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Recruitment of Dorsal Column Fibers in Spinal Cord
Stimulation: Influence of Collateral Branching
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Abstract—An electrical network model of myelinated dorsal
column nerve fibers is presented. The effect of electrical stim-
ulation was investigated using both a homogeneous volume con-
ductor and a more realistic model of the spinal cord. An im-
portant feature of dorsal column nerve fibers is the presence of
myelinated collaterals perpendicular to the rostro-caudal fi-
bers. It was found that transmembrane potentials, due to ex-
ternal monopolar stimulation, at the node at which a collateral
is attached, is significantly influenced by the presence of the
collateral. It is concluded that both excitation threshold and
blocking threshold of dorsal column fibers are decreased up to
50% compared to unbranched fibers.

INTRODUCTION

PIDURAL spinal cord stimulation (ESCS) is usually

limited to stimulation of the dorsal columns of the
spinal cord. The electrodes are most often placed in the
dorso-medial epidural space and it may be expected that
the activated nerve fibers are thus located mainly in the
dorsal columns, justifying the nomenclature dorsal col-
umn stimulation (DCS) instead of ESCS. In order to ob-
tain benefit from DCS in the management of such ail-
ments as chronic pain, spasticity, or peripheral vascular
disease, it is generally agreed that paraesthesia should be
elicited in the corresponding dermatomes. Therefore, the
target nerve fibers are mainly myelinated primary affer-
ents, having a rostro-caudal orientation. Fibers in the dor-
solateral spinal pathways may also be activated by DCS,
such as descending fibers in the dorsolateral funiculus,
possibly contributing to pain reduction [1].

In order to investigate theoretically which elements in
the dorsal columns will be activated in DCS a two-step
method can be used. First, the imposed potential field,
due to external stimulation, is calculated in a volume con-
ductor model and, second, this field is applied to a model
of the nerve fibers. Imposed three-dimensional potential
fields have been measured by Swiontek et al. [2] and cal-
culated by Coburn and Sin [3] and Struijk er al. [4] using
a volume conductor model of the spinal cord.

Coburn used the calculated potentials to determine the
threshold stimulus for excitation of straight myelinated
dorsal column fibers and curved dorsal root fibers [5]. For
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the calculation of these thresholds the field potentials were
used as the extracellular potentials in McNeal’s model [6]
of myelinated nerve fibers.

However, the rostro-caudal myelinated nerve fibers in
the dorsal columns are not simple straight fibers. They
have many regularly spaced collaterals penetrating the
gray matter of the spinal cord in a direction almost per-
pendicular to the rostro-caudal fibers. Therefore, a simple
fiber model might not be adequate. Coburn [7], [8] pro-
posed a branched fiber model based on McNeal’s model.
This model is comparable to the model of an unmyeli-
nated bifurcating axon presented earlier by Parnas et al.
[9], [10] and, slightly different, by Joyner et al. [11] to
simulate a propagating action potential. Sin [12] also used
Coburn’s type of model to calculate the subthreshold de-
polarization of the branching node of a fiber having a sin-
gle collateral.

For the collateral and the rostro-caudal fibers the con-
cept of the activating function [13] can be used to obtain
a first approximation of the effect of stimulation on those
fibers. From this point of view Struijk et al. [4] suggested
that the change of the transmembrane potential of the fiber
collateral and the main fiber respectively, will have op-
posite signs (depolarization and hyperpolarization) and
that this effect will be much larger in an inhomogeneous
model of the spinal cord compared to a homogeneous me-
dium. However, the activating function is not the same as
the change of transmembrane potential. Neither does it
take into account the limited length of the collaterals and
the effect of the branching points. Therefore, we modeled
the complete fiber-collateral-system as a McNeal-type
model. Instead of using the Frankenhaeuser-Huxley
equations, describing the nonlinear nodal membrane be-
havior of frog myelinated fiber, we used the equations
given by Chiu et al. [14] which are based on the kinetics
of rabbit nodal membrane. These membrane kinetics have
also been used recently by Sweeney et al. [15] for the
calculation of membrane potentials of straight myelinated
mammalian nerve fibers.

In the present study the influence of the presence of one
or more collaterals on membrane polarization and the in-
fluence on excitation threshold stimulus were assessed. In
addition, the influence of geometrical nerve model param-
eters, such as fiber diameter, collateral diameter, and
nodal surface area, were taken into account. To be able
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to use an analytical approach these effects were primarily
studied in a homogeneous volume conductor. The differ-
ences between a homogeneous and a more realistic in-
homogeneous model of the spinal cord with respect to
membrane polarization and stimulation thresholds were
also investigated.

MODEL DESCRIPTION
Anatomy

The majority of dorsal root fibers, upon entering the
spinal cord, proceed towards the dorsal columns where
they bifurcate into an ascending and a descending branch.
These branches enter the lateral part of the dorsal columns
and gradually shift medially and dorsally. Fibers entering
at higher segmental levels join lower level fibers laterally
[16], [17]. About 85% of the dorsal column fibers are
primary afferents [18].

The diameter of the axon cylinders in the fasciculus
gracilis (the medial part of the dorsal columns) ranges
from <1-10 um with a vast majority between 1 and 6 ym
[19], although larger diameters were reported in 1936 by
Haggqvist [20].

All afferent fibers in the dorsal columns issue collateral
branches into the gray matter where they freely arborize
[21] (Fig. 1). These collaterals only occur at nodes of
Ranvier of the ascending or descending main fiber [22],
[23]. According to Fyffe [18] intervals between neigh-
boring collaterals vary from 100 um to 2 mm with a mean
of about 1 mm, depending on fiber type, fiber diameter,
and distance from the corresponding dorsal root fiber.
Hongo et al. [24] showed that Ia and Ib primary afferents
originating from cat hind limb muscles issue collaterals at
intervals varying from 0.5 to 6.2 mm. (mean 2.4 mm),
and the average ratio axon diameter/collateral diameter is
3.1 with a standard deviation of 0.7.

Fyffe [18] also showed that the spacing between adja-
cent collaterals largely varies with distance from the en-
trance zone, the spacing being much smaller (one or two
internodes) close to the entrance zone. From data given
by Hongo et al. [24] we concluded that the average spac-
ing is about six internodes.

Ha [25] described the geometry of the axonal bifurca-
tion in the dorsal root ganglion of the cat. The pattern of
the myelin lamellae at the nodal region of the branch point
turned out to be similar to nonbranching nodes. Assuming
that branch points of the dorsal column fibers have a ge-
ometry similar to dorsal root ganglion fibers, except for
the smaller diameter of the collateral, we estimated that
the nodal membrane will be 0-50% larger than the area
of a nonbranching node.

Fiber Model

The nerve fiber model used for a straight fiber is shown
in Fig. 2(a) while in Fig. 2(b) a collateral is attached to
node n of this main fiber. The fiber model in Fig. 2(a) is
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Fig. 1. Drawing of dorsal column nerve fibers having collaterals running

into the gray matter. From {21].
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Fig. 2. (a) Model of simple straight myelinated fiber, (b) model of branched
myelinated fiber.

similar to McNeal’s model [6] for which the following
equation holds.

dv, 1 wdl
— = - v, + = lionn
dr Racm[Vn—l 2Vn + n+l] Cm Lion,
1
= 5 ~ [Ve,n—l - 2Ve,n + Ve,n+l] (1)
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V,=V,, — V., is the transmembrane potential where
V, . is the intracellular potential and V, , is the extracel-
lular potential at node n. The intra axonal resistance be-
tween neighboring nodes of Ranvier R, = 4p,L/7d?, and
the membrane capacity of the nodal membrane is C,, =
¢, mdl where ¢, is the membrane capacitance, p, the intra
axonal resistivity, d is the axon diameter, / is the length
of a node of Ranvier, and i, , is the membrane diffusion
current. The internodal length L was assumed to be L =
100 - d. McNeal [6] used the Frankenhaeuser-Huxley
equations to describe i;,,, whereas we used the equations
given by Chiu er al. [14]. Fiber parameter values are
shown in Table I. The equations of Chiu er al., adapted
to a temperature of 37°C, are given in the Appendix. It
was assumed that all fiber parameters are homogeneous
along the whole length of the nerve and all nodes of the
fiber were excitable. Using this model we calculated the
transmembrane potentials at the nodes of Ranvier due to
external stimulation. The excitation threshold stimulus
was defined as the lowest stimulus amplitude at which an
action potential was initiated. Propagation of action po-
tentials was also simulated as well as the blocking of a
propagated action potential.

For a branched fiber all nodes where no collaterals arise
are described by (1). If a collateral is attached to a node
the model can be extended as suggested by Coburn ef al.
[71, [8] [Fig. 2(b)]. Equation (1) arises from the fact that
the lumped nodal transmembrane current equals the sum
of the intra-axonal currents on either side of the node.
This approach can be extended for a branching node where
the lumped nodal transmembrane current must equal the
sum of intra axonal currents from three directions. Thus,
taking into account the different collateral diameter d,., the
following equation holds:

- {V A NN
d[ qu n—1 d n n+1 d 1
mdl
Cm Lion,n
1 d,
= |Ven-t — = Ve
RHCJ ! (2 ’ d> Ve
d, .
+ Vepsr t+ El Vf»,]l (2)

where V{ is the transmembrane potential of the first col-
lateral node. This equation differs from the one by Coburn
et al. because their equation is only valid in case the di-
ameters of the collaterals and of the main fiber are equal
(d. = d). For the nodes of the collateral (1) remains valid
except that the V, and V, , are changed into V; and V¢,
respectively.

No data were available which describe exactly how the
nodal surface area of a dorsal column fiber is affected by
the presence of a collateral at the node. Assuming that the
electrode fiber distance is not too small and thus the gra-
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TABLE 1
STANDARD FIBER PARAMETERS

d 6 um diameter of main fiber

d, 2 pm diameter of collateral

! 1.5 pum nodal length

L 100 - d {mm] internodal distance of main fiber
L, 100 - d, [mm] internodal distance of collateral
Pu 0.7 Qm intra axonal resistivity

I 12800 ' m™? membrane conductivity

Co 0.02 Fm™* membrane capacitance

dient across the node is not too large, the nodal capaci-
tance and current can be lumped and therefore, the exact
geometry of the node is not important. So, we introduced
the nodal surface area factor k being the nodal area of the
branching node divided by the area of a nonbranching
node. Now the area of a branching node becomes k - 2wdl
instead of 2wd! and thus in (2) the factor wdl becomes k
- zdl and C,, (= c,,wdl) becomes k - C,, yielding

1
av, 1 {V

d
=12+ =)
n—1 < d>n

d, | wd
+ Vn+l + E Vl} + Fm * lion,n

dt k

+ Ve,n+1 + -dj (el—, (3)
If d. = 0 and k = 1 (no collateral attached to the node)
then (3) reduces to (1).

In order to assess how passive (subthreshold) depolar-
ization is affected by branching, all resistors were as-
sumed to be linear and therefore the term (wdl/C,,) * fion.n
can be written as (1/R,,C,,) - V, and (3) becomes

dv, 1 1 R d.
L —— |V, — 2k ),
d  k Rucm{ ot < R, d>

d. .
+ V(’.Il+l + E y.l} (4)

where the membrane resistance R,, = 1/(g,wdl) and g,
is the conductivity of the nodal membrane. If again d. =
0 and k = 1, (4) reduces to the equation for a nonbranch-
ing node.

The addition of a collateral to node n corresponds to
the addition of an extra electrical load to the branch point
of the equivalent electrical network, which is the intra ax-
onal point n in Fig. 2. The total load impedance at this
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point now consists of four parts [the parallel R,, and C,,,
the impedance of the left part of the main fiber, the imped-
ance of the right part of the main fiber and the collateral
impedance, see Fig. 2(b)] which are all in parallel. Ad-
dition of the collateral therefore, lowers the load imped-
ance of this point.

The full model comprised a 6 um diameter main fiber
of 81 nodes and 0, 1, or 11! collaterals having 20 nodes
each and a diameter of 2 um. When a single collateral
was used, it was attached to the central node of the main
fiber as was the central collateral when a 11-collateral
model was used. The collaterals were oriented perpendic-
ular to the main fiber and in parallel to each other. The
fiber and the collaterals were terminated with sealed ends.

Volume Conductor Models

Two volume conductor models were used in this study.
The first was a homogeneous, isotropic, infinitely ex-
tended volume having conductivity ¢. The stimulating
electrode was a monopolar point source with current /.
The main fiber was placed on the x-axis of an orthogonal
coordinate system (x, y, z) and the central node (n = 0)
was at (x, y, z) = (0, 0, 0). The central collateral was
along the y-axis in a positive y-direction. The whole fiber
system was thus in the x-y-plane at z = 0. The electrode
was at (0, —r, 0) with r the electrode-fiber distance (see
Fig. 4). So the extracellular potential at a node of Ranvier
can be written as

I 1

N &)
le + (yll + r).‘

where (x,, y,, 0) are the coordinates of node ».

Equation (5), together with the equations for the model
of the fiber-collateral system (1) to (4) was used to inves-
tigate the behavior of that system analytically and to de-
rive some rules of thumb for the difference between a sim-
ple fiber and a fiber having collaterals.

To investigate the behavior of the fiber collateral sys-
tem in an inhomogeneous realistic model of the spinal cord
in epidural spinal cord stimulation, the calculated field
potentials in the dorsal columns of such a model were ap-
plied to the fiber model. A similar volume conductor
model was presented by Struijk e al. [4]. The model used
here (see Fig. 3) is a finite difference model consisting of
a three dimensional rectangular grid with 185 193 grid
points. The model comprises the spinal cord consisting of
gray matter and white matter, the cerebrospinal fluid, the
epidural space, and a boundary layer representing the sur-
rounding tissues like bone, muscle, connective tissue, etc.
The conductivities of the model compartments are given
in Table II. The center of the electrode, being a mono-
polar voltage source with dimensions of 0.8 X 2.0 mm,
was positioned at the same level as the central node of the
main fiber. The potential field was obtained by using a
straightforward finite difference technique combined with
an overrelaxated red-black Gauss-Seidel iteration.

Vo = —
“" 4rxe

epidural space
electrode

cerebrospinal fluid
dorsal columns

white matter

Fig. 3. Volume conductor model of spinal cord and surroundings in trans-
verse section. Markers (*) indicate positions of rostro-caudal fibers used
in the simulations.

TABLE II
CONDUCTIVITIES OF THE INHOMOGENEOUS MODEL

Conductivity

Compartment (Qm) "'
gray matter 0.23
white matter

longitudinal 0.60

transverse 0.083
cerebrospinal fluid 1.7
epidural fat 0.040
surrounding layer 0.002

REsuLTS

Homogeneous Volume Conductor

Effect of Electrode-Fiber Distance on Excitation

Threshold

a) Fiber without collaterals: We found that for rect-
angular pulses with a duration of more than 100 us the
threshold stimulus calculated under subthreshold condi-
tions [using (4)] gives a good estimate of the threshold
stimulus calculated when using the nonlinear membrane
model (1) including the equations of Chiu et al., which is
in accordance with the results by Altman and Plonsey
[26]. This result enables the use of the linear fiber model
(4) to explain the results obtained by the nonlinear model
(3) as presented next. The excitation threshold stimulus
was obtained using the nonlinear model and a puise du-
ration of 200 us, unless otherwise stated.

As is readily seen from (1) and (4) (with d, = 0) trans-
membrane potentials only depend on fiber characteristics
and the second order difference of the extracellular poten-
tial V, along the fiber, the latter (divided by L or IL) being
called the activating function by Rattay [13]. If we define
the second order difference of the extracellular potential
atnodenasS,=V,,_, =2V, ,+ V, , . then it follows
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from (5) (see Fig. 4):

S:L.{ ! 2
"dwe (WPt - P NP+ AL

1
" mg ©)

Assuming that the electrode is exactly above node n =
0 it follows that if » << Lthen V, o >> V, ., (n # 0)
and (6) becomes: Sy = —2V, o = (—1/2wa) - (1/r) while
S,y =V, =(/4mo) - (1/r)and S,, << Sy (n # 0,
+1). So Sy and S, , are proportional to 1/r while S, (n
# 0, +1) is negligible and thus the transmembrane po-
tential at node 0, V,, will be proportional to 1/r for r
<< L. The threshold stimulus 7, therefore, will be pro-
portional to r, as is shown in Fig. 5 (slope = 1 for small
r).

If the electrode has not exactly the same x-coordinate
as node O this proportionality will be destroyed. When the
electrode is in the middle between two nodes the threshold
will not depend on r if r is very small, as was shown
previously in studies by Rattay [27] and Bean [28].

For L/10 < r < 10L the relationship between V¥, and
r is more complex. Not only because Sy must be described
by the full equation (6) but also because S, (n > 1) are
not negligible (21% of S, for r = L, n = 2) and do not
depend on r in the same way as So. Actually, because of
the node to node transfer, at least five nodes should be
taken into account on either side of node 0 where the node
to node transfer is defined as the fraction of a perturbation
of the transmembrane potential at node n which can be
measured at node n + 1 (V,,/V,). In case of a non-
branching fiber at steady-state conditions the node to node
transfer is about 0.5, implying that at a distance of more
than five internodes the transfer will be less than 3%. Un-
der these conditions the activating function is not a simple
predictor of excitation threshold.

For r >> L we get: Sy = (—1/4mq) + (L*/r?) (where
we used lim, .o, r — V(7 + a® = —[a*/2r]). Thus S,
will be proportional to 1/r>. This will also be true for
nodes adjacent to node 0. Therefore, the membrane po-
tential at node zero (V,) will be proportional to 1/r% and
I, will be proportional to r3, as is shown in Fig. 5 (slope
= 3 for large r).

b) Fiber having one collateral: If a collateral is at-
tached to node O of the main fiber the right hand side of
(3) and (4) for node 0 becomes (if multiplied by kR, C,,):

V, 1= 2o+ V.o = 1d./d]l (V.o — Vi.1). Together
with (5) this yields
i (VP r dPrD

- )
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Fig. 4. Model of a fiber with one collateral. r is the electrode-fiber dis-
tance. L is the internodal distance, d. d, are the fiber diameter and collateral
diameter resp., * indicate the nodes of Ranvier.
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Fig. 5. Threshold current as a function of electrode-fiber distance in a ho-
mogeneous volume conductor (6 = 1) for a simple fiber, a fiber with 1
collateral and a fiber with 11 collaterals with intercollateral spacing of 2
internodal lengths. The slope gives the exponent of the proportionality be-
tween I, and r. Fiber diameter 6 pm. collateral diameter 2 pm.

while for node n (n # 0) of the main fiber equation (6)
still holds.

For r << L, (7) yields S = (—1/4wo) 2 + [d./d])
- (1/r) being proportional to 1 /r while at the neighboring
nodes the activating function also is proportional to 1 /r.
At all the other nodes the activating function is very small.
Therefore, V, is proportional to 1 /r for the same reasons
as given in the case of a fiber without collaterals. This is
also shown in Fig. 5. Because a collateral is connected to
node 0 depolarization of this node will be influenced by
this collateral (change of load impedance). With k = 1,
d/d, = 3 and r = L/10, depolarization was 5% higher
than in the no-collateral case, but because of the log-scale
in Fig. 5 this cannot be distinguished from this figure.

For r >> L the threshold current to distance relation is
not given by r* proportionality as it was in the no-collat-
eral case, but I, will now be proportional to  as shown
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in Fig. 5 (slope = 2) for large r). At large r, (7) becomes
Solr >> L) = (=1/4na) - {(L*/F) + d./d)* - L/[#
+ (d./d) - rL]} and thus S, = (~1/4wo) (d,/d)> -
(L/rz) while S, (n # 0) is negligible (being proportional
to 1/r'). So for r >> L, V, is proportional to 1/7.

c) Fiber with Multiple Collaterals and the Effect of
Inter Collateral Spacing on Excitation Threshold: 1f more
collaterals are attached to the fiber the current-distance
relation will be almost the same as in the one-collateral
case (Fig. 5). Again, an action potential was initiated at
the node closest to the electrode (node 0). The difference
between the two cases is that at nodes where extra collat-
erals are attached the load impedance will be further re-
duced. This also means that for node n = 0 the load
impedance of the two parts of the main fiber have been
decreased. Due to the collaterals, the voltage drop across
the membrane will be increased at node 0, although the
actual change also depends on the extracellular potentials
V. n at the nodes of the collaterals. The actual load imped-
ance and thus the depolarization at node 0 also depends
on the spacing between the collaterals. The influence on
the depolarization of node 0 was less than 1% if the col-
lateral spacing exceeded four internodes. In case each
node of the main fiber had a collateral the transmembrane
potential was decreased up to 40% at increasing r in com-
parison to a single collateral fiber.

Effect of Collateral Diameter on Excitation Threshold

If a collateral is attached to node O a finite additional
impedance arises between node 0 (intracellular) and the
extracellular space around the nodes of Ranvier of the col-
lateral fiber, thus introducing new voltage sources Ve (ex-
tracellular potentials at collateral nodes) into the model.
If, with n = 0, the term V{ — V, at the left-hand side of
(4) exceeds Vi — V,, at the right-hand side depolar-
ization of node 0 will be smaller in comparison to the no-
collateral case. This can happen if V| is larger than Ve i1
at the neighboring nodes of node 0. This may occur when
the first collateral node is closer to node 0 than to nodes
+1 (small collateral diameter) and when electrode-fiber
distance is small. Fig. 6 shows that for small collateral
diameters (d. > 2 um) and r < 1 mm the ratio I/
Ih no-collateral Slightly exceeds 1. For larger collateral di-
ameters and larger electrode-fiber distances depolariza-
tion will be higher as compared to the no-collateral case.
The effect of a collateral is more significant at larger elec-
trode-fiber distance (see figure 6) because at large dis-
tance Ve, = Voo (= (d./d)[{1/r + (d./d) - L} —
(1/1]) becomes the major term in (7) since this first-or-
der difference decreases slower than the second-order dif-
ference term.

It is also shown in Fig. 6 that depolarization will in-
crease with increasing collateral diameter because of a di-
minishing impedance and increasing Ve — V. o (increas-
ing distance between node 0 and the first collateral node).

Effect of Nodal Surface Area on Excitation Threshold

If at the branching node the nodal surface area is in-
creased, the lumped membrane impedance will be de-
creased causing a diminished response to the external field

2

I
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k no coll-
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0 A A

0 2 4 6
> collateral diameter dc {pm)]

Fig. 6. Threshold current (normalized to a simple fiber) of a fiber (diam-
eter 6 um) with one collateral (2 um) as a function of collateral diameter
in a homogeneous volume conductor at three different electrode-fiber dis-
tances r.
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Fig. 7. Threshold current (normalized for a fiber with k = 1) as a function

of the nodal surface area factor & in the homogeneous case for a fiber (di-
ameter 6 um) with 0, 1, and 11 (spaced 2 internodal lengths) collaterals (2
pm).

at this node (see Fig. 7). This is hard to see directly from
(3) or (4), since the factor 1/k occurs in the right hand
side as well as in the left-hand side of the equations. In
the supposed physiological range (1 < k < 1.5) stimu-
lation threshold varies no more than 15%.

Opposite Polarization of Main Fiber and Collateral

It is clear that at cathodal stimulation the right-hand
side of (3) and (4) becomes positive for node 0 and the
membrane of this node will be depolarized while at anodal
stimulation it will be hyperpolarized. The level of polar-
ization will be affected by the presence of collaterals.

For the collateral the right-hand side of (4), with V, ,
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being replaced by V, ,, becomes (using (5) again):

I 1 2
S e i
Ey :
r+(n—1)j'L r+n—-L
1
+ 8

r+(n+1)%'L

For a collateral at node O the right-hand side of the
equation becomes negative at cathodal stimulation and
therefore the collateral tends to be hyperpolarized while
at anodal stimulation depolarization of the collateral will
occur. Therefore, the sign of the polarization of the main
fiber and the collateral will be opposite.

This means that an action potential evoked in the main
fiber can be blocked in the collateral due to hyperpolar-
ization or vice versa. This effect will be more prominent
at larger values of r.

Inhomogeneous Volume Conductor

Effect of Electrode-Fiber Distance on Excitation
Threshold

In the realistic model of the spinal cord and its sur-
roundings, the electrode-fiber distance was varied by
varying the fiber position in the midsagittal plane of the
dorsal columns of the spinal cord. Ten positions of the
fiber at 0.4 mm intervals are indicated in Fig. 3.

The distance between the electrode and the dorsal
boundary of the spinal cord was 5.2 mm, being the width
of the csf-layer. The smallest electrode-fiber distance was
therefore 5.2 mm and the largest distance was 8.8 mm.

The inhomogeneity of the model, especially the high
conductivity of the cerebrospinal fluid (see Table II)
largely influenced the relationship between threshold and
fiber-electrode distance. It was found that close to the dor-
sal boundary of the spinal cord threshold is approximately
proportional to 7 (slope = 3 in Fig. 8) for an unbranched
fiber and proportional to about r* (slope = 2) for a
branched fiber. This is similar to the behavior at a large
distance in the homogeneous medium (slope = 3 and slope
= 2 for unbranched and branched fibers, respectively, in
Fig. 5). However, with deeper penetration into the dorsal
columns the exponent decreased to about 1.2 (slope =
1.2) for both fiber types.

In accordance with the results from the homogeneous
medium, branched fibers had lower thresholds then un-
branched ones. Threshold of a fiber with a single collat-
eral varied between 60 and 70% of the unbranched fiber
threshold. Thresholds of multiple collateral fibers, having
collaterals at each second node, had values of about 50-
60% of unbranched fiber threshold.

Effect of Fiber to Midline Distance on Excitation
Threshold

When the fiber position was varied from midline to 2.2
mm from midline in a lateral direction (positions indi-
cated in Fig. 3), threshold changes were less than 6% for

909

100

slope=1-2
- - =

no collaterals

10 one collateral
-~ many collaterals
g ~ slope=2
1 L A "
5.2 6.0 7.0 8.0 8.8

> electrodefiber distance 1 [mm]

Fig. 8. Threshold current as a function of electrode-fiber distance in the
realistic model of the spinal cord for a fiber (diameter 6 um) having 0, 1,
and 11 (spaced 2 internodal lengths) collaterals (2 um).

both unbranched and branched fibers. This implies that
activation of dorsal column fibers hardly depends on the
lateral position of the fibers.

Opposite Polarization of Main Fiber and Collateral,
Blocking of Action Potentials

As in the homogeneous case polarization of the main
fiber and the collateral had opposite signs as shown in
Fig. 9(a) (homogeneous medium) and Fig. 9(b) (inho-
mogeneous medium). In the inhomogeneous model the
difference is even larger than in the homogeneous case:
S, in the tangential direction was much larger than in the
longitudinal direction, if the diameters of main fiber and
collateral were the same. In Fig. 9(c) a simulated action
potential is shown which was elicited at the branching
node (node 0) and propagated to the first node of the col-
lateral, which was being depolarized by the stimulus [Fig.
9(a), (b)]. However, at the second node of the collateral
no action potential was generated.

Since depolarization of the membrane of the branching
node, due to external stimulation is enhanced, it will also
be easier to hyperpolarize this node and hence to block a
propagating action potential in the main fiber. The cal-
culated anodal threshold for blocking an action potential
in an unbranched fiber, using a pulse duration of 400 pus,
was 17.0, 25.6, and 36.3 V at electrode-fiber distances of
5.2, 6.0, and 6.4 mm, respectively. At a branching node
these thresholds were 8.8, 12.2, and 16.4 V, respec-
tively, thus being about 50% lower. From these data it is
shown that it will be easier to block propagation of action
potentials of a branched fiber than in an unbranched one
by anodal stimulation.

DisCUSSION

Various neural elements may be activated in spinal cord
stimulation, such as dorsal column fibers and their collat-
erals, dorsal roots, dorso-lateral ascending (spino-cere-
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Fig. 9. (a) Steady-state transmembrane potential at the nodes of Ranvier
of a fiber with 1 collateral in a homogeneous volume conductor. The lengths
of the bars indicate the transmembrane potentials at each node; fiber-elec-
trode distance is 5.2 mm. (b) Same as (a) but now using the realistic spinal
cord model. (c) Action potential elicited at the branching node (0) and
blocked at the collateral nodes (2-5) using the realistic spinal cord model;
nodal positions are indicated in (b).

bellar) fibers and descending fibers in the dorso-lateral
funiculus as well as large cell bodies in the dorsal horn.
These elements are closest to the stimulating electrodes
which are in the dorso-medial epidural space. In order to
investigate which elements will be most readily activated,
modeling can be an important tool.

The implementation of our model was tested by com-
paring results of a single collateral system with those ob-
tained by Sin [12], who calculated subthreshold polar-
ization of the membrane at the branching node using a
model of a fiber having just a single collateral. In all sim-
ulations a monopolar electrode opposite the collateral was
used. In Sin’s model the collateral diameter was the same
as the diameter of the main fiber and the nodal area of the
branching node was equal to the one of a normal node.
Our results for this case were identical to those by Sin.

The simulations showed that the most important param-
eters are the ratio of the diameters of collateral and main
fiber, the electrode-fiber distance, the area of the branch-
ing node and, to a lesser extent, the distance between ad-
Jacent collaterals. The first two parameters are sufficiently

well known, as well as the latter [18], [24], but for the
nodal area we only had qualitative data of dorsal ganglion
fibers [25]. From these data it seems reasonable to assume
that the nodal area k of a branching node is between 1 and
1.5 times the area of a nonbranching node. The excitation
threshold was found to increase by less than 15% if k =
1.5 instead of k = 1.

The threshold stimuli for excitation and blocking at
branching nodes will be decreased up to 50% as compared
to nonbranching nodes, especially at a larger electrode-
fiber distance which is usual in spinal cord stimulation.
We compared the results from the homogeneous volume
conductor with the current-distance relations presented in
a review by Ranck {29], in which the experimental results
from six authors were summarized. Electrode-fiber dis-
tances (r) ranged from 50 um to 5 mm, but fiber diameters
were not given. Our theoretical results regarding the
change from r to r* proportionality of I, at increasing r
are in agreement with these experimental results. Similar
results were also found theoretically by Rattay [30], al-
though he only commented on the r to /* relationship at
small to moderate r. In our model, which is similar to
McNeal’s model in the case of an unbranched fiber, the
coupling of the transmembrane potential to the external
field is somewhat different from the model by BeMent and
Ranck [31] and Bean [28]; it yields the same current-dis-
tance relationship at small and large r. For node 0 (the
node closest to the electrode) (6) is essentially the same
as (11) of BeMent and Ranck. At a very small distance,
in the order of the fiber diameter, the presence of a col-
lateral will not have a significant effect. However, at such
a small electrode-fiber distance models based on Mc-
Neal’s model are not valid [6], because the potential gra-
dient across the fiber will be relatively large as compared
to the potential difference between two nodes of the fiber.

The threshold to fiber-electrode distance relationships
show that the results for a homogeneous and an inhomo-
geneous medium do not only differ in a quantitative but
also in a qualitative way. As pointed out in [4] the csf-
layer has a prominent role in spinal cord stimulation. This
well-conducting layer largely influences the potential dis-
tribution in the spinal cord and explains why threshold
varies in a different way as compared to a homogeneous
medium. Close to the dorsal boundary of the spinal cord
threshold is approximately proportional to r* and to 72 for
an unbranched fiber and a branched fiber, respectively,
and becomes approximately proportional to r at deeper
penetration in the dorsal columns.

It is possible that action potentials elicited at the
branching node will be blocked in the collateral branch.
However, the blocking threshold will be very high, be-
cause collateral diameters are small as compared to the
diameter of the main fiber. Therefore, under the model
assumptions of uniform collaterals, a perpendicular
branching pattern from straight axons and the general as-
sumptions of McNeal-like models [6], we do not expect
this phenomenon to play a significant role in spinal cord
stimulation.
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More important is that the model predicts the threshold
stimuli for excitation and blocking at a branching node to
be reduced by 30-50% in comparison to an unbranched
node. Excitation and blocking thresholds are diminished
by the same percentage, although the enhanced response
to external stimuli is not the only mechanism of the de-
creased blocking threshold. The passive attenuation from
a nonbranching node to the adjacent node is larger if the
latter is a branching node and therefore the action poten-
tial will be less easily propagated to this branching node.
In unmyelinated fibers the attenuation at a branch point
can be so strong that spontaneous failure of propagation
may occur, which was first shown by Parnas [32] and Van
Essen [33]. Krauthamer [34] showed that propagation
failure at branching points can be induced by relatively
weak electrical fields. Also in myelinated dorsal root fi-
bers the safety factor as well as the conduction velocity
at the branch point is lower than in the peripheral axon,
which is explained by the increased electrical load to an
approaching action potential [23].

The diminished threshold for action potential blocking
may also explain the clinical results of Law [35] in spinal
cord stimulation. He found that bipolar configurations
having rostral cathodes gave significantly different per-
ceptions compared to configurations having rostral an-
odes. This difference can be explained by blocking of
propagating action potentials, generated by stimulation,
towards the brain when the anode is at the rostral position
and blocking thresholds are low due to the presence of
collaterals. When the cathode is at the rostral position,
blocking of ascending action potentials will not occur.

APPENDIX
EQuATIONS OF CHIU et al. [14] AND PARAMETERS

fon = Iy + 1,
INa = gNahmz(E - ENu)
I, = g(FE — E)

E=V+Vy
Vg = —80.0 mV
En, = 35.64 mV
E;, = —80.011 mV
(dm/dt) = a,(1 — m) — B,m
@h/dt) = ay(1 — h) — Byh
m(0) = 0.00331
h(0) = 0.7503
a, = (363E + 126) /(1 + exp {—49 — E/5.3})
B, = a,/exp {(E + 56.2/4.17)}
a, = B,/exp {(E + 74.5/5)}
Bn =15.6/(1 + exp {(—56 — E/10)}
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