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Abstract

Background—Quasi-uniform assumption is a general theory that postulates local electric field
predicts neuronal activation. Computational current flow model of spinal cord stimulation (SCS)
of humans and animal models inform how the quasi-uniform assumption can support scaling
neuromodulation dose between humans and translational animal.

New method—Here we developed finite element models of cat and rat SCS, and brain slice,
alongside SCS models. Boundary conditions related to species specific electrode dimensions
applied, and electric fields per unit current (mA) predicted.

Results—Clinically and across animal, electric fields change abruptly over small distance
compared to the neuronal morphology, such that each neuron is exposed to multiple electric fields.
Per unit current, electric fields generally decrease with body mass, but not necessarily and
proportionally across tissues. Peak electric field in dorsal column rat and cat were ~17x and ~1x
of clinical values, for scaled electrodes and equal current. Within the spinal cord, the electric field
for rat, cat, and human decreased to 50% of peak value caudo-rostrally (C5-C6) at 0.48mm,
3.2mm, and 8mm, and mediolaterally at 0.14mm, 2.3mm, and 3.1mm. Because these space
constants are different, electric field across species cannot be matched without selecting a region
of interest (ROI).

Comparison with existing method—This is the first computational model to support scaling
neuromodulation dose between humans and translational animal.
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Conclusions—Inter-species reproduction of the electric field profile across the entire surface of
neuron populations is intractable. Approximating quasi-uniform electric field in a ROl is a rational
step to translational scaling.
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Introduction

We extend the “quasi-uniform assumption” (Bikson et al., 2013) to apply it to animal models
of spinal cord stimulation (SCS). For animal models of SCS to be meaningful, they must
provide electrical stimulation in a way that approximates how the nervous system is
activated during clinical therapy. Since the mechanisms of electrical stimulation are
determined by which neuronal elements are excited (Ranck, 1975), SCS animal models
would ideally use electrode montage (size, position) and current that stimulate the same
distribution of neuronal elements as activated clinically. It is established that the spatial
distribution of electric field across tissue (around neurons) determines which neuronal
elements are excited (MclIntyre and Grill, 1998; Rattay, 1999, 1986; Warman et al., 1992;
Wongsarnpigoon and Grill, 2008), and so electrode montage and current in animal SCS
models should create an electric field distribution approximating that produced clinically.
However, this is impossible in practice, as animal anatomy is not proportionally scaled from
humans. One can reproduce an electric field in one region of interest (e.g. the dorsal column
of one segment), but not the exquisitely detailed electric field changes over space - which
will be species (even animal) and dose specific.

This challenge in approximating electric field spatial distribution is not specific to SCS, but
applies to all translational models of brain stimulation leading to the formulation of the
quasi-uniform assumption (Bikson et al., 2013). The quasi-uniform assumption should be
understood as practical tool, not an ideal solution. The quasi-uniform assumption relies on
two logical steps. First, the quasi-uniform assumption deviates from the dogma of relying on
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activating function (the electric field derivative) in predicting neuronal excitation (Mclintyre
and Grill, 1999; Rattay, 1999), and rather suggests that most CNS neuronal elements will be
excited directly by the local electric field (Arlotti et al., 2012; Rahman et al., 2013;
Rubinstein, 1993; Tranchina and Nicholson, 1986). In fact, experiments and activation-
function-based modeling already demonstrate polarization sensitivity directly to local
electric field magnitude for neuronal elements such as axons terminals (synapses), dendrites,
and compact neurons (see Discussion). Second, as the electric field varies in a complex
manner across tissue that is inconsistent across species (Hurlbert and Tator, 1994; Idlett et
al., 2019; Swiontek et al., 1976; Xu et al., 2017), the quasi-uniform assumption indicates
identifying one region of interest (a nominal target) and matching the electric field in just
that region across animal and clinical cases. Ironically, the more one argues again the first
aspect (that only exquisitely detailed modeling of electric field gradients along each neuron,
compartment is sufficient), the more the second aspect becomes required - since electric
field changes across an entire single neuron, much less a population of neurons, cannot be
reproduced between human and animal.

The spatio-temporal distribution of electric fields in the body determines stimulation
outcomes. Under quasi-static assumptions (Bossetti et al., 2008), the temporal waveform is
easy to replicate but the spatial distribution cannot be, where we can then find a basis in the
quasi-uniform assumption.

There are three general approaches to scale stimulation dose in translational animal models.
The first approach is to scale stimulation in the “dose space”, namely to scale electrode size
and/or current intensity by some arbitrary factor such as by animal size or physical space for
the electrode. This approach is not principled (e.g. matching electrode current density
between human and animal models does not produce equivalent outcomes; (Jackson et al.,
2017)). The second approach is to use an acute physiological marker of nervous system
activation (such as motor threshold; (Crosby et al., 2017, 2015a, 2015b; Guan et al., 2010;
Koyama et al., 2018; Meuwissen et al., 2018; Prager, 2010; Sato et al., 2014; Schechtmann
et al., 2008; Sdrulla et al., 2018; Song et al., 2013a, 2013b; Stiller et al., 1996; Yuan et al.,
2014)) but using a stimulation waveform unlike that of interest for neuromodulation (e.g.
using single pulse for motor threshold vs high rate pulse trains for neuromodulation). In this
approach, the current is scaled based on this physiologic response, by the electrode montage
is still ad hoc (e.g. what fits). Doing so ideally replicates in an animal model the neuronal
elements (mechanism, and degree of activation) of a plausibly comparable acute
physiological marker in human. However, the influence of stimulation other nervous system
elements is not replicated, nor do the activated neuronal elements necessarily remain the
same as waveform is changed. As a result, using an acute physiological maker to determine
dose in animal is only valid as far as the acute physiological marker directly relates to the
therapeutic mechanism.

The third approach to scale stimulation dose in translational animal models leverages
computational models to predict electric fields (Bikson et al., 2015). In principle, this
approach is based on long-standing principles that the electric field produced in the tissue
along neuronal elements determines stimulation outcomes. But, our essential huance to
computational based modeling, which is the quasi-uniform assumption, is the reliance of
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Electric field magnitude on one region of interest. The generalization of electric field
magnitude as a predictor of neuronal activation is addressed in the Discussion. However, our
central point here is more practical: if one wants to rely on tissue electric field as a mean to
justify scaling in an animal model, than reliance of electric field is not just useful but
realistically inevitable, including in translational SCS studies (Idlett et al., 2019). To make
this point, we apply it in high-resolution models of rodent, cat, and human. Previous studies
have modeled SCS clinically (Herndndez-Labrado et al., 2011; Howell et al., 2014; Huang et
al., 2014; Lee et al., 2011; Lempka et al., 2015) and in specific animal models (Capogrosso
et al., 2013; Idlett et al., 2019; Xu et al., 2017)), and our approach here is not intended to be
comprehensive (e.g. consider a wide range of electrode parameters) but rather reinforces
these prior efforts in the context of the quasi-uniform assumption.

Materials and methods

We developed a computer-aided design (CAD) model of an exemplary brain slice chamber
(din =50 mm; dout = 60 mm; h = 40 mm), mimicking brain slice electric field stimulation
(Bikson et al., 2004; Ghai et al., 2000; Gluckman et al., 1996) with two parallel conductive
Ag/AgCl wire (d = Imm; | = 60 mm), and SCS leads in SolidWorks (Dassault Systemes
Corp., MA, USA).. For animal and human studies, we modelled two types of SCS leads
namely a 4 Pt/Ir electrode contacts polyurethane SCS lead for animal study (rat: 1.35 mm
electrode diameter, 3 mm electrode length, and 1 mm inter-electrode spacing; cat: 1.35 mm
electrode diameter, 3 mm electrode length, and 1 mm inter-electrode spacing) and a 8 Pt/Ir
electrode contacts SCS lead for human study (1.35 mm electrode diameter, 3 mm electrode
length, and 1 mm inter-electrode spacing (Zannou et al., 2018)).

High resolution magnetic resonance imaging (MRI) scans of template healthy rat (0.1 mm),
cat (0.1 mm), and human (0.8 mm) were segmented into tissue masks namely scalp, skull,
csf, gray matter, white matter, cerebellum, hippocampus, thalamus, and air using
Simpleware (Synopsys Inc., CA) by combining both automatic and manual morphological
segmentation filters, and a volumetric FEM model was generated. SCS leads were then
epidurally positioned over the targeted vertebrae level (lower cervical spine level and
proximal to the mediolateral midline). We used voxel-based meshing algorithms which
generated overly dense adaptive tetrahedral meshes of the brain slice chamber and the
intricate animal models. The final mesh quality after multiple mesh refinements (within 1%
error in voltage and current density at the spinal cord) was greater than 0.9 (COMSOL
metric for mesh quality) indicating optimal elements in all models, and contained
approximately 320000, 5950000, 22000000, 32200000 tetrahedral elements for slice
chamber, rat, cat, and human model, respectively. The resulting volumetric meshes were
later imported into COMSOL Multiphysics 5.1 (COMSOL Inc., MA, USA) to generate a
finite element method (FEM) models. The models were computationally solved using
Laplace equation for electric current physics (V(oVV)=0), where V= potential and o =
conductivity) as field equation under stead-state assumption. Assigned material properties
(electrical conductivities) for brain slice chamber, spinal tissues and electrode/lead were
based on prior literature (Bikson et al., 2015; Song et al., 2015; Zannou et al., 2018).
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In the brain slice chamber model, we simulated two parallel Ag/Agcl electrode placed
laterally in a saline bath and applied normal current density equivalent to 1 mA ((J.n)*
Areaanode = 1 mA) through one electrode (anode) while grounding the other electrode
(cathode). The external boundaries of the brain slice chamber were electrically insulated (J.n
= 0). In the rat, cat, and human SCS model, boundary conditions were applied in a bipolar
configuration as: normal current density at the exposed boundary of E4 (anode: 1 mA),
ground at the exposed surface of E1 (cathode), insulation on all other external surfaces of the
spinal cord and the peripheral tissues, and continuity for internal boundaries. We set the
relative tolerance (convergence criteria) of each model to 1x 10-6 to get the most accurate
solution while minimizing the errors. Corresponding voltage and electric fields were
quantified from the simulations.

Using exemplary computational models of the slice chamber with parallel electrodes and of
rat, cat, and human with scaled cylindrical electrodes positioned epidurally over the targeted
lower cervical vertebral column, the voltage and electric field intensity at the spinal cord and
its peripheral tissues were predicted. Slice chamber FEM model predicted 0.22 V peak
voltage and 0.01 V/mm electric field intensity. Predicted peak electric field around the lead
(epidural space), csf, and spinal cord were 20, 7, and 1.02 VV/mm, respectively for the rat
model. For the cat model, predicted peak electric field intensity was 4.4, 0.14, and 0.06
V/mm at the epidural space, csf, and the spinal cord, respectively. Human SCS model
predicted field intensities at the epidural space, csf and spinal cord of 15, 0.09, 0.06 V/mm
respectively. Within the spinal cord, the electric field dropped to 50% of its peak intensity
caudo-rostrally at 0.73 mm, 1.3 mm, and 1.5 mm and mediolaterally at 0.45 mm, 0.9 mm,
and 0.85 mm distant from the peak intensity location for the rat, cat, and human respectively.
The predicted electric field was only uniform in the slice chamber while, as expected, in the
animal and human SCS the predicted electric field intensities were non-uniform - even on
the scale of a single spinal neuron or axon (Hofstoetter et al., 2013; Holsheimer, 2002;
Ladenbauer et al., 2010; Miranda et al., 2016; Rattay et al., 2000).

Discussion

The central proposition of this paper is that because it is not possible to reproduce the
electric field distribution along diverse potential neuronal targets, the quasi-uniform
assumption supports design and interpretation of animal models of SCS, (Fig. 1). A
corollary of this proposition is the general applicability of considering the electric field
magnitude as a meaningful predictor of neuronal activation. Each of these topics is
considered separately below, but even to the extent detractors question the limits of the
quasi-uniform assumption in general, then they acknowledge the limitations of translational
animal models that necessitate this very assumption. The explicit goal of this paper is to
explain the quasi-uniform assumption for translational animal research on spinal cord
stimulation, with the broader and complex issue of general applicability addressed briefly
(where an extended discussion beyond this paper scope). The computational models
developed to illustrate the application of the quasi-uniform assumption largely confirm
results from prior models (Holsheimer, 1998; Ladenbauer et al., 2010; Lempka et al., 2015;
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Miranda et al., 2016), and hardly capture the range of electrode configurations available;
none-the-less they serve to show conventional notions of activating function are untenable in
scaling dose between animal and human trials.

The quasi-uniform assumption in translational animal research

The quasi-uniform assumption (Bikson et al., 2015, 2013) is based on a proportional
relationship between neuronal excitation and the local electric field magnitude (Arlotti et al.,
2012; Rahman et al., 2013; Rubinstein, 1993; Tranchina and Nicholson, 1986). To the extent
investigators aim to quantitively match tissue-level measures of electrical potency across
human and animal models, the quasi-uniform assumption is required in translational animal
studies of SCS. During SCS, the electric field varies in a complex manner across the spine
(Fig. 1). It is not technically feasible in animal or brain slice studies to replicate the electric
field in all regions of the spinal cord — since doing so would require applying a stimulation
dose in given animal model that reproduces the voltage distribution across an arbitrarily
large number of neuronal elements exactly as produced in human stimulation (despite gross
difference in anatomy and cellular morphology). Since this is practically impossible, the
solution is to select a clinical region of interest (e.g. dorsal horn at one segment level),
predict the clinical electric field in that region of the spine, and then to replicate that electric
field in an analogous region of the animal model. In selecting one electric field in a region of
interest, the quasi-uniform assumption is applied. This approach was rigorously (implicitly)
applied for an ex vivo mouse SCS model (ldlett et al., 2019).

There are two general alternatives to leveraging the quasi-uniform assumption. The first
alternative is to scale electrode size and/or current applied by a factor related to an arbitrary
measure of animal size. For example, using a 50-fold smaller electrode and/or 50-fold less
current. But such approaches are not expected to produce comparable neuromodulation and
are only as principled as the arbitrary scaling factors. It is not prudent to apply “smaller”
stimulation (a smaller electrode and reduced applied current) heuristically because the
resulting electric field may not be clinically meaningful in humans. The second alternative
is, using an arbitrary electrode geometry, to titrate current intensity to produce an overt
physiological response in an animal model — for example a motor response. This approach is
underpinned by the assumption that grossly reproducing an overt physiological response that
can be related to a clinical side-effect (e.g. motor twitch), will also reproduce a
neuromodulation outcome in regard to a behavioral endpoint (e.g. reduction in pain)
comparable to clinical SCS. This is only the case when the overt physiological outcome is
the same pathway are the behavioral outcome or when the two are coincidentally related.
Instead, one could identify the neuronal elements (e.g. dorsal column axon collaterals) that
presumably underlie the desired behavioral outcome in humans (e.g. reduction in pain), and
then provide stimulation in animal models to activate those same neuronal elements. This
process therefore approximate tissue level influence which, for the reasons stated above,
requires the quasi-uniform assumption.

The process of applying the quasi-uniform assumption is therefore: 1) identify the candidate
neuronal element presumed responsible for the clinical outcome of interest; 2) using
computational FEM model of current flow, simulate SCS dose in human (Fig. 1) to predict
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the peak electric field magnitude on those elements; 3) select a practical electrode geometry
to be used in an animal model; 4) simulate the intensity applied to that electrode geometry to
produce in the comparable neuronal element in the animal model as the electric field
generated clinically (Fig. 1). For example, using the dorsal column as putative targets, for
the specific electrode geometries considered in human and animal, we propose an intensity
scaling factor of 17X and 1X to rat and cat. This workflow has limitations. Selecting which
neuronal elements are relevant is an assumption, but a principled one that supports
hypothesis testing. Special care is required in applying invasive micro-electrode stimulation
in animal studies precisely because they produce highly non-uniform fields near the
electrodes which may produce local activation unrelated to the neuronal elements of
translational interest.

The quasi-uniform assumption as a general marker of neurostimulation

There is a long-standing theoretical consideration of the role of electric field change along
neuronal compartments, rather than simply electric field magnitude, to predict neuronal
activation (Basser and Roth, 2000; Brocker and Grill, 2013; Ranck, 1975; Reilly et al.,
1985). These conclusions derive from considering of long, uniform, straight peripheral
axons subject to stimulation with proximal micro-electrodes (Frijns et al., 1994; Rubinstein
and Spelman, 1988). This formalism has been extended to more complex neuronal
geometries and macro-electrode, including epidural spinal cord stimulation (Graham et al.,
2019; Holsheimer, 1998; Howell et al., 2014; Kent et al., 2014; Khadka et al., 2019; Lee et
al., 2011). But it is well accepted that an axon termination or bend (Arlotti et al., 2012;
Chakraborty et al., 2018; McNeal, 1976; Mourdoukoutas et al., 2018; Rubinstein, 1993;
Tranchina and Nicholson, 1986), an axon traversing tissues of sufficient different resistivities
(Capogrosso et al., 2013; Danner et al., 2011; Ladenbauer et al., 2010; Miranda et al., 2007;
Mourdoukoutas et al., 2018; Rattay et al., 2000; Struijk et al., 1993), and overall compact
neuronal structures (Aberra et al., 2018; Chan et al., 1988; Radman et al., 2009b, 2009a;
Struijk et al., 1993; Tranchina and Nicholson, 1986) will all effectively respond to the local
electric field magnitude. Coburn (1985) notes “sharp turns in the path of the fiber itself can
be equally influential [to extracellular potential changes] (Coburn, 1985)”. Similarly noted is
a characteristic feature of “dorsal column nerves fibers is the presence of myelinated
collaterals perpendicular to the rostro-caudal fibers” such that activation by SCS is
“significantly influenced by the presence of the collateral” (Struijk et al., 1992).
Foundational texts on stimulation emphasize regions of curvature (e.g. bending of the spinal
root) and changes in tissue environment (e.g. axons crossing from cerebrospinal fluid to
white matter, or into the epidural space and vertebral bone) produce effective sensitivity to
electric field magnitude (Rattay et al., 2000). The more detailed model precision, the more
electric field magnitude dependent effects emerge. Finally, it is not simply that terminal
polarization, bends, and other changes in morphology or environment track electric field
magnitude, but to the extent that these regions are then the most sensitive to stimulation, they
will determine activation threshold for the entire neuron.

Indeed, detailed experimental analysis of central stimulation in animals supports electric
field-based mechanism. This includes /n vivo data evaluation that the threshold current as a
function of distance from stimulation electrode, where increase in threshold with the square
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of distance is consistent with electric field-based stimulation (Nowak and Bullier, 1996).
This distance-threshold relationship is remarkably accurate and reproduced across CNS
structures (Armstrong et al., 1973; Hentall et al., 1984; Marcus et al., 1979; Nowak and
Bullier, 1996; Stoney et al., 1968), including spinal cord (Gustafsson and Jankowska, 1976;
Jankowska and Roberts, 1972; Joucla et al., 2012; Stoney et al., 1968). This relationship is
so well established that it has been used for decades, to characterize the cellular targets of
stimulation (e.g. the “k” value; (Armstrong et al., 1973; Hentall et al., 1984; Kubin and
Davies, 1988; Marcus et al., 1979; Nowak and Bullier, 1996; Yeomans et al., 1986)).
Additionally, decades of in vitro data applying uniform electric field (with zero electric field
gradient) have characterized neuromodulation including oscillations, synaptic processing,
and plasticity (Bikson et al., 2004; Kronberg et al., 2017). Trancutaneous spinal cord
stimulation may also rely on locally uniform electric fields (Danner et al., 2011; Lesperance
et al., 2018; Priori et al., 2014).

Model driven optimization for non-invasive electrical stimulation has almost universally
relied (implicitly) on the quasi-uniform assumption, including models for transcranial Direct
Current Stimulation (tDCS; (Datta et al., 2009; Dmochowski et al., 2011)), transcranial
Alternating Current Stimulation (tACS; (Rampersad et al., 2019; Reato et al., 2010)), and
Transcranial Magnetic Stimulation (TMS; (Gomez et al., 2018; Thielscher et al., 2011)),
Electroconvulsive Therapy (ECT; (Bai et al., 2017, 2012; Lee et al., 2016)) - with few
notable deviations (Miranda et al., 2007; Salvador et al., 2011). In modeling deep brain
stimulation, the quasi-uniform assumption has been leveraged (Astrom et al., 2015;
Chaturvedi et al., 2010; Cubo et al., 2019) in cases of constrained optimization methodology
or to avoid computational complexity (e.g. software for clinical practice). In most
computational model of Spinal Cord Stimulation, non-uniform electric field is coupled to
neuron morphology (Holsheimer, 2002; Lempka et al., 2019), though optimization or
validation of new SCS approaches can rely on (quasi-uniform) electric field distribution.
(Anderson et al., 2019; Coburn, 1985; Hernandez-Labrado et al., 2011; Huang et al., 2014)

Inevitability of the quasi-uniform in translational animal models

None of this discussion should be taken to diminish the value of detailed SCS modeling
which has become increasingly complex from pioneering work by Holsheimer and
colleagues (Holsheimer and Struijk, 1991; Holsheimer and Wesselink, 1997) and Coburn
and colleagues (Coburn, 1985, 1980) to contemporary efforts (Dura et al., 2019; Lempka et
al., 2019, 2015; Min et al., 2014; Xu et al., 2017). When the functional models are used to
prescribe optimal dose, it is an open question of how much does the detailed model verse
(quasi-uniform) electric field-based analyses lead to distinct outcomes? With the latter
lending themselves to closed-form (linear) optimization (Dmochowski et al., 2011) and fast
(clinician toolbox) stimulation. Regardless, the scope of this paper is limited to consider the
use of the quasi-uniform assumption in translational animal research. This, while the broader
discussion about when polarization by electric field magnitude is relevant, we posit that the
quasi-uniform assumption is not simply a principled, but an inevitable concept if tissue level
electrical forces are to be rationally matched across specifics using computational models.
As discussed, modeling and experimental studies support that in a complex ‘soup’
morphology, electric field magnitude indeed predicts maximal polarization (e.g. EA; (Rattay,
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1986)) including compact neuron polarization (Joucla and Yvert, 2009), axon terminations
(synapse) and bends (e.g. at roots). In any case, it is practically impossible to replicate SCS
electric field changes across even a single hypothetical spinal neuron between species —
much less across the entire population of neurons — make the quasi-uniform assumption a
technical necessity in those translational animal models that want to relate tissue level
measures of stimulation intensity. Ultimately, the question of when and how electric field
magnitude can be used as a surrogate for neuromodulation efficacy in SCS is a broad and
ambitious question, and the argument of this paper is only to present the quasi-uniform
assumption as one tool to support meaningful translational studies on SCS.
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Figure 1: Evaluation of the quasi-uniform assumption for SCS including brain slice, rat, cat,
human, and clinical current flow simulation.

We developed computer-aided design (CAD) model of a slice chamber, and a realistic MRI
driven computational models of rat, cat, and human and predicted electric field and voltage
across tissue. (A1) illustrates brain slice chamber with two parallel stimulating wires. (B1,
C1) corresponding predicted peak voltage (0.22 V) and electric field intensity (0.01 V/mm)
for the brain slice chamber in Al. (A2) MRI slice of a rat image with a SCS lead positioned
epidurally along the lower cervical region. Segmented spinal cord tissues of the rat model
(B2). (C2, D2) Cross-section view of predicted electric field and electric field streamlines
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plotted around the stimulating electrode contacts. (E2, F2) shows predicted peak electric
field around the lead (epidural space: 20 V/mm) and the spinal cord (1.02 V/mm)
respectively. (A3, B3, C3, D3, E3, F3) illustrates SCS lead positioning, segmentation, and
electric field prediction in a cat FEM model. (A4) represents SCS lead positioning at the
cervical vertebrae of a human FEM model. (B4) represents spinal cord tissue segmentation.
(C4, E4) shows electric field distribution across spinal tissues. (D4) illustrates uniformly
seeded electric field streamlines from the leads to the spinal cord (peak: 0.06 VV/mm). (F4)
represents predicted electric field in the epidural space (peak: 15 V/mm) and other
peripheral spinal tissues. The key take-away of these predictions is not simply that peak
electric field varies across species but that the spatial distribution of the electric field is
complex and species specific, such that the electric field across species can only be matched
in a selected ROI, not across all the spinal cord.
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