that stimulated the fiber was either localized at the center of the
fiber (z = 0) or was of uniform magnitude everywhere
(spaced clamped). When active membrane was simulated, Hodgkin-Huxley kinetics [3,4] were used. Passive membrane was simulated by assigning the same attributes given to active membrane at baseline, with no
time evolution of membrane conductances.
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RESULTS
With space-clamped stimulation, threshold values
for a transmembrane stimulus were found, for reference.
Here the threshold was almost independent of stimulus duration (Figure 2, inset). All values were about
7 mV above the resting voltage (of -57 mV), although
there was a small decline in threshold at durations near
1 msec.

With field stimulation, much higher values of threshold result when the stimulus is a point-source extracellular current (Figure 2, outer). Note that Figure 2 is
not the common strength-duration curve since the ordinate is u71-; rather than stimulus current. The threshold
variation is particularly dependent on the stimulus duration (horizontal axis) and on the distance of the stimulus
from the fiber (different curves). The largest values were
obtained with the shortest stimuli, and when the stimulus was closest to the fiber. For example, with a short
duration (.04 msec) and small distance (å =.01 cm), a
threshold voltage of 118 mV above the baseline was observed. In contrast, when the stimulus was relatively far
fromthe fiber (".9., at h - 0.50 cm, or = 6)), threshold
potentials were about 8 mV and largely independent of
stimulus duration. That is, when the stimulus was distant, threshold magnitudes were similar to those of the
space-clamped evaluation.
Stimulus decay due to the fiber's electrotonic behavior sometimes causes the distribution of the transmembrane potential to change markedly in the interval following the stimulus but before an active response
emerges. The cause of such changes can be seen by
inspecting the transmembrane potential profile at the
end of the stimulus (Figure 3). The figure shows plots
of the transmembrane potential as a function of axial
distance z, where the multiple curves correspond to different stimulus durations. Each curve is drawn at the
instant at which the stimulus ends. In all cases: (1)
the transmembrane potential produced by the stimu-

lus is triphasic (only half of the symmetric response
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Figure 2: Threshold ayn versus duration, nerve membrane. Irrset: Patch geometry. All transmembrane potentials are shown relative to baseline, which was -57
mV. Outer: Fiber geometry. Different curves are identified according to the distance (.-) from the pointsource stimulus to the fiber. The values shown are at
z = 0 which is closest to the stimulus electrode. Membrane properties were Vrest
- -57mV,, EK - -72.I
mY, ElJo - 52.4 mV, 9ffa - I20 mSf cm2, gK = 36
mS f cm2 , and, g I = 0.30 mS f cm2. Thereby specific
membrane resistance was ,Rp = .14884 O-cm2 and
the space constant ) = 6W!RJ
.086 cm or
14.33 times
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vm(z) at end of stimulus

is

shown), with peak depolarization in the center (around

z - 0) [8j,[9]. (2) As a consequence of tlie

adjacent
depolarized and hyperpolarized regions, an axial poten-

tial gradient exists along the z axis, and the gradient
becomes increasingly steep as the stimulus duration is
shortened.

An example of stimulus decay is useful in examining the question of how long the passive response corresponded to the active response (Figure 4). In the example, a short point-source stimulus is located close to
the fiber (h =.02 cm). Figure 4 shows both the active
and passive responses (dashed lines and solid lines respectively) to two different stimulus magnitudes, one below threshold (bottom panel) and the other above (top
panel).
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Figure 3: Transmembrane potential , um(z), at the
end of the stimulus for several stimuli of different durations. The stimulus duration for each line is given on

the figure beside the line, in msec. The point source
was at h - .10 cm from the fiber's centerline. Note the
non-linearity of the response for the shorter duration
stimuli.
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With passive responses (Figure 4, solid lines), the
.01r line shows the transmembrane potential present at
the time of termination of a point-source field stimulus
of .01r duration (-.0148 msec duration). In the bottom panel, at this time there is a large transmembrane
potential at the origin, about 80 mV positive relative
to baseline, and a sharp fall off nearby. Because of the
wave shape of field stimulus /, there is a broad region
of hyperpolarization beginning about 0.2 mm from the
origin. By .02r (or .0148 msec later), the peak potential has fallen markedly at the origin and the positive
region has broadened, but a hyperpolarized region remains. By .20r the response (solid line) has fallen below
5 mV everywhere (bottom, and bottom inset), and now
has a much lower axial gradient. The top panel of Figure
4 shows the same pattern of passive changes resulting
from a stimulus magnitude 1.4 times that of the bottom
panel. As shown by the solid lines, the transmembrane
potential response is proportionally higher.
With active responses (Figure 4, dashed lines)' some
dashed lines are barely visible because they are covered
by the solid lines for the passive response at the corresponding time. The overlap shows that passive and
active responses are the same for an initial period of
time. The issue is to identify when and where the active membrane response begins to differ from that of the
passive membrane. With both small and large stimuli
(bottom and top panels), there is no visible difference at
.01r and .02r, but by .20r a difference is visible within
the 0.7 mm of the fiber that is closest to the origin.

active transmembrane potentials were well above the
patch threshold, and an action potential did occur. This
criterion of comparing the passive peak at .20r to the
patch threshold was, however, only approximate.
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The likelihood of subsequent action potential development can be seen by comparing peak uvy, after a delay, to the patch threshold. The stimulus magnitude
in the bottom panel is just below the fiber's threshold.
The lack of an action potential in the bottom panel is
surprising if one focuses only on the peak initial depolarization, which is nearly 80 mV above baseline, more
than 10 times the patch threshold of about 7 mV (as
shown in Figure 2). The absence of an action potential is unsurprising, however, if one considers the time
required for the membrane to develop substantial active conductivity changes (> .20r), and if one considers
the low transmembrane potentials everywhere along the
fiber at .20r.

Careful comparison of the active and passive
responses shows that with the smaller stimulus the passive potentials at .20r (Figure 4, bottom, solid lines)
were well below the patch threshold. Similarly, the
active transmembrane potentials, while always greater
than or equal to the passive ones, were also near or
below the patch threshold at this time (Figure 4, bottom inset, dashed line), and no action potential resulted.
In contrast, with the larger stimulus (top), the passive
transmembrane potentials at .20r approached the patch
threshold (top inset), so that the (necessarily larger)
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4: Active and passive

responses

to a point-

source stimulus. Each line plots ,*(r) at times .01r,
.02r, and .20r, as identified. (Multiply by 1.48 to get

time in msec.) Time I - 0 is the onset of stimulation. The stimulus site is .02 cm from the fiber, and
the stimulus is of .01r duration. Both active (dashed
lines) and passive (solid lines) are shown at each time, in
each panel. Note that the active and passive responses
for times .01r and .02r are almost the same (lines fall
on top of each other), but diverge at .20r. (bottom):
The stimulus is just below threshold (Io = l}mA).
(top): AII conditions the same, except the stimlus
(Io - I4mA) is about 1.4 times threshold. (top and
bottom insets): The region near the origin is shown
to a larger scale.
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DISCTTSSION.

From a design perspective, one would like to be able
to anticipate the effects of a stimulus of a given magnitude at a given position on the affected excitable tissue
without having to go through a process of trial and error.
Much previous work, especially in myelinated fibers, has
focused especially on initial membrane currents (".g.
[13]), and [16]). A major complication in anticipating the consequences of a stimulus has to do with the
"threshold" for generation of an action potential. From
the viewpoint of stimulator (or possibly defibrillator)
design, defining threshold in terms of transnrembrane
potential is an attractive idea, but unfortunately it does
not work very well. The results consistently showed that
end-of-stimulus threshold potential was not a constant
for field stimulation, or even approximately so, except
in limiting circumstances.
Examples shown here suggest that it is indeed possible to determine in advance whether a stimulus will
produce an action potential; further, a sufficient estimate can be obtained using passive membrane characteristics (which is much simpler than taking into account
the active response). In doing so, the best strategy was
found to be to estimate the magnitude and extent of
transmembrane potentials that arise about a quarter of
a millisecond after the onset of the stimulus, rather than

at the end of the stimulus itself, even though the stimulus may be longer or shorter.
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