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Abstract
In spinal cord stimulation (SCS), concordance of stimulation-induced paresthesia over painful body regions is a necessary condition for
therapeutic efficacy. Since patient pain patterns can be unique, a common stimulation configuration is the placement of two leads in parallel in
the dorsal epidural space. This construct provides flexibility in steering stimulation current mediolaterally over the dorsal column to achieve better
pain-paresthesia overlap. Using a mathematical model with an accurate fiber diameter distribution, we studied the ability of dual parallel leads
to steer stimulation between adjacent contacts on dual parallel leads using (1) a single source system, and (2) a multi-source system, with a
dedicated current source for each contact. The volume conductor model of a low-thoracic spinal cord with epidurally-positioned dual parallel (2
mm separation) percutaneous leads was first created, and the electric field was calculated using ANSYS, a finite element modeling tool. The
activating function for 10 um fibers was computed as the second difference of the extracellular potential along the nodes of Ranvier on the nerve
fibers in the dorsal column. The volume of activation (VOA) and the central point of the VOA were computed using a predetermined threshold
of the activating function. The model compared the field steering results with single source versus dedicated power source systems on dual 8contact stimulation leads. The model predicted that the multi-source system can target more central points of stimulation on the dorsal column
than a single source system (100 vs. 3) and the mean steering step for mediolateral steering is 0.02 mm for multi-source systems vs 1 mm for
single source systems, a 50-fold improvement. The ability to center stimulation regions in the dorsal column with high resolution may allow for
better optimization of paresthesia-pain overlap in patients.

Video Link
The video component of this article can be found at https://www.jove.com/video/2443/

Protocol

1. Introduction:
Spinal cord stimulation, or SCS, has been clinically applied since 1967, when Dr Norman Shealy first implanted stimulation electrodes over the
dorsal columns in an attempt to provide relief for patients with chronic, intractable pain (Shealy et al., 1967). SCS is the clinical implementation
of the Gate Theory, which posits that activation of large myelinated afferent nerves which mediate touch and pressure sensations, can inhibit, or
"close the gate" on transmission of pain signals to higher centers in the brain (Melzack & Wall, 1965). Technology for SCS has improved over the
decades, with more reliable stimulation equipment better designed to stimulate the dorsal columns has evolved.
Key to these improvements has been an increased understanding of the neuroanatomy and neurophysiology of the spinal cord relevant to
clinical electrical stimulation. This understanding has been advanced by computational modeling of SCS. Computational modeling of neurons
has been used to understand basic mechanisms for neural stimulation since Hodgkin and Huxley's mathematical model was first described
(Hodgkin and Huxley, 1952). Neural activity is modulated by electric fields applied as intracellular current injection and extracellular potential
fields. Ranck qualitatively discussed how changes in the extracellular voltage in the vicinity of an axon cause some regions of the axon
membrane to depolarize and others to hyperpolarize (Ranck, 1975).
A computational model for SCS was initially developed by Coburn and Sin (Coburn, 1980) and was significantly furthered by Holsheimer and
colleagues, beginning with Struijk and Holsheimer's development of a three dimensional field model of SCS (Holsheimer and Struijk, 1988).
Their computational model estimated the effect of anatomic parameters on the thresholds of dorsal column fibers (Struijk et al., 1992), predicted
the potential location of excitation in dorsal root fibers (Struijk et al., 1993b), and analyzed the effect of CSF thickness (Struijk et al., 1993a)
with clinical validations (He et al., 1994; Holsheimer et al., 1995a; Holsheimer et al., 1994). The model contributed significantly to design of
stimulation lead design, suggesting optimal parameters for contact size and spacing (Holsheimer and Struijk, 1992; Holsheimer and Wesselink,
1997), to favor preferential stimulation of dorsal column fibers over root fibers (Holsheimer et al., 1995b).
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2. Methods:
Mathematical Model Definition
A finite element mathematical (FEM) model was created of the low-thoracic spinal cord and its surrounding environment. The FEM model
consisted of spinal cord white and gray matter, cerebrospinal fluid, dura, epidural space tissue, vertebral bone, and two cylindrical multicontact
leads. Each lead consisted of eight cylindrical platinum-iridium contacts (conducting domains, 3mm length and 1.25 mm diameter), separated by
1mm lengths of insulating polymer (non-conducting domains, 1mm length). The leads were positioned dorsally, atop the dura, and symmetric,
1mm to each side of the midline of the spinal cord. In the model, the "thickness" of the cerebrospinal fluid layer between the contacts and
the dorsal surface of the spinal cord (dCSF) was specified to be 3.2mm. The geometry of the model is illustrated in Figure 1A and electrical
resistivities are given in Table I, values coming predominantly from the literature (Holsheimer, 2002; Wesselink et al., 1999). The volume was
meshed with over 1 million nodes, with a high-density mesh in the region close to where electrodes are located as illustrated in Figure 1B.

Figure 1. Depiction of the mesh of the FEM for the spinal cord and multicontact lead. (A) Components and structure of model. (B) Model mesh
- only the high density part is shown. The mesh was segmented into sections of variable node density: near the contacts (≤ 300 μm); insulator,
dura and spinal cord (≤ 750 μm); epidural space (≤ 3000 μm); and vertebral bone (≤ 5000 μm).

Table 1. Resistivity values of the FEM domains (Holsheimer, 2002; Wesselink et al., 1999) and modification (epidural space) to match clinical
data.
The spinal cord geometry (Figure 2) was created using a combination of features from relevant literature sources. The cross-section of the
cord was derived from Kameyama et al., and the dorsal root (DR) trajectory of Struijk et al. was adopted (Kameyama et al., 1996; Struijk et al.,
1993b). Dorsal column (DC) fibers were placed on regular grid of (200um for mediolateral direction and 100um dorsoventral direction; see Figure
2A) and projected in the rostrocaudal direction. Each DR was modeled as a larger diameter 'mother' fiber connected to bifurcated 'daughter'
fibers of smaller diameter (Fig 2B).
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Figure 2. Structure of spinal cord model. (A) Transactional view of spinal cord and location of dorsal column fibers. (B) Dorsal roots are
composed of a mother fiber and bifurcated daughter fibers. The trajectory of the mother fiber was digitized from Struijk 1993. (C) Three
dimensional view of spinal cord and DR fibers.
Model Investigation
Once the leads were positioned within the model, the two types of stimulators were implemented by defining the currents for two parallel
contacts. For a single source system, there were three possible methods to deliver current: a. the leftmost contact has all the current; b. the two
contacts each deliver 50% of the current; c. the rightmost contact delivers all the current. We note here that the impedance of the two contacts is
assumed equal, though this is unlikely to be true in clinical application.
For the multisource system, each contact was defined to have its own current source controllable in 1% incremental current changes between
the contacts. In other words, if the total current delivered to the two contacts is 10mA, in the multisource system the current to each contact was
specified to any fraction of the total, so long as the sum of the currents through each contact equal 10mA. For example, the leftmost contact
might deliver 6.8 mA where the rightmost contact would then deliver 3.2 mA. For the multisource system, 100 fractional splits of current were
programmed in this manner.
To calculate the region of activation within the dorsal columns by each system, an activating function analysis was performed. The activating
function is an approximation of the change in the transmembrane potential when extracellular stimulating current is applied to neural tissue for
a given electrode and fiber geometry. The region of activation was defined as the locus of fibers in the model where the activating function (or
simply second difference of voltages along axon) exceeded a predetermined threshold (ex. 0.1mV/mm2). The central point of stimulation was
defined and calculated as the geometric centroid of the 3-dimensional region of activation.
To determine stimulation amplitude, the two contacts were specified to be cathodes (50% and 50% negative potential on two contacts) in a
monopolar configuration (sourced current delivered with equivalent current density from model borders). The stimulation amplitude was then
iteratively increased until the first fiber activated was observed (this was always a dorsal column fiber). This first activation was assumed to
correlate to first perception of paresthesia by a patient in the clinical setting. In the model, the current was then increased to 1.4*(mA to activate
first fiber) and the centroid of the resulting region of activation was calculated. Centroids of all steering steps (100:0 to 0:100) were computed
with amplitude determined in the previous step. Average resolution of centroid change was centroid location range divided by current steps.

3. Outcome:
When steering stimulation mediolaterally between dual leads, the computational model predicts that a device with independent current sources
for each contact can target more central points of stimulation on the dorsal column than a single source system (100 vs 3). As a result of this,
the resolution of adjustment of the central point of stimulation is 30 um with a multisource system, an approximate 50-fold increase compared to
single-source systems (see Figure 3).
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Figure 3. The computational model makes the following predictions. A. Dual lead configuration: 2.0 mm separation between leads with
monopole stimulation. B. Single source devices that provide a single, shared power source for all contacts can target three central points of
stimulation when shifting stimulation mediolaterally (a step size of 1 mm on average with 2 mm lead separation). C: A device with a dedicated
power source for each contact can target 100 central points laterally in the dorsal column when fractionalizing current in 1% increments, or 10
central points when fractionalizing in 10% increments (a step size of 0.02 mm for 1% steps and 0.2 mm for 10% steps on average).

Discussion
The ability to center stimulation regions in the dorsal column with high resolution may allow for better optimization of paresthesia-pain overlap in
patients. That is, in a given patient, the region of activation in the dorsal columns may be focused to maximize coverage of painful areas while
minimizing side-effects (due to stimulation of undesired fibers, which may generate paresthesia in undesireable locations or create motor or
autonomic effects).
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