1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access

a8 & Author Manuscript
st

NATIG,
fly

Published in final edited form as:
Brain Stimul. 2013 July ; 6(4): 704-705. doi:10.1016/j.brs.2012.11.005.

The “quasi-uniform” assumption in animal and computational
models of non-invasive electrical stimulation

Marom Bikson, Jacek Dmochowski, and Asif Rahman

Transcranial stimulation encompasses all non-invasive brain stimulation techniques where
electrical current is generated or induced in the brain for experimental or therapeutic
purposes using scalp electrodes or magnetic coils. Each modality (e.g. transcranial current
stimulation, cranial electrotherapy stimulation, transcranial magnetic stimulation,
electroconvulsive therapy) produces a spatiotemporal pattern of electric current flow in the
brain that then determines neurophysiological response. Due to the relatively large
separation between electrode/coil and stimulated tissue, the target region is often in the “far-
field” of the electric field. Thus, unlike stimulation with implanted electrodes, the gradient
of the electric field is limited in the vicinity of the brain target.

Computational models of transcranial stimulation predict brain current flow patterns for
dose optimization. Translational animal models aim at elucidating the cellular mechanisms
of neuromodulation. Here we identify and define a ubiquitous assumption underlying both
computational and animal models, referred to herein as the “quasi-uniform assumption”.
Though we attempt to rationalize the biophysical plausibility for the quasi-uniform
assumption based on the limited electric field gradients generated during stimulation, our
goal is neither to justify nor repudiate it, but rather emphasize its implicit use in a majority
of modeling and animal studies.

The quasi-uniform assumption states that local polarization in a target region is proportional
to the local electric field magnitude (EF): Polarization(target)oEF(target). This assumption
is not trivial because membrane polarization has long been linked to the change in electric
field, via the so-called “activating function”. However, it is well known that in a uniform
electric field, where by definition the electric field gradient is zero, membrane compartments
may polarize linearly with electric field (see below). The term “quasi-uniform” implies that
the spatial gradient of electric field is locally negligible (within a brain region) to bring
about changes in membrane polarization, and thus local membrane polarization is
determined by electric field. The electric field may vary globally across brain regions, thus
determining which targets are preferentially polarized. The general quasi-uniform
assumption is that polarization is linear with electric field magnitude for each target with
comparable sensitivity: Polarization(target)=a EF(target), where a is fixed across targets and
EF is the local electric field at each target. The general assumption ignores regional
differences in morphology, biophysics, and function, but may be a reasonable first
approximation when considering cortex.

Because any neuromodulation, and resulting cognitive/behavioral changes, are assumed to
follow from membrane polarization, the extent of polarization indicates the probability of a
region to be influenced by the stimulation. Certainly, “neuromodulation” encompasses a
broad swath of potential acute and plastic changes, and is dependent not only on polarization
but also endogenous factors such as ongoing (patho)physiological neuronal activity.
Changes may even be non-monotonic with polarization level. Nonetheless, membrane
polarization remains the only known biophysical mechanism of action for transcranial
stimulation modalities.
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In this letter we establish the ubiquity of the quasi-uniform assumption rather than address
the more complex issue of its justification and limitation; nevertheless, some explication is
useful. During transcranial stimulation, the generated electric field changes incrementally
over space (compared to the space constant of the neuronal membrane) such that the
resulting membrane polarization of any given neuronal segment is approximated by the local
electric field.

For example, if we consider the electric field generation around the initial segment of a
cortico-spinal axon, the same segment would respond similarly (e.g. trigger an action
potential) to a uniform electric field of comparable magnitude. More generally, the electric
field is assumed to change incrementally on the scale of a neuron or cortical column. Thus,
on the scale of a neuron, any electric field gradients are not significant in the sense of
contributing to neuronal polarization. This assumption of functionally negligible electric
field gradient is reasonable for transcranial electrical/magnetic stimulation, which uses
macro-scalp electrodes or coils at a distance from the brain (Datta et. al. 2009; Faria et. al.
2011). To be clear, it is not assumed that the electric field is uniform across the entire brain.

The two key implications of the quasi-uniform assumption are then:

1. The quasi-uniform assumption is required in translational animal studies of
transcranial stimulation. During transcranial stimulation, the electric field varies in
a complex manner across the brain. It is not technically feasible in animal or brain
slice studies to replicate the electric field in all brain regions. The solution is to
select a clinical region of interest (e.g. a cortical target), predict the generated
electric field in that region of the human brain, and then to replicate that electric
field in an analogous region of the animal brain. In selecting one electric field, the
quasi-uniform assumption is applied. Whether interpreting classic animal studies or
planning meaningful translational studies, the quasi-uniform assumption is
inevitable.

Animal studies are only meaningful if a controlled (known) electric field is
generated. It is not prudent to heuristically apply “smaller” stimulation (e.g. a
smaller electrode/coil and reduced applied current) because the resulting brain
electric field may not be clinically meaningful in humans. The use of large parallel
wires in brain slice studies generates a uniform electric field with controlled
orientation. In general, it is preferred to avoid invasive micro-electrode stimulation
in animal studies precisely because they produce highly non-uniform fields near the
electrodes.

2. From classic concentric-sphere approximations (Rush and Driscoll 1968) to
modern MRI-derived Finite Element Method simulations (Datta et al. 2009; Faria
2011), forward models represent the influence of stimulation by electric field, or
equivalently by current density. By representing electric field/current density, these
approaches imply that local electric field/current density provides some
approximation of neuromodulation, and so rely on the quasi-uniform assumption.
For cortical modulation, the electric field may be decomposed into radial and
tangential components.

Ina ‘soup’ of non-compact, bending, and terminating processes (axons, dendrites),
the electric field may indicate maximal polarization (EA; Rattay 1986), while
compact neuron polarization will also track electric field (Joucla and Yvert 2009).
Straight axonal processes extending beyond the quasi-uniform area may be
influenced by changing electric fields (Miranda et. al. 2007; Salvador et. al. 2011),
but local terminations and bends will polarize with electric field. Certainly, the
quasi-uniform electric field representation is only a first step toward predicting the
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effects of non-invasive stimulation of the brain, which is a nonlinear, non-
stationary, and coupled system. When representing the spatial influence of
transcranial stimulation by the electric field (current density), the quasi-uniform
assumption is implied.

Though computational models and animal studies are not explicitly linked, they inform each
other. For example, the cellular mechanisms of stimulation are characterized in brain slice
studies using uniform fields (Bikson et. al. 2004). Conversely, the electric fields predicted
by forward models are the input for animal studies (Marquez-Ruiz, Miranda 2012). Animal
and computational studies will continue to inform clinical practice; in interpreting published
studies and in ongoing research, the quasi-uniform assumption is ubiquitous.
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