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Abstract

Knowing of the spatial extent of neural activation around extracellular stimulating electrodes is
necessary to ensure that only the desired neurons are activated or to determine which neurons are
responsible for an observed response. Various approaches have been used to estimate the current-
distance relationship and thereby the spatial extent of activation resulting from extracellular
stimulation. However, these approaches all require underlying assumptions and simplifications, and
since the actual extent of activation cannot be directly measured, the impact of deviations from these
assumptions cannot be determined. We implemented a computer-based model of excitation of a
population of nerve fibers and used the model to evaluate a range of approaches proposed for
measuring the spatial extent of neural activation. The estimates with each method were compared
with measurements of the true spatial extent of activation that were accessible in the simulations to
quantify the accuracy of the estimates and to determine the dependence of accuracy on measurement
parameters (interelectrode distance, stimulation amplitude, noise). A newly proposed method, based
on the refractory interaction technique, provided the most accurate and most robust estimates of the
spatial extent of neural activation.
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1. INTRODUCTION

Electrical stimulation of neural tissue is used to restore motor and sensory function (Grill and
Kirsch, 2000) and as a tool to understand neural circuitry and determine causal links between
structure, function, and behavior (Tehovnik, 1996). In many applications, it is important to
determine which neurons are excited when an electrical stimulus is applied. Knowledge of the
spatial extent of activation around the electrode(s) is necessary to ensure that only the desired
groups of neurons are activated, or to determine which neurons are responsible for an observed
response. In addition, new generations of neural prostheses use microelectrode arrays intended
to provide independent channels of stimulation, and the overlap of activated regions between
electrodes should be minimized for effective use of each electrode in the array. Determining
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the spatial selectivity of stimulation requires determination of the distance from each electrode
to the furthest activated neurons (Rutten et al., 1991; Yoshida and Horch, 1993; Branner et al.,
2001; Abbas et al., 2004; Snow et al., 2006). In the present study computer simulation was
used to evaluate the effectiveness of several different experimental methods to determine the
spatial extent of neural activation by extracellular electrical stimulation.

Several approaches have been developed to provide an analytic expression for the spatial extent
of activation based on biophysical principles (Stoney et al., 1968; Bean, 1974; Hentall, 1987;
Rubinstein, 1991; Nowak and Bullier, 1996). However, analytical expressions are possible
only with extensive simplifications, and therefore the results may not be generalizable. The
spatial extent of activation depends not only on the stimulation parameters and waveform, but
also on the size, shape and orientation of the electrode, the electrical properties of the volume
conductor, the size, shape and electrical properties of the neuronal elements around the
electrode, and the degree and pattern of neural survival (Hentall et al., 1984; Abbas et al.,
2004). Therefore, itis desirable to measure the extent of activation separately for each electrode
placement, but it is often difficult to determine directly the activated region, since neither the
neural responses nor the position of individual neurons may be accessible. Therefore, anumber
of empirical methods have been developed to measure the spatial extent of activation during
extracellular stimulation.

The general approach to describe the spatial extent of activation is to establish a current
threshold - distance relationship (CDR) by moving an electrode past a neuron (Tehovnik,
1996). By recording the response of that neuron, the thresholds to activate the neuron are
obtained for different positions of the stimulating electrode. This CDR is then used to predict
the spatial extent of activation for different stimulus amplitudes. Using this method, CDRs
have been measured in many different parts of the nervous system (Ranck, 1975). Although
there is evidence that the current distance relationship may be linear or cubic for certain ranges
of electrode to neuron distances (Bean, 1974; Marcus et al., 1979; Hentall et al., 1984), the
CDR can best be approximated by a quadratic equation (Tehovnik, 1996),

In(r)=Io+kr* (1)

where | is the absolute threshold and k is the current distance constant. To predict the spatial
extent of activation using the CDR, one must assume that the behavior of the studied neuron
is representative of the behavior of all the neurons around the electrode, regardless of the
differences in orientation or excitability, and that activation spreads symmetrically in space
regardless of inhomogeneity or anisotropy of the tissue electrical properties. Further,
measurement of the CDR generally requires direct recording of the response of the targeted
neuron, but in many instances, only behavioral or end organ responses to stimulation can be
determined.

These challenges motivated the development of alternatives to direct measurement of the CDR
to determine the spatial extent of activation during extracellular stimulation (see Section 2.1).
However these methods all require simplifying assumptions that may introduce errors, and it
is difficult to determine the magnitude of these errors, because the actual spatial extent of
activation cannot be measured directly — otherwise these methods would be superfluous. On
the other hand, computer simulation enables systematic and direct evaluation of methods to
estimate the spatial extent of activation under highly controlled conditions that would be
difficult to achieve experimentally. We used computer simulation to implement and evaluate
different methods for measuring the spatial extent of neural activation. In contrast to
experimental implementation of any of the methods, in the simulations we had access to the
exact position of individual neurons and their responses to stimulation. This provided a measure
of the actual spatial extent of activation and enabled systematic and quantitative comparisons
of the different methods. We also propose and evaluate a new method to measure the spatial
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extent of activation based on the refractory interaction technique, which enables determination
of the two parameters of the CDR.

2. METHODS
2.1 Theory of Methods to Measure the Spatial Extent of Activation

In this section the general method used to measure the spatial extent of neural activation is
described mathematically using a geometric model, and then different specific methods are
derived from this general model. Several methods make use of the refractory interaction
technique (RIT). The RIT is based on the interactions between the regions activated by two
electrodes at a specified distance L from each other (Fig. 1) when stimuli are delivered within
the refractory period of the activated neurons. When stimulus I, is applied by electrode A, it
activates N, neurons in a region around the electrode, A,, which produces response Rj.
Similarly, applying I, to electrode B, activates Ny neurons in a region Ay, which produces
response Ry, If Iy, is applied following a delay, when the neurons N, are in their refractory
period and therefore cannot respond to stimulus I, the total response to both pulses, Rap, will
depend on the spatial overlap between the activated regions, A; and Ay, and will be less than
the arithmetic sum of responses to the two stimuli delivered separately, R;+Ry,.

The overlap between the two regions of activation can be defined based on the responses, as
OL= Ra +Rb - Rab
R, (2)

Assuming that the response is proportional to the number of activated neurons, one can write:
OL:Na+Nb - Nab
N, )]

Considering a uniform distribution of neurons in the medium, this ratio can be related to the
geometry of the activated regions (Fig. 1)
A, A
or="2="0
Aa 1rg @)

and from the geometry:

1 1
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(5)
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In addition, the current-distance equations can be written for each electrode
]a:krﬁ (8)

2
Iy=kr? ©

By measuring the responses Ry, Ry and Rgp, 0ne can solve these equations numerically to obtain
current distance constant, k.
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The method proposed by Yeomans et al. (1986) is the approach described above, with equal
values for 15 and Iy, and related the increase in the stimulation frequency threshold due to
overlap to the spatial extent of the activated regions, so that it was possible to estimate the
current distance constant for any stimulus amplitude that resulted in some overlap.

Similarly, Snow et al. (2006) used the same approach but considered 3-dimensional geometric
models of spherical activated regions to study stimulation of cell bodies in the spinal cord, and
related the degree of overlap to evoked force responses. In addition, they considered a different
definition of overlap as follows:

_Ra+Rb — Rap _Na+Nb — Nap

OL
Ral) Nal) (10)
and
A A
OL= . =3 3
A+Ap — A, nrgnry, — A, (11)

In a special case of the general model described above, when A, and Ay, have just touched, the
overlap is zero and the above equations reduce to:
L=ry+rp
L=
—Iy2
Iy=kr (12)

and k can be calculated from the following simple equation:

2
AN
12 (13)

This special case was proposed by Fouriezos and Wise (1984) considering equal values for
I3 and 1, and while it was possible to obtain the current distance constant, k, from each
experiment, they combined the data from five separate experiments to estimate both parameters
of the quadratic CDR, g and k.

Liang etal. (1991) used refractory interaction between responses evoked by different electrodes
on an electrode array to obtain the CDR directly. They considered another special case, when
I, produces the minimum detectable response Ry, and |5 was found such that it prevented
neurons in Ay from responding to I,. This happens when the activation region of I, Ay, covers
the activation region of I, Ay. Since Iy is very small, A, would be very small and close to
electrode B. Therefore radius of A, ry, should be close to interelectrode distance, L:

{ rq=L
Lo=krg (14)
and
k=ta
12 (15)

We propose a new method that combines two special cases of the general model of the RIT to
calculate the CDR. An arbitrary amplitude stimulus, I, is applied to electrode A and the
amplitudes to electrode B are obtained for minimum and full overlap, named I, and I,
respectively (Fig. 2). The equations for these two special cases may be combined to compute
both parameters of the quadratic CDR:

L=Iy+kr? (16)
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L=Iy+k(L - r)’ (17)
L=Ip+k(L+r)* (18)
By solving these equations, Iy and k can be obtained based on the expressions:
_ (h—1)
I()—Ia T 9T 1. AT N

811+ - 21,) (19)

pfith ~ 2l
o212 (20)

As an alternative to the RIT, Milner and Laferriere (1986) proposed a method to measure the
extent of activation using differently sized stimulating electrodes. The current amplitudes that
generate an equivalent response are obtained for two electrodes with different sizes, and
geometric models of the activation zones are used to calculate the spatial extent of activation
for each electrode. Consider a spherical electrode with diameter of r that is placed in the middle
of a population of nerve fibers. If stimulation with amplitude | is applied to the electrode, fibers
up to distance R from the center of the electrode will be activated (Fig. 3). It is assumed that
the response to stimulation I is proportional to the number of activated fibers. Considering a
homogeneous distribution of fibers, this would be proportional to the area of the activated
region.

A=n(R* - ) (1)

Further, it is assumed that a fiber responds to a stimulus if the extracellular current density is
higher than a threshold. Therefore the current density threshold is equal to the current density
at the boundary of activated region. The surface area of the sphere within which the fibers are
activated is equal to:

S=4nR*=4n(A+nr?) (22)
Therefore, the threshold current density is equal to
P
T AA+r?) (23)

J7h is considered constant for different electrodes. By obtaining the stimulus amplitudes I, for
differently sized electrodes that produce the same responses (i.e., equal A), simultaneous
equations are formed that can be solved to determine Jr, and A. The area of the activated region,
A, can then be used to determine the spatial extent of activation from Eq. (21)

2.2 Model of neural population

The methods for measuring the spatial extent of activation during extracellular stimulation
were evaluated by simulating electrical stimulation of a population of nerve fibers. The
geometric characteristics of the model were based on anatomical data for the branch of sciatic
nerve innervating the medial gastrocnemius. Four hundred alpha motoneuron nerve fibers were
uniformly distributed within a cylindrical nerve trunk, 400 um in diameter (Eccles and
Sherrington 1930). Stimulation was applied monopolarly through point electrodes and the
return electrode was considered at infinity. The volume conductor was assumed infinite and
homogeneous but anisotropic with longitudinal resistivity pj =200Qcm and transverse
resistivity p; =1250Qcm (Deurloo et al., 1998). The potential was calculated analytically as
(Nicholson, 1967; Wait, 1990):
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Pt _ 2,2 2
r \/p]((y Yelec) +27)+x (24)
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A previously developed and validated cable model of a mammalian nerve fiber (Mcintyre et
al., 2002) was implemented in NEURON V6.0 (Hines and Carnevale, 1997) and solved using
a variable-step DASPK integrator with an absolute tolerance of 0.001. The original model
reproduces the temporal dynamics of excitability, strength-duration properties, and current
distance properties of mammalian nerve fibers, and the current implementation was validated
by repeating the simulations reported in Mclntyre et al. (2002). Fiber diameters were selected
randomly from a normal distribution with mean 13.6 um and variance 1.55 pm? based on the
measurements of Eccles and Sherrington (1930). Subsequently the diameters of different
sections of the model fibers were calculated by interpolation of the data presented in Table 1
of Mclntyre et al. (2002). Each fiber had 20 nodes of Ranvier and the electrodes were placed
near the 10th node. The longitudinal position of the nearest node to the electrode was selected
randomly from a uniform distribution. Three separate populations were generated with
different randomly selected nerve fiber diameters and positions. Cathodic, monophasic 100 ps
duration pulses were used for stimulation. Action potentials were detected at the end of each
nerve fiber as an increase of the transmembrane potential to 0 mV. The percentage of activated
fibers was measured as the response of the population to stimulation.

Recruitment curves of the percentage of activated fibers as a function of the stimulation
intensity were obtained for each population by applying different pulse amplitudes through an
electrode at the middle of the nerve (Fig. 4A). Refractory curves of the percentage of activated
fibers as a function of the IPI were obtained by applying two equal amplitude pulses through
the same electrode at amplitudes that, when applied as single pulses, activated 30%, 60%, or
90% of the fibers (Fig. 4B).

2.3. Implementation of approaches to estimate the spatial extent of activation

The traditional approach of measuring the spread of activation by determining the excitation
threshold of a single neuron at different positions of the electrode was evaluated for three
randomly selected fibers in each of the three nerve bundle models. Excitation thresholds for
each fiber were obtained as the electrode was moved through the nerve bundle in steps of 20
um. The resulting data, thresholds as a function of the electrode position, were fit with the
quadratic CDR to obtain estimates of 1y and k.

To study the “differently-sized electrodes” approach proposed by Milner and Laferriere
(1986), three spherical electrodes 50, 80, and 125 pum in diameter were positioned in the middle
of the nerve bundle, and the fibers that went through the electrodes were eliminated, consistent
with Milner and Laferriere’s assumption of constant fiber density. Stimulus currents necessary
to recruit 10%, 20% and 30% of fibers were obtained for each electrode and were used to
compute the spatial extent of activation. Larger percentages of activation were not considered
to ensure that the region of activation did not extent beyond the simulated nerve bundle.

To study the use of the RIT as developed by Fouriezos and Wise (1984), two electrodes with
interelectrode distances of 100, 200, 300 or 400 um were positioned within the nerve bundle
along a line perpendicular to the long axis of the nerve and passing through its center. Equal
amplitude pulses with IPIs equal to 0.66 ms or 5 ms (i.e., within and beyond the refractory
period) were applied to the electrodes, and the minimum stimulus amplitude that resulted in
overlap between the regions of activation was determined. The criterion for the overlap was a
5% decrease in the response to paired stimulation with IP1=0.66 ms, relative to the response
to paired stimulation with IPI=5 ms. The appropriate stimulus amplitudes were obtained at
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each interelectrode distance with an accuracy of 1% and used to estimate the parameters of the
CDR.

To use the RIT as proposed by Liang et al. (1991), the same electrode configurations described
above were used, but with interelectrode distances of 100, 200 or 300 um. The first electrode
(A) was positioned inside the nerve bundle, as the current amplitude necessary to activate fibers
with an electrode on the edge of the nerve was significantly larger than required with an
electrode inside the nerve. The threshold for electrode A to excite 1% of the total fibers, and
the threshold for each electrode B to mask the response evoked by electrode A were obtained
for each interelectrode distance with accuracy of 1%, and then used to compute the parameters
of the CDR.

The same electrode configuration was used to study the RIT as developed by Yeomans et al.
(1986) and Snow et al. (2006). The overlap defined by Yeomans et al. was calculated for
interelectrode distances equal to 60, 80 and 100 pm and stimulus amplitudes from 5 to 10 pA.
The same was repeated using the overlap defined by Snow et al. Larger interelectrode distances
and stimulus amplitudes were avoided to prevent the region of activation from extending
beyond the simulated distribution of fibers.

Our proposed method was evaluated by considering one electrode at the center of the nerve
and a second electrode 200 um from the center. Stimulus amplitudes equal to 4, 5 and 6 pA
were applied to the first electrode, and the stimulus amplitudes that caused 5% and 95% overlap
between the activated regions when applied to the second electrode were determined. Eq. (19)-
Eqg. (20) were used to estimate the CDR for each of the three stimulus amplitudes delivered to
electrode A.

We conducted an analysis of the sensitivity of the CDR parameters to measurement noise or
error with each of the methods. One hundred measurements were repeated for each approach
by adding random fluctuations (normal distribution with zero mean and standard deviation
equal to 0.1 of the corresponding measured data) and the mean and standard deviation of the
estimated parameters of the CDR were obtained.

3. RESULTS

Computer simulation of electrical stimulation of a population of nerve fibers was used to
compare several methods proposed for measuring the spatial extent of neural activation
produced by extracellular stimulation. The average input-output (recruitment) curve for the
three simulated populations of nerve fibers is shown in Fig. 4A. The curves were consistent
across the three model nerve bundles, and the curve for each population was used to select
stimulus amplitudes to activate different proportions of the modeled nerve fibers for the
simulations of refractory interaction. The average refractory curves for activation of 30%, 60%
and 90% of the nerve fibers are shown in Fig. 4B. The curves show the percentage of fibers
activated by the second of two equal amplitude paired pulses with amplitudes selected to
activate 30%, 60% or 90% of the nerve fibers when delivered as the single pulse. Temporal
summation between the responses evoked by each pulse occurred at short IPIs and increased
the number of fibers activated over the number activated by a single pulse. At intermediate
IPIs, the fibers activated by the first pulse were refractory, and the second pulse resulted in no
additional activation. At longer IPIs, the fibers emerged from refractoriness and were activated
a second time by the second pulse. An IPI of 0.66 ms, which lay within the refractory period,
was used in subsequent simulations to avoid temporal summation and re-excitation following
recovery from refractoriness.

Current thresholds of all fibers in each bundle were obtained with the stimulating electrode
positioned 200 pum from the center of the nerve bundle. Due to the variations in fiber diameter
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and the random positioning of the nearest node relative to the electrode, the thresholds at each
electrode to nerve fiber distance were not unique, and the data formed a band (Fig. 5A). The
lower boundary of this band represents the most excitable fibers at each distance from the
electrode and defines the boundary of the spatial extent of activation. Therefore the results of
the different methods were compared with this lower boundary. The threshold-distance points
representing the lower boundary were obtained by dividing the distance range into 10 um
divisions and finding the minimum threshold point in each division. The two-parameter
quadratic CDR (Eg. 1) was fit to these points and used as the standard to which the results of
the other methods were compared. A quadratic relationship was used, since previous theoretical
(e.g., BeMent and Ranck 1969b,Bean 1974), computational (e.g., Grill and Mortimer, 1996),
and experimental studies (e.g., Bement and Ranck 1969a, Rank 1975, Bagshaw and Evans,
1976,Yeomans et al. 1986) on activation of myelinated axons support the use of the quadratic
form of the current-distance curve, and the lower boundary of model threshold distance data
was better fit by a quadratic relationship than either a linear or cubic relationship. The absolute
threshold, Ig, for this CDR was 5.4 JA and the current distance constant, k, was 219 pA/
mm2. Similar results were obtained for electrode positions at the center of the bundle and at
50, 100, and 150 pum from the center of the nerve bundle.

3.1. Direct measurement from single neurons

Current distance curves were measured directly for three randomly selected fibers in each of
the three modeled nerve bundles. The current distance parameters were obtained by fitting the
two-parameter CDR (Eg. 1) to the data, and the results are presented in Table I. The current
distance constant was inversely correlated with the absolute threshold, 1y, such that shallower
current distance constants were obtained for fibers with larger 1g (correlation coefficient =
—0.89). The individual and average CDRs obtained from these data and the optimal CDR
obtained from the lower boundary of the current-distance data (Fig. 5A) are shown in Fig. 5B.
While the estimated current distance constants were close to the optimal value, there were
substantial differences in the absolute thresholds obtained by direct measurement of the CDR.
The absolute threshold, 1y, was strongly dependent on the distance of the electrode track to the
fiber’s nearest node of Ranvier, and the correct value would be obtained only if the electrode
track touched the nearest node of the fiber under study. Therefore the single cell recording
approach consistently overestimated Ig.

3.2. Use of differently sized stimulating electrodes

The approach proposed by Milner and Laferriere (1986) was evaluated using three electrodes
50, 80, and 125 pum in diameter. For each electrode, the current thresholds for 10%, 20%, and
30% recruitment were determined and used to calculate the current distance constant (Table

I1). The current distance constant was consistently underestimated using this approach (Fig. 6)
and the large error between the average CDR and the optimal CDR was due to the assumption
that 15=0. Both Iy and k could be obtained by using the extent of activation determined at the
three different recruitment levels. However, the resulting current distance constants (53 + 39
HA/mm?2) were substantially smaller than the optimal value, and absolute threshold (7.0 + 1.43
MA) was overestimated.

3.3. Refractory interaction with equal stimulation intensities

The method developed by Fouriezos and Wise (1984) was applied with interelectrode distances
of 100, 200, 300, and 400 um and the results at each interelectrode distance were used to
calculate the current distance constant (Fig. 7A). The estimated CDR was too steep for small
interelectrode distances, but converged toward the optimal CDR as the interelectrode distance
increased. Fouriezos and Wise (1984) combined results from different experiments conducted
with different interelectrode distances to estimate both Iy and k, and we also fitted the two-
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parameter CDR to the data from different interelectrode distances. The resulting current
distance constants (Table I11) were smaller than those obtained for each interelectrode distance
separately, and when only the data for the 300 and 400 pm interelectrode distances were used
the current distance constant was equal to the optimal value (Fig. 7B).

3.4. Refractory interaction with threshold stimulation intensity

The method developed by Liang et al. (1991) was evaluated with interelectrode distances of
100, 200 and 300 um, and the thresholds were used to estimate the current distance constant
(Fig. 8A). The estimated CDRs were too steep at small interelectrode distances, but converged
toward the optimal CDR as the interelectrode distance increased. Combining measurements
for different interelectrode distances, we estimated both Iy and k (Table 1V). The resulting
current distance constants were smaller than those estimated from single interelectrode
distances and closer to the optimal value (Fig. 8B).

3.5. Refractory interaction methods with geometric models of the overlap

A range of stimulus amplitudes (5 to 10 pA) was applied with interelectrode distances of 60,
80 and 100 pum, and the overlaps as defined by Yeomans et al. (1986) and as defined by Snow
et al. (2006) were calculated. When the overlap was larger than zero, the current distance
constant was calculated by solving the corresponding equations numerically (Table V). The
current distance constant was substantially overestimated, and the results varied widely across
the different degrees of overlap (or equivalently the stimulus amplitudes) and interelectrode
distances.

3.6. A novel application of the refractory interaction technique

To evaluate our proposed method, stimulus amplitudes of 4, 5 or 6 WA were applied to electrode
A in three different random fiber distributions. The stimulus amplitudes for electrode B that
generated 5% and 95% overlap at an interelectrode distance of 200 um were determined with
an accuracy of 1% and used to calculate the parameters of the CDR (Table VI). The resulting
CDRs were consistent and closely approximated the optimal CDR obtained from the lower
boundary of the current-distance band (Fig. 9).

3.7. Comparison of methods to estimate the current-distance relationship

To compare the errors across the different approaches to estimate the spatial extent of neural
activation, the best average CDR for each method was selected from the measurements with
different or combined interelectrode distances and different stimulus amplitudes (i.e., from the
data in Table | to Table VI). These CDRs were then used to calculate the predicted spatial
extent of activation with stimulus amplitudes from 5 to 40 pA. The average and maximum
errors in the spatial extent of activation with each method were computed, relative to the spatial
extent of activation determined from the optimal CDR from the lower boundary of the current-
distance band (Fig. 5A) for the same stimulus amplitudes (Table VI11). The errors in measuring
the spatial extent of activation were quite high for the methods proposed by Milner and
Laferriere (1986),Yeomans et al. (1986), and Snow et al. (2006), while the method proposed
by Liang et al. (1991) and direct measurement of the CDR of single neurons exhibited lower
errors. The best estimates of the spatial extent of neural activation were obtained using our
proposed method and the method proposed by Fouriezos and Wise (1984), which exhibited
mean errors less than twice the diameter of a single fiber.

Subsequently we calculated the sensitivity of the parameters of the CDR estimated with each
method to measurement noise or error by adding random noise across 100 iterated

“experiments” and determining the mean and standard deviation of the estimated parameters
of the CDR (Fig. 10). The CDR parameters from direct measurement of the response of single
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cells exhibited low sensitivity to noise in the measurements. The average error using the Milner
and Laferriere (1986) approach was calculated from only 69 repeated measurements, because
the solution to the equations did not converge of the remainder, indicating a strong sensitivity
to noise. The RIT method proposed by Liang et al. (1991) exhibited lower sensitivity to noise
than the RIT proposed by Fouriezos and Wise (1984), and the methods proposed by Yeomans
et al. (1986) and Snow et al. (2006) exhibited the greatest sensitivity to measurement noise.
Our proposed approach was the most robust method to estimate the spatial extent of neural
activation in the presence of measurement noise, with performance comparable to direct
measurements from single cells.

4. DISCUSSION

A computer-based population model of the axons in the branch of the sciatic nerve innervating
the medial gastrocnemius muscle was implemented and used to evaluate a range of approaches
proposed for measuring the spatial extent of neural activation. The estimates with each method
were compared with measurements of the true spatial extent of activation that were accessible
in the simulations. The results quantified the accuracy of the estimates with each approach,
determined the dependence of accuracy on measurement parameters (interelectrode distance,
stimulation amplitude, and noise), and revealed limitations that must be considered in using
these methods. A newly proposed method, based on the refractory interaction technique,
provided the most accurate and most robust estimates of the spatial extent of neural activation.

4.1. Accuracy and limitations of proposed methods

Direct measurement of the CDR by recording the response of single cells provided accurate
estimates of the current distance constant, k, and the variance across different recorded fibers
was small. However, the absolute threshold, I, was overestimated with this approach, and,
since it was dependent on the distance of the electrode “track” from the nearest node of the
recorded fiber, Iy was highly variable across individual fibers. This resulted in comparatively
large errors in the estimated extent of the activated region, especially for small stimulus
amplitudes. Using the minimum estimated absolute threshold and the average estimated current
distance constant from several measurements reduced the error. This approach does not assume
a uniform distribution of fibers, and the results suggest that the error due to studying one (or
a few) fiber, as representative of the population of fibers, is small. In addition, the results were
very robust to noise in the measurements, in part due to the comparatively large number of
measurements that are used to estimate the CDR with this method. The requirements to record
the activity of a single neuron and to move precisely the stimulation electrode complicate the
application of this approach, and this method may not be feasible in many experimental or
clinical situations.

Estimating the spatial extent of stimulation using differently sized electrodes (Milner and
Laferriere, 1986) underestimated the current distance constant. Further, there was substantial
variation in the estimates of k across the three different randomized populations of fibers,
suggesting that this approach was sensitive to the exact distribution of fibers. This approach
assumes a fixed threshold current density and uniform anatomical and physiological properties
including fiber diameter and fiber density. However, the threshold current density depends on
the spatial distribution of the extracellular electric field (Moffitt et al., 2004), there are
variations in the diameters and density of nerve fibers, and insertion of differently-sized
electrodes may alter the density of surrounding fibers. Since the absolute threshold, 1o, cannot
be calculated using this method, there was substantial error in the estimated extent of the
activated region and the estimates of k were quite sensitive to noise in the measurements.

Milner and Laferriere (1986) applied this approach to measure the current distance relationship
of the medial forebrain bundle reward path, and reported steeper CDRs than obtained by
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Fouriezos and Wise (1984) in the same tissue. This is in contrast to our finding that Milner and
Laferriere’s method resulted in shallow CDRs, and may reflect their assumption that only 0.57—
0.84 of the applied current contributed to excitation due to leakage through scar tissue. Milner
and Laferriere also applied their approach to estimate the CDR for tectospinal circling
pathways, and their results were consistent with the large range of current distance constants
obtained by Yeomans et al. (1986) for the same tissue.

The refractory interaction techniques proposed by Fouriezos and Wise (1984) and Liang et al.
(1991) significantly overestimated the current distance constant for small interelectrode
distances. However, the current distance constant approached the optimal value as the
interelectrode distance was increased, but due to the geometric size of the model (nerve bundle
diameter of 400 um) we could not estimate the current distance constant for larger
interelectrode distances. In addition, the sensitivity of the estimated parameters to measurement
noise was relatively small in comparison to other methods. However, these methods require
repeated measurements to identify the stimulus amplitude at the threshold of overlap. Further,
the Liang et al. method requires that the response to each pulse in the pair be separately
detectable (i.e., separate in time from the other response). Since the absolute refractory period
is ~ 1 ms, the responses may overlap such that the minimum response cannot be detected, and
this may limit the applicability of this method. These methods do not provide a direct estimate
of the absolute threshold, but when data from several interelectrode distances were used to
estimate both I, and k, the parameters were closer to the optimal values and the error in the
estimated spatial extent of activation was small. These findings are consistent with
experimental results obtained by Fouriezos and Wise (1984) for rewarding brain stimulation;
for small interelectrode distances the current distance constant determined from single
measurements was about four times larger than from five measurements with different
interelectrode distances and 1.5 to 2 times larger for large interelectrode distances.

The methods proposed by Yeomans et al. (1986) and Snow et al. (2006) consistently
overestimated the current distance constant, there were large variations across different
interelectrode distances and the three randomized fiber populations, and the estimates of k were
very sensitive to measurement noise. The small number of measurements used in this approach
to calculate the current distance constant may account for the variance across different stimulus
amplitudes and fiber populations. The estimate of k is obtained by measuring only three
responses, while in the other RIT methods stimuli are repeated multiple times to identify the
appropriate stimulus amplitude for the specified degree of overlap. The error in the estimated
k decreased slightly as the interelectrode distance was increased. Similarly, the current distance
constants estimated using either method decreased with increasing degree of overlap (or,
equivalently, increased stimulus amplitude). Yeomans et al. (1986) used this approach to
measure the current distance constant for mediocaudal midbrain stimulation eliciting circling
behavior and observed a similar dependence of the current distance constant on interelectrode
distance and stimulus amplitude, where the dependence on amplitude was related to the
distribution of excitation thresholds of the neurons. These methods assume a uniform
distribution of the neurons and are sensitive to violation of this assumption. Further, these
methods do not provide an estimate of the absolute threshold, which is another source of error
in estimating the extent of the activated region.

Our proposed method used the RIT to identify the currents that produced 5% and 95% overlap,
and thus, like the methods of Fouriezos and Wise (1984) and Liang et al. (1991), required
repeated stimulus-response measurements. However, in contrast to these other methods, the
proposed method did not require more than two electrodes to estimate both k and I, and worked
well even for small interelectrode distances. This method provided estimates of k and I, that
were close to the optimal CDR, had a small mean error estimating the extent of the activated
region, and exhibited low sensitivity to measurement noise.
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The proposed method estimates the current distance parameters based on two stimulus
amplitudes, 11 and I, which correspond to radii of activation by electrode B of L—r and L+r,
where L is the interelectrode distance and r is the extent of activation by electrode A (Eq. 17—
Eqg. 18, Fig. 2). If 15 is small, then the extent of activation, r, is small and the two radii of
activation for electrode B will be close. Subsequently, the parameters of the CDR will be
estimated using two points that are close together, and the estimation will be more vulnerable
to errors. However, for other RIT methods, when the data for different interelectrode distances
or stimulus amplitudes are not combined, the results are more sensitive to measurement errors,
since only a single point is used to estimate the CDR (Fig. 10). In addition, the error associated
with representing the activated region by a limited number of nerve fibers increases for small
regions of activation, corresponding to small I . Indeed, the absolute threshold was consistently
underestimated in all cases, but increased as the amplitude of the first pulse, I, increased.

4.2. Limitations of the study

The model used in these studies was representative of a peripheral motor nerve and included
a distribution of fiber diameters, based on experimental measurements, which were randomly
positioned with respect to the electrode(s). In other applications, either in a mixed motor nerve
or in the CNS, there may be a broader spectrum of fiber diameters, and therefore a broader
distribution of thresholds. A broader distribution of thresholds would result in a shallower slope
of the input-output curve (Fig. 4A) and a larger spread of thresholds at each electrode to fiber
distance (Fig. 5A). The refractory interaction methods to determine the spatial extent of
stimulation are most sensitive to the most excitable neural elements, i.e., the lower boundary
of the threshold distance data (bold line in Fig. 5A). As the distribution of thresholds at any
distance becomes broader, there will be a larger difference between the estimated current-
distance curve (indicative of the most excitable fibers, and thus the spatial extent of stimulation)
and current distance curves obtained by averaging across measurements from single neurons
(dotted line in Fig. 5B).

Large variability in the excitability of fibers may also affect the accuracy of the methods using
refractory interaction, including the newly proposed method. Fibers that are activated by
electrode A but not by electrode B, even when there is full (geometric) overlap between the
regions activated by A and B (fig. 2), will result is an overestimation of I,. However, when the
proposed method was applied to the baseline model nerve fiber bundle, no fibers were identified
in the overlap region that were activated by electrode A, but not by electrode B. Further, when
the variance of the fiber diameters was increased to 4 pm? (resulting in increased variance in
excitability), across 6 simulated populations there was only one instance of an axon that was
activated by electrode A but not by electrode B when there was full geometric overlap, and
then only a single fiber (1/72=1.4% of fibers activated by electrode A). As well, I, is estimated
as the Iy, that results in 95% overlap, and this provides a safety margin for estimation of I,
even when such fibers exist. Thus, while a theoretical possibility, it appears unlikely that such
fibers will influence estimation of I, and k using the proposed method.

The model used to evaluate methods to estimate the spatial extent of extracellular stimulation
included only nerve fibers (axons) and included neither the cell bodies nor presynaptic
terminals that may be activated by electrodes placed within the CNS (Grill and Mclntyre,
2001). The temporal properties of these neural elements will impact the response to paired
pulse stimulation (Miocinovic and Grill, 2004), and different inter-pulse intervals may be
appropriate for measuring the CDR in a population of CNS neurons using refractory interaction.
Further, the interconnections between neurons may result in indirect (synaptic) activation of
distant neurons such that the region of activation extends beyond the region influenced by the
extracellular potentials (Butovas and Schwarz, 2003), and this may complicate the
interpretation of the response and its use to estimate the spatial extent of the region of activation.
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While biphasic pulses are generally used to reduce the propensity for electrode or tissue
damage, monophasic cathodic pulses were used in this study. The second (anodic) phase of
the pulse can impact the excitation threshold and activate, via virtual cathodes, neurons that
were not activated by the primary phase. However, the results of limited simulations conducted
using biphasic pulses showed no substantial differences from the results obtained with
monophasic pulses.

The aim of this study was to evaluate the reliability of several methods for measuring the spatial
extent of neural stimulation, and spatial variables and stimulus amplitudes were obtained with
very high accuracies (1% error). However, in practical application of these methods, noise in
the measurements and restrictions on the number of stimulation-recording trials that can be
conducted will reduce the accuracy of the measurements, and this may impact the relative
utility of the different techniques. The sensitivity analysis (Fig. 10) provided a quantitative
assessment of the impact of measurement noise and identified the most robust methods.

The newly proposed method may be used experimentally to measure the spatial extent of
activation of myelinated fibers in response to extracellular stimulation. For example, the CDR
of intraneural stimulation of peripheral motor fibers could be determined by recording the
electromyogram as a quantitative measure of the response. First, recruitment and refractory
measurements are required to determine the appropriate stimulus amplitudes and inter-pulse
interval (e.g., Fig. 4). Subsequently, paired pulses applied to two different electrodes are used
to determine the stimulus amplitudes for minimum and full overlap, and these currents are
combined with Eq. (19)-Eq. (20) to calculate the parameters of the CDR. This technique can
also be applied to evaluate the selectivity of stimulation with multi-electrode arrays by
determining the interaction between adjacent channels of stimulation or the spatial selectivity
of stimulation with each electrode (Rutten et al., 1991;Yoshida and Horch, 1993;Abbas et al.,
2004;Snow et al., 2006).
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Fig. 1.
Geometric model of the region of overlapping activation between two electrodes separated by
interelectrode distance L.
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Fig. 2.
Geometric model of the region of overlapping activation between two electrodes illustrating
minimum and full overlap.
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Fig. 3.

A spherical electrode with radius r, and the activated region with radius R.

J Neurosci Methods. Author manuscript; available in PMC 2009 August 15.

Page 17




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mahnam et al. Page 18

>

100

80

60

40

20

% of Nerve Fibers Activated

1 2 5 10 20 50
Stimulus Amplitude (nA)

(vy)

100

90%

— —60%

80

60

40

20

% of Nerve Fibers Activated by Second Pulse

0.1 1 10
Interpulse Interval (ms)

Fig. 4.

Excitation properties of the model of a nerve bundle which included a population of 400 motor
nerve fibers. A. Average input-output (recruitment) curve for three different random fiber
distributions. B. Average refractory curves for three different random fiber distributions. The
amplitude of each pulse in the pair was selected to activate 30%, 60% or 90% of the nerve
fibers when delivered as a single pulse, and the interval between the paired pulses was varied.
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Fig. 5.

Current distance relationships (CDRs) obtained from the population model and from single
nerve fibers. A. Current-distance relationships obtained by measuring individually the
threshold for each fiber in the population. The circled points were used as the lower boundary
of the threshold band, and the curve is the fit of the quadratic CDR to the lower boundary. B.
Nine CDRs obtained by direct measurement from single nerve fibers, the average CDR across
the nine fibers (dotted line), and the optimal CDR obtained from the lower boundary (bold
line).
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Fig. 6.

Current distance relationships obtained by stimulation with differently-sized electrodes. The
nine individual CDRs were obtained at three different levels of recruitment in each of three
different random fiber distributions, and the optimal CDR obtained from the lower boundary
is shown by the bold line.
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Fig. 7.

Current distance relationships estimated using the refractory interaction technique with equal
stimulation intensities applied to both electrodes. A. Current distance constants estimated using
different interelectrode distances (mean = s.d. across three randomized populations). B.
Current-distance curves estimated using only data from the 400 um interelectrode distance to
estimate k (dot), using data from 100, 200, 300 and 400 pm interelectrode distances to estimate
both Iy and k (dash), or using data from only the 300 and 400 um interelectrode distances to
estimate both 1o and k (dash-dot), and the optimal CDR obtained from the lower boundary
(bold).
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Fig. 8.

Current distance relationships estimated using the refractory interaction technique with
threshold stimulation intensities. A. Current distance constants estimated using different
interelectrode distances (mean + s.d. across three randomized populations). B. Current-distance
curves estimated using only data from the 300 um interelectrode distance to estimate k (dot),
using data from 100, 200, and 300 um interelectrode distances to estimate both Iy and k
(dash), or using data from only the 200 and 300 um interelectrode distances to estimate both
lg and k (dash-dot), and the optimal CDR obtained from the lower boundary (bold).
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Fig. 9.

Current distance relationships estimated using the refractory interaction technique with the
proposed method. The curves show CDRs estimated using three different first-pulse
stimulation intensities across three different random fiber distributions (solid) and the optimal
CDR obtained from the lower boundary (bold).
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Fig. 10.

Sensitivity analysis of the current distance parameters to measurement noise or error with each
of the methods. The bars show absolute threshold, Iy (A) and current distance constant, k (B)
calculated from noise free measurements, and the points and error bars show the mean and
standard deviation of the parameters estimated across 100 repeated measurements with random
added noise. (DM: direct measurement from single cells; M&L: Milner and Laferriere
(1986) method; F&W: Fouriezos and Wise (1984) method; L:Liang et al. (1991) method,;
Y:Yeomans et al. (1986) method; S:Snow et al. (2006) method; NP: newly proposed method).
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Table Il
Current distance constants estimated from measurements using differently sized electrodes. Each row is from a different
random population of nerve fibers (i.e., nerve bundle).
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Activation (%)l 10 20 30
151 151 53
k (WA/mm?) 155 188 103
274 181 178

Mean + SD 193 + 70| 173 + 20| 111 + 63
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Table llI
Parameters of current-distance curves estimated using the refractory interaction technique with equal stimulation
intensity applied to both electrodes. The left column includes estimates made using data from all interelectrode
distances, while the right column includes estimates made using data from only 300 and 400 um interelectrode distances.
The rows are individual estimates and mean + s.d. from three different random fiber distributions.

Interelectrode distances: 100, 200, 300, 400 ym Interelectrode distances: 300, 400 pm|
lo(uA) K (LA/mm?) ly(uA) K (MA/mm°)
4.4 325 7.6 225
5 269 6.8 214
4.3 319 7.5 218
4.6+042 304 +31 7.3+0.45 219+53
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Table IV

Parameters of the current-distance relationship estimated using the refractory interaction technique with threshold
stimulation intensity. The left column includes estimates made using data from all interelectrode distances, while the
right column includes estimates made using data from only 200 and 300 um interelectrode distances. The rows are
individual estimates and mean + s.d. from three different random fiber distributions.

Interelectrode d

istances: 100, 200, 300 ym

Interelectrod

e distances: 200, 300 ym
K (MA/mm?)

lg(LA) K (WA/mM?) Ig(LA)
7.5 258 8.8 240
7.4 234 9.4 208
7.7 235 10.1 204
7.6+0.18 242+13 9.5+0.65 217420
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