Can the human lumbar posterior columns be stimulated by transcutaneous

spinal cord stimulation? A modeling study.
Running head: Modeling transcutaneous posterior columns stimulation
The definitive version is available at www.blackwell-synergy.com

Avrtificial Organs 35(3):257-62. DOI:10.1111/j.1525-1594.2011.01213.x

Simon M. Danner?, Frank Rattay*, Josef Ladenbauer?, Ursula S. Hofstoetter'*, Karen

Minassian®®

! Institute for Analysis and Scientific Computing, Vienna University of Technology,
Vienna, Austria

2 Department of Software Engineering and Theoretical Computer Science,

Technische Universitat Berlin, Germany

* Center of Biomedical Engineering and Physics, Medical University of Vienna,

Vienna, Austria

Author’'s Address

Karen Minassian

Institute for Analysis and Scientific Computing, Vienna University of Technology
Wiedner Hauptstraf3e 8-10/101

A-1040 Vienna, Austria

karen.minassian@gmail.com



mailto:karen.minassian@gmail.com�

Abstract

Stimulation of different spinal cord segments in humans is a widely developed clinical
practice for modification of pain, altered sensation and movement. The human
lumbar cord has become a target for modification of motor control by epidural and
more recently by transcutaneous spinal cord stimulation. Posterior columns of the
lumbar spinal cord represent a vertical system of axons and when activated can add
other inputs to the motor control of the spinal cord than stimulated posterior roots. We
used a detailed three-dimensional volume conductor model of the torso and the
Mclintyre-Richard-Grill axon model to calculate the thresholds of axons within the
posterior columns in response to transcutaneous lumbar spinal cord stimulation.
Superficially located large diameter posterior column fibers with multiple collaterals
have a threshold of 45.4 V, three times higher than posterior root fibers (14.1 V). With
the stimulation strength needed to activate posterior column axons, posterior root
fibers of large and small diameters as well as anterior root fibers are co-activated.
The reported results inform on these threshold differences, when stimulation is
applied to the posterior structures of the lumbar cord at intensities above the

threshold of large-diameter posterior root fibers.
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Introduction

The successful demonstration that epidural electrical stimulation of posterior spinal
cord structures can suppress pain (1), led to a widely spread clinical practice of spinal
cord stimulation (SCS) to modify the severity of perception of nociceptive and
neuropathic pain. Clinical practice of SCS has been extensively reviewed (2,3,4,5).
SCS for pain control has generally been applied to the thoracic spinal cord. Other
spinal cord segments have been also targeted, like cervical segments for lungs
bronchial tree dilatation, lower cervical and upper thoracic spinal cord segments to
control pain in angina pectoris, sacral segments to augment bladder functions and
lumbar segments for spasticity control (6,7). Furthermore, the human lumbar spinal
cord has been shown to generate standing- and stepping-like movements after
complete chronic, posttraumatic spinal cord injury when activated by tonic epidural
stimulation (8,9). Recently, a method of transcutaneous spinal cord stimulation
(tSCS) was described (10). Its potential for applications in neurophysiological studies
(11) and in facilitation of treadmill stepping in spinal cord injured subjects (12, 13)

was explored.

The purpose of the present study was to calculate under what conditions the system
of parallel ascending axons within the posterior columns of the human lumbar spinal
cord can be activated by tSCS. We will relate the findings to thresholds of posterior
and anterior root fibers (14) that are conveying sensory inputs to and motor outputs

from the lumbar spinal cord.

Information on the calculated thresholds for those three systems of the lumbar cord is
significant for research designs of sensory-motor integration mechanisms of the
human lumbar cord and for neurophysiological monitoring of lumbar spinal cord

functions with intact and impaired connectivity with supraspinal structures. Moreover



this knowledge is essential for the development of new neurophysiological

interventions to augment spinal cord motor control in paralyzed people (12,13).

Methods

A two-step method including a volume conductor and an axon model was applied
(15). The volume conductor model was used to calculate the electrical potential
generated by tSCS and to evaluate the potential distributions along the trajectories of
the target fibers. Subsequently, the excitation process was simulated with the

Mclintyre-Richardson-Grill (MRG) axon model.

Anatomy

Three different fiber classes, posterior column, posterior root and anterior root fibers,
were studied (see 1, 2, 4 in Fig. 1a). Lumbosacral root fibers have substantial
curvatures at spinal cord and spinal canal entry and exit and are otherwise
comparatively straight (16). Largest la afferent fibers within the posterior roots have a
diameter of 20 ym (17,18). Here, 7 posterior and anterior root fibers, with diameters
of 16 um and 14 ym, respectively, and different entry and exit levels into and from the
spinal cord (Fig. 1c), were simulated to account for the activation of a set of fibers.
The diameters of the lowest threshold posterior and anterior root fibers were varied in

0.1 ym steps to match the lowest threshold of the posterior column fiber.

The posterior column fibers are vertical axons within the white matter with several
perpendicular collaterals entering the gray matter (19,20). A mean of 0.5% of the
fibers in the superficial 300 ym of the posterior column have a diameter larger than
10.7 ym (21). Here, we assumed a posterior column-fiber diameter of 11.5 pm with a
collateral diameter of 5.7 yum and varied the position of the main axon (depth within

the white matter, distance from the midsagittal plane; Fig. 1d).

Volume conductor model



A detailed three-dimensional volume conductor model, including the spinal cord, the
vertebral column and other anatomical structures, was used (Fig. 1). Conductivity
values [S/m] were: cerebrospinal fluid: 1.7, epidural fat: 0.04, white matter: 0.083
(transversal) and 0.6 (longitudinal), gray matter: 0.23, vertebral disc: 0.6, vertebral
bone: 0.02, muscle: 0.08 (transversal) and 0.5 (longitudinal), fat: 0.04, skin: 0.0025,
general thorax: 0.25, and electrode: 0.01. These values were adopted from a
previous modeling study of tSCS (12). Due to the symmetry of the model, only one
side separated by the midsagittal plane was simulated. Neumann boundary
conditions were used for the external surface of the skin, the midsagittal symmetry
plane and the bottom and top surfaces of the model. For the electrodes Dirichlet
boundary conditions were used. The steady-state solution was calculated and
evaluated along the target fiber trajectories with COMSOL Multiphysics 3.5

(COMSOL Inc., Burlington, MA).
Axon model

The MRG axon model was re-implemented with MATLAB 2010a (The Mathworks
Inc., Natick, MA) to allow for a convenient input of arbitrary extracellular potentials
(22). It was verified against the standard implementation with a series of tests with
intra- and extracellular stimulation. Equations underlying the re-implementation not
described in the original publication are presented below (22). The equation for all

nodal compartments is given by

dv.
T::_(Iion-l_gt‘k'(vm_E!k)-l_'fax)/cmam (1)

where lion is the sum of the ion currents as specified in (22), V, is the transmembrane
voltage, Ei the leakage resting potential, gk the leakage conductance, l.x the axonal

current (see eq. 4) and cnem the capacitance of the membrane.



The myelin sheath of the internodes is modeled as a double cable structure, where
current can flow in the periaxonal space between the axon membrane and the myelin
sheath. The axonal compartment is modeled according to eq. 2 and the periaxonal
compartment according to eq. 3, where gmem is the membrane conductance, gmy the
myelin conductance, V, the potential difference between periaxonal space and the
outside of the myelin sheath, Epas the reversal potential of the membrane, ¢y the
myelin capacitance, Iy the periaxonal current resulting from neighboring
compartments, E; is the intracellular potential measured against the ground, E; is the
periaxonal potential measured against the ground, R'is the axonal resistance, R the

resistance along the periaxonal space and the index k stands for the compartment

number.
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To incorporate the effect of extracellular stimulation, an equivalent injected
intracellular current (lir;, €q. 6) is added to every intracellular compartment (23,24).
The extracellular potential V® directly outside the compartment follows from the
volume conductor model.
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For fibers with branches, the branching node is modeled by extending the intra
axonal current (lax) and the equivalent intracellular current (li,)) of the extracellular
potential as:
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where the subscript ‘coll,1’ denotes the first compartment of the collateral (25).
Adaptation of the periaxonal current Il is not necessary because the branching
always occurs at a node of Ranvier (26), which is not covered with myelin.

Parameters for different axon diameters were linearly interpolated.
Stimulation configuration

Two 5 cm-diameter electrodes placed over the T11-T12 vertebral processes on each
side of the spine were used for stimulation together with large indifferent electrodes
over the abdomen (Fig. 1b, for details see 10,11). All simulations were conducted
with rectangular 1 ms-pulses. Excitation thresholds determined by a binary search
with a final step of 0.1 V. All thresholds, if not noted otherwise, were calculated with
the paravertebral surface electrodes being at negative potential. Since shifting the
node positions in steps of a tenth of the node-to-node distance of one representative
fiber of each type resulted only in a maximum variation of 1.43% of the excitation
thresholds, the influence of node position on threshold values was not studied in

detail.
Results

Posterior column fiber position and diameter



The relation between excitation threshold and position of the straight posterior
column fibers, without collaterals, was investigated with variations in anteropostero
and mediolateral direction. The fiber at the most superficial (50 um depth) and medial
position within the white matter had the lowest threshold of 67.4 V. Thresholds
increased for any variation of the position, but considerably more for anterior than
lateral locations. The intensity required to recruit the deepest fiber in the midsagittal
plane of the posterior columns (2mm depth) increased by 54.0% to 103.8 V. On the
other hand, an increase of stimulus intensity by only 4.5% to 70.4 V was required to
activate superficially located fibers at the most lateral position (2 mm from midline) in
the posterior columns. Figure 2 depicts the dependence of the excitation threshold on
the fiber position within the posterior columns, with some of the evaluated locations

illustrated in Fig. 1d.

Effects of collaterals on posterior column fiber threshold

Collaterals were introduced for the posterior column fiber located most superficially in
the midsagittal plane of the white matter. First, a single collateral was attached to the
node of Ranvier that was the action potential initiation site of the simple, straight fiber.
This branching reduced the threshold of the straight fiber from 67.4 V to 59.6 V. Five
additional collaterals in superior as well as in inferior direction with a spacing of one

internode (1.25 mm) further reduced the threshold to 45.4 V.

Excitation of posterior column fibers compared to posterior and anterior root fibers

The potential distributions along the different fiber classes had characteristic features.
The external potential along the posterior root fibers varied strongest at two sites, at
their entry into the vertebral canal and into the spinal cord. Anterior roots yielded
strong potential variations at their exits from the spinal cord and the vertebral canal.

At the entries into the spinal cord, the potential distribution changes along posterior



root fibers were inverse to those of the corresponding anterior root fibers at their
spinal cord exits. At more distant sites, the potential distributions of anterior and
posterior root fibers of the same spinal cord segment were alike. The external

potential distribution along the posterior column fiber had no sudden changes.

Representative potential distributions and activating functions (providing a first
approximation of the initial effects of external stimulation) are illustrated for selected
fibers for cathodic stimulation at 1 V in Fig. 3. Posterior and anterior root fibers had
their entries into and exits from the spinal cord at the center of the stimulation
electrodes. Note that the potential values along the fibers varied within a small range
of 0.02 V. The excitation thresholds for these fibers were 17.6 V, 51.7 V and 67.4 V
for the posterior root, anterior root and posterior column fibers, respectively. The
positive peaks of the activating functions indicated the stimulation sites of the
different fibers marked by arrows in Fig. 3a,c. The posterior root fiber was activated
at its transition from the cerebrospinal fluid to the white matter, the anterior root fiber
at its exit from the vertebral canal and the posterior column fiber close to the central
level of the stimulation electrode, at their respective excitation thresholds. Threshold
values for all simulated posterior (& 16 um) and anterior roots (& 14 um) are listed in
Table 1. Lowest values were 14.1 V and 22.6 V, respectively. At the lowest stimulus
intensity that activated posterior column fibers (45.4 V) posterior and anterior root

fibers with diameters as small as 6.5 ym and 8.4 um, respectively, were recruited.

Discussion

The present modeling study investigated the effect of tSCS on posterior column
fibers. Excitation thresholds of superficially and medially located posterior column
fibers with multiple collaterals, calculated with the MRG axon model, were three times

higher than those of large-diameter posterior root fibers. At the lowest excitation
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threshold of a posterior column fiber, a large set of root fibers with a variety of
diameters and associated with different spinal cord segments were concomitantly

activated.

The myelinated axon was shown to be the most excitable part of the nervous system
(27) and the MRG model was demonstrated to realistically reproduce excitation
thresholds in case of transcutaneous stimulation (28). Although the thresholds of the
most excitable posterior column fibers are rather high, a slight increase beyond
threshold additionally recruits a set of fibers at different locations within the posterior
columns (Fig. 2) originating from multiple spinal cord segments (19). Regarding
segmental effects, posterior column stimulation can thus be expected to be
nonspecific. While with tSCS the deepest fibers within the posterior columns require
an increase by half the threshold of the superficially located ones to be recruited, it
should be noted that the effect of epidural SCS is restricted to a superficial layer only
(threshold increase by 150% at a depth of 0.7 mm; 29). Here, the presence of one
collateral reduced the threshold to 88% and of eleven collaterals to 67%,
respectively. In epidural stimulation of the thoracic spinal cord, thresholds of posterior
columns with 11 collaterals were within the range of 50-60% (20). At the threshold of
posterior column stimulation, anterior and posterior root fibers of different segments

(Table 1) and of smaller diameters are activated simultaneously.

When applying tSCS it can be expected that the activation order when increasing
stimulation intensity is first posterior root fibers (identifiable by elicitation of posterior
root-muscle reflexes; 10,30), second anterior root fibers (identifiable by M waves; 10)
and third posterior column fibers. Posterior column fibers cannot be stimulated with a
single pulse without concomitant activation of root fibers. The directly electrically

stimulated neuronal structures represent the input pathways that transsynaptically
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activate spinal mechanisms. Hence, their identification is essential for understanding
the neurophysiology underlying tSCS as well as advancing intervention methods

based on the conducting and processing capabilities of the human lumbar cord.
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Tables

posterior root anterior root

d* neg pos neg pos
3.9 20.1 50.0 23.2 22.6
2.6 26.1 51.5 28.9 37.1
1.3 29.5 49.5 37.1 51.4
0] 17.6 65.0 51.7 67.9
-1.3 21.5 87.1 72.2 68.5

-2.6 14.1 110.9 82.4 67.6
-3.9 14.4 114.1 33.9 70.9

! d denotes the vertical distance in cm from the entry point of the root fiber into the

spinal cord from the center of the stimulation electrode, cf. Fig. 1c.

Table 1.



19

Legends

Figure 1. Information on the volume conductor model and positions of simulated
fibers. (a) Sketch of posterior roots (1) and anterior roots (2) joining to form the spinal
nerves (3), and of the posterior columns (4) in relation to the spinal cord and the
vertebrae. (b) Transverse section of the model with compartments of different
electrical conductivities as well as surface electrodes. (c) Entry (and exit) levels of
simulated posterior and anterior root fibers, respectively, marked by arrows.
Reference center of the inferior-to-superior axis is given by the center of the
stimulation electrode. (d) Section of the spinal cord consisting of white and grey

matter with some of the positions of simulated posterior column fibers indicated.

Figure 2. Dependence of the excitation threshold of posterior column fibers on the
fiber position. Anteroposterior depths within the midsagittal plane studied were 50,
150, 300, 500, 1000, 1500 and 2000 um and mediolateral positions were 0, 1000 and
2000 pm at 50 um depth within the white matter, cf. figure 1(d). The posterior column

fibers were modeled as straight fibers of 11.5 ym diameter.

Figure 3. Stimulation effect evaluated along sensory structures and motor fibers. (a)
Extracellular potential V¢ along selected target fibers generated by transcutaneous
spinal cord stimulation at -1 V. Posterior root (PR) and anterior root (AR) fibers enter
and exit the spinal cord at the central level of the stimulation electrode, respectively.
The posterior column (Pcol) fiber is located medially and superficially in the white
matter. The abscissa is the distance along the fiber trajectories from the level of the
center of the stimulation electrode. The dashed arrow shows the site of action
potential initiation of the AR fiber. Anatomical relations of the PR and AR fiber are
illustrated below the abscissa. (b) Activating functions corresponding to cases in (a).

(c) Enlarged view of the box in (a). Arrows indicate the lowest threshold sites of the
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PR and Pcol fiber, respectively. (d) Top view of the trajectories of the AR and PR

fibers and of the simulated Pcol fiber location (x).

Table 1. Excitation thresholds of posterior (16 um diameter) and anterior root (14 ym

diameter) fibers for negative and positive single pulse stimulation.
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