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Abstract

Epidural cortical stimulation (ECS) is a developing ther apy for many
neurological disorders. However, the mechanisms by which ECS has its effects are
unknown, and this lack of understanding has limited the development and optimization
of this promising therapy . This dissertation investigates the effects of ECSon the
neurons in the cortex and how these effects vary with electrode geometry and location
as well as the electrical and geometrical properties of the anatomy.

The effects of ECS on cortical newons were investigated using a three
dimensional computatio nal model of the human precentral gyrus and surrounding
anatomy. An epidural electrode was placed above the gyrus, and the model was solved
using the finite element method. The outputs of the model included distributions of
electric potential, the second gatial derivative of potential ( activating function ), and
current density. The distributions of electric potential were coupled to compartmental
models of cortical nheurons to quantify the effects of ECS on cortical neurons. A
sensitivity analysis was perfo rmed to assess how thresholds and distributions of
activating function were impacted by changes in the geometrical and electrical
properties of the model. In vivo experiments of epidural electrical stimulation of cat
motor cortex were performed to measurethe effects of stimulation parameters and
electrode location on thresholds for evoking motor responses.

During ECS, the region of cortex directly underneath the electrode was activated

at the lowest thresholds, and neurons deep in the sulcus could not be directly activated
v



without coactivation of neurons located on the crowns or lips of the gyri. The thresholds
for excitation of cortical neurons depended on stimulation polarity as well asthe
orientation and position of the neurons with respect to the elect rode. In addition , the
patterns and spatial extent of activation were influenced by the geometry of the cortex
and surrounding layers, the dimensions of the electrodes, and the positioning of the
lead. In vivo thresholds for evoking motor responses were dependent on electrode
location and stimulation polarity, and bipolar thresholds were often different from
monopolar thresholds through the respective anode and cathode individually. The
effects of stimulation polarity and electrode location on thresholds fo r evoking motor
responses paralleled results of the computational model. Experimental evidence of
indirect effects of ECS, mediated by synaptic interactions between neural elements,
revealed an opportunity for further development of the computational model . The
outcome of this dissertation is an improved understanding of the factors that influence
the effects of ECS on cortical neurons, and this knowledge will help facilitate the rational

implantation and programming of ECS systems.
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1. Introduction

This chapter has been previously published and is used with permission
(Wongsarnpigoon and Grill 2009).

Cortical stimulation is a developing therapy for the treatment of various
disorders: pain (Tsubokawa et al.1991; Nguyen et al.1998; Raschest al.2006; Yamamoto
et al.2007; Andersonet al.2009; Lefaucheuret al.2009; Velascecet al.2009; Saka<t al.
2010); movement disorders (Katayamaet al.2002; Kleiner-Fisman et al.2003), such as
akinesia (Tani et al.2007), dystonia (Romito et al.2007; Pagniet al.2008), tremor (Nguyen
et al.1998), myoclonus (Franzinietal.l YY+ AWEOEw/ EUODOU ét@R2004EDUT EUT 1
Pagni et al.2008; Gutierrezet al.2009); tinnitus (De Ridder et al.2007); depression (Nahas
et al.2009); aphasia (Cherneyet al.2010); and as an adjunct to stroke rehabilitation
(Brown et al.2003; Kleim et al.2003; Plautzet al.2003; Teskeyet al.2003; Adkins et al.
2006; Lew et al.2008).Electrical stimulation of the cortex can be achieved through
transcranial direct current stimulation (tDCS; through the scalp and skull), epidural
cortical stimulation (ECS; electrode placed below the skull and above the dura mater)
and subdural stimulation (electrode placed below the dura). ECS is an attractive form of
cortical stimulation because it can target specific regions of the cortex more effectively
than tDCS while being less invasive than subdural stimulation. ECS may be a viable
alternative to deep brain stimulation (DBS), which is known to cause behavioral side

effects (Bejjaniet al 1999; Houetoet al 2002) and requires extensive surgical training to



learn how to implant the lead. Also, the invasiveness of DBS precludes certain
individuals from receiving the therapy, and ECS may be a more tolerable alternative.

The mechanisms by which ECS has its therapeutic effects are unclear. The
distributions of electric field and the spread of current during ECS cannot be easily
predicted because the cortex and the surrounding anatomy have irregular geometries
and inhomogeneous and anisotropic electrical properties. Also, because cortical neurons
vary in shape, size, location and orientation, it is not clear how they are affected by the
electric field and current. In addition, cortical neurons are highly interconnected with
neurons located in other cortical areas, subcortical structures, or the spinal cord. This
lack of understanding of the mechanisms of ECS will limit the full development of this
promising treatment. The objective of this dissertation was to use computational
modeling to improve the understanding of how ECS affects cortical neurons and how
these effects vary with the anatomy of the brain and the geometry of the electrode.

The goal of this introductory chapter is to introduce the fundamental principles
of neural stimulation and how they relate to ECS. First, the anatomy relevant to ECS will
be discussed.Then, the electromagnetic principles behind the electric fields generated
during cortical stimulation will be introduced. Finally, the properties of neuronal
stimulation will be examined to determine how the neuronal elements in the cortex are

influenced by stimulation parameters.



1.1 Anatomy of the Cerebral Cortex
1.1.1 Prop erties of Cortical Neurons

Although neurons have the same basic componenty soma, dendrites, and
axons| neurons can vary greatly in shape, size, and function, particularly in the cortex.
Also, cortical neurons are located at different depths within the corte x. These differences
among cortical neurons make it difficult to predict which neurons are stimulated during
ECS and what the effect(s) of stimulation will be.

Cortical neurons can be divided into two general groups: pyramidal cells (PCs)
and local interneurons (INs). PCsrepresent 7580% of the neurons in the cortex and are
located only at specific depths within the cortex. INs, on the other hand, can be found
throughout the cortex and make up the remaining 20 -25% of the neurons in the cortex
(Kandel et al 2000).Also known as projection neurons, PCssend excitatory signals
across layers orout from the cortex to subcortical targets. While some INs are also
excitatory, most are inhibitory and only target nearby cortical cells.

The neurons of the cortex canbe classified by their shape.All PCshave the same
basic structure: a conical soma, a single apical dendrite that rises up towards the surface
of the cortex and branches along the way, basal dendrites that project laterally or down
from the soma, and axons that project down from the soma away from the surface
(Figure 1.1 a-b). Among INs, the morphologies of the somas, dendrites, and axms are

highly variable, but INs can be classified through their axonal features (Figure 11 c-e).



For example, one type o IN known as a basket cell is known for its axon arborizations
that seem to form baskets around the somas ofPCs
Within and among classes of cortical neuron, the sizes of the neurons vary.The
(Feldman 1984; Nolte 2002).The largestPCsare known as Betz cells and can be found in
layer 5 of the motor cortex. The diameters of the somas ofINs also vary, though not
guite as much as amongPCs. For example, the diameters of the sonas of basket cells
range from 154 Y w4 Owp) O O1 U wE Oricgeneral Gifardeiers faf)thel $omas of all
dendrites can also vary. The diameters of the axons ofPCsrange from 0.5-tuws OOWE OE wUT 1
diameter is directly proportional to the diameter of the soma. The diameters of the apical
Even larger are the dendrites of basket cells, which can rangefrom 5-tuy ws Owb OwEDE Ol Ul
(Jones and Hendry 1984) Although the diameters of the somas, axons, and dendrites of
some INs are greater than or equal to those of thePCs, the lengths of the dendrites and
axons are usually much greater in pyramidal cells. For example, the apical dendrites of
Betz cells span almost the entire width of the cortex (24 mm) while the axons are even
longer, connecting the cortex to the spinal cord. On the other hand, with a few
exceptions the dendrites and axons of local INs are geneally much shorter.
The synaptic inputs to the different classes of cortical neurons vary greatly. Most

often, excitatory inputs are received at dendrites (Sloper 1973; Ichikawaet al 1985;
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Kaneko et al 1994; Kimuraet al 1994; Kanekoet al 2000) while inhibitory inputs are
received at the somas and axons (Peters and Kaisermasibramof 1970; DeFelipeet al
1985; Peterset al 1991).PCsoften deliver excitatory inputs to one another, for instance,
layer 3 PCsto layer 5 PCs(Kaneko et al 2000), or fromone functional cortical area to
another (DeFelipe and Farinas 1992)However, INs rarely make direct connections onto
one another (Markram et al 2004).A great deal of connectivity exists between PCsand
INs. PCsreceive inhibitory input from many differ ent classes ofiNs and deliver
excitatory inputs to a greater number of classes (Markram et al 2004).Finally, cortical
neurons receive inputs from subcortical structures, most notably from thalamus, which

projects to PCs(Ichikawa et al 1985 and INs (Lund 1984).

1.1.2 Physical properties and functional organization of the cerebral
cortex

The human cerebral cortex is physically convoluted, with numerous folds and
grooves. The ridges in the cortex are known as gyri (singular: gyrus), while the crevices
separating the gyri are known as sulci (sing ular: sulcus). On the surface of the cortex is a
layer of gray matter, usually about 2 -4 mm thick (Kandel et al 2000). The gray matter
can be subdivided into six layers with layer 1 being the most superficial layer and layer
6 the deepest layer.These layers are distinguished by the presence of specific types of
cells and neural elements. The laminar structure of the gray matter can be seen in all
regions of the cortex, although some regions of the cortex vary slightly. For instance,

layer 4 is not present in the motor cortex but is quite prominent in the visual cortex.



Beneath the gray matter, the white matter forms the bulk of the cerebral hemispheres
and is composed of myelinated axons (Figure 1.2).

During ECS, the electrode is placed over the area of the cortex corresponding to
the disorder being treated. For example, during treatment of movement disorders,
stimulation is delivered to the area of the cortex known as the primary motor cortex,
which is responsible for executing and controlling motor functions. Not only is the
cortex organized into distinct functional regions, but also many functional regions are
organized topographically. The motor areas are organized such that neurons that control
specific parts of the body are grouped together. As a result, the motor cortex contains a
motor map of the entire body. Similarly, the body can be mapped to areas of the sensory
cortex, which is responsible for processing tactile sensation. The different levels of
function al organization within the cortex provide precise targets for ECS to treat various
neurological disorders.

In sum, the geometry of the cortex is complex and inhomogeneous at both the
macro (gyri, sulci, laminar structure) and micro (cellular) levels, which make predicting

the effects of ECS difficult.

1.2 The Two -piece Problem

Determining the response of cortical neurons to ECS can be thought of as a twe
piece problem. First, the distributions of electric field and current density generated in

the brain during ECS must be calculated.Second, the effects of the generated electric



fields on different neurons in the cortex must be determined. It is important to

understand both pieces of the problem to optimize the delivery of ECS.

1.2.1 Generation of Electric Fields
1.2.1.1Principles of electromagnetism

During neural stimulation, an electric field is generated by the electrode and
exerts forces on charged particles (ions) in the body. The electric field indicates the
magnitude and direction of the force that i s experienced by a unit of charge. Another
measure known as current density describes the rate and direction of the flow of charge.
The relationship between the electric field and current density in a conductive medium
PUwWOOOPOWEUw. T Oz U hetniost haBipfinciplds af @1€ctramégnatidin:

J=sE (1)
where Jis the current density, his the conductivity of the medium in which the electric
field is applied, and E is the electric field. The conductivity of a medium is directly
proportional to how easily charge can flow through it. Every material in the body |

blood, bone, fat, etc| has aunique conductivity.



Consider a current source located at a point (point source) in a conductive
medium. The current source produces a constant currentl, and the medium has
conductivity b. Whenever current passes through a conductive material, there is a
change in electric potential, 7. If 7 is assumed to be 0 at a point infinitely far away from
Ul 1T wEUUUI OUwUOUUET OwUT 1 Owkpl wEE OWEf adyhereini UOOw. |
space:

I
4psr

f= )

where r is the distance from the current source. We can make three observations from
this expression: 1) asl is increased, f will also increase, 2) f will increase as we get closer
to the current source (i.e, asr gets smaller), and 3) 7 will increase if the conductivity
decreases.These relationships would also hold if a voltage source were used instead of a
current source. When there is more than one current source, f can be found by using the
principle of superposition. That is, 7 can be found at any point in the conductive
medium by calculat ing the potential generated by each current source separately and
then adding them together.

Now we will consider a current source located in inhomogeneous media, in
other words, a volume composed of different media with different conductivities. In this
case, equation (2) no longer applies because the current and electric field in each
medium are influenced by the presence of the other media. To determine 7, we must

analyze what happens at the boundaries between media. Consider the simple case of a



YOOUOT WwEOOxOUI EwOi wUPOwWOI EDPE aandrheliam2ithuwbp DUT WE O

E O OE U E G.oheddientialst a point on the boundary between the media must be the

same regardless of whether we approach it from medium 1 or medium 2, i.e, the
potential must be continuous. If fP1T Ul WEPUEOOUPOUOUUOwWUT 1 OWEEEOUE
current would flow across the boundary. However, since the boundary has zero
thickness, this current would have to be infinitely large, which is physically impossible.
Another condition that must hold at any point on the boundary is continuity of current.
In other words, the normal component of the current that flows into a point on the
boundary from one medium must equal the normal component of the current that flows
out of the point in the other medium. 31T 1 Ul w? EOUOEEVa WwEOOEDPUDPOOU> wE]
derive the equations for the potential in either medium, which are quite different from
equation (2). With additional media, each boundary between media must be analyzed in
the same way, resulting in increasingly complicated equations for the potential.
If current only passed through a single medium with uniform conductivity
during ECS, then calculating potentials in the cortex would be a fairly trivial matter. In
reality, current flows through many different media. Consider how current reaches the
brain during monopolar anodic ( i.e, positive current or voltage) stimulation. Current
leaves the anode,passes through the dura mater, enters the cerebrospinal fluid (CSF),

and flows into the cortex. Also influencing the flow of current is the anatomy

surrounding the cortex, including the skull and white matter. To determine the electric



fields generated during ECS, the conductive properties of the different media in the

head must be analyzed.

1.2.12 Conductive properties of anatomical structures involved in ECS

The different structures in and around the cortex have inhomogeneous and
anisotropic electrical properties (Table 1). The structure in the vicinity of the cortex with
the lowest conductivity is the skull. The conductivity is so low that very little current
travels through it during ECS, and it acts essentially as an electric insulator. Below the
skull is the dura mater, which is much more conductive than the skull but still less
conductive than the deeper layers in the head. The CSF, composed primarily of water
and ions, is highly conductive. The cerebral hemispheres are inhomogeneous; the gray
matter and white matter have different conductive properties due to their different
compositions. Like the other layers, the gray matter is isotropic, meaning that the
conductivity is the same in all directions. The white matter, on the other hand, is
anisotropi ¢ because the axons that make up the white matter are highly oriented
perpendicular to the surface of the cortex. Since current prefers to flow parallel to these
fibers, the conductivity in the white matter is greater in this direction than in other
directions.

So far, the capacitive and inductive properties of the tissue have been ignored.
Equation (2) implies that if | changes over time, then 7 can still be described by the
eguation at any instant in time. This is known as the quasistatic approximationWhen the

capacitive and inductive components are taken into account, the conductivity and,
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consequently, f become dependent on the frequency ofl. The frequency in this context
refers not to the rate at which each pulse is delivered (stimulation frequency) but rather
to the frequency content of each individual pulse. For instance, a single rectangular
pulse can be decomposed into an infinite number of sinusoidal waves that span the
entire spectrum of frequencies.

Because the current delivered during ECS andother forms of neural stimulation
are almost never constant (d.c.) signals, it is not obvious whether the quasistatic
approximation is valid. If the approximation is inaccurate and the capacitive and
inductive effects must be taken into account, then calculating potentials becomes much
more arduous. Fortunately, it has been shown using typical stimulation parameters
under physiologically realistic conditions that the potentials generated during neural

stimulation are estimated well by the quasi -static approximation (Bossetti et al 2008).

1.2.1.3 Properties of epidural electrodes

Up to this point, we have only considered point sources, which only represent
well microelectrodes with sharp tips. Now the properties of electrodes with realistic
geometries will be examined. The shape, size, and configuration of the electrodes have a
significant effect on the electric fields that are generated. Epidural leads are composed of
a thin insulating substrate in which one or more metal electrodesare embedded.
Electrical stimulation is delivered through these eledrodes, usually thin metal discs
arranged in various configurations in the substrate. The discs generate potentials in a

spatial pattern that is different from that of a point source (Wiley and Webster 1982)
11



(Figure 1.3). In fact, any unique contact shape will produce a distinct spatial pattern of
potential.

Related to the spatial pattern of potential is the distribution of current density.
Current flows away from an anode (or towards a cathode) and decreases in magnitude
with increasing distance. The magnitude of the current density is greatest beneath the
perimeter of the electrode, a phenomenon known as edge effe¢Rubinstein et al 1987).
The current density becomes more uniform further from the electrode, an d the size and
shape of the electrode determines how far beneath the electrode the edge effects can be

seen.

1.2.1.4Electrode-tissue Interface

Charge is carried by electrons in electrical circuits while in the body it is carried
by ions. During neural sti mulation, a transition takes place from the flow of electrons in
the pulse generator to the flow of ions in the body, which is accomplished via
electrochemical reactions that occur at the electrodetissue interface. A simple model of
these reactions, whichare seen at both the working and return electrodes, is a resistor
and capacitor in parallel, representing faradaic reactions and double layer capacitance,

respectively.

1.2.1.5Regulated Current vs. Regulated Voltage Stimulation

If a simple circuit model of ECSis analyzed, then the effects of the electrode
tissue interface on the output of the electrode can be observed (Figurel.4). We are

interested in the current that passes through the tissue, lissug Since this current is the
12



source that generates pdentials in the cortex (i.e, equation (2)) and causes neuronal
polarization.

Neural stimulators generate stimuli that are either voltage -regulated or current -
regulated. Regardless of the electrodetissue interface and impedance of the tissue, if the
stimulus is voltage-regulated, then the voltage from the stimulator, Vsim, can be
controlled precisely. Likewise, the current output, Isim, can be controlled when using
current-regulated stimuli. Although the difference between these methods of regulating
stimulation does not appear to be significant, in fact, they have a substantial effect on
lissue SUPPOSE arectangular pulse is delivered using current-regulated stimulation
(Figure 1.5a). A simple analysis of the circuit reveals that Isim = lissug i.€.,, the same
rectangular pulse will pass through the tissue. Now suppose a rectangular pulse is
delivered using voltage-regulated stimulation (Figure 1.5 b). Because of the electrode
tissue interface, the pulse is no longerrectangular when it reaches the tissue.Instead, as
a result of the charging and discharging of the capacitance at the electrode tissue
interface(s), kissue jumps on the rising and falling phases of the rectangular pulse and
decays to a steadystate value. This lack of control of | tssue When using voltage-regulated
stimulation is a reason why many neural stimulators employ current -regulated

stimulation.

1.2.16 Electrical circuit models of neuronal fibers

Before the distributions of electric potential generated by ECS and their effects on

cortical neurons are analyzed, it is necessary to examine electrical circuit models of
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neuronal fibers. Axons and dendrites are often modeled as simple fluid -filled fibers

using the core-conductor model, also known as the cable model. In this model, axial
symmetry is assumed: the potential inside and outside the fiber only varies along the
length of the fiber and does not vary with the angle from the axis of the fiber. As a result,
the cable model reduces to a onedimensional model. An equivalent electrical circuit to
the membrane is a resistor, representing the ion channels, in parallel with a capacitor,
representing the lipid bilayer. The intracellular fluid can be represented as a resistor as
well. Using these equivalent electrical circuits, a distribute d electrical circuit model can

be constructed, where we assume that the fiber is composed of a series of interconnected
compartments that represent different points along the length of the fiber (Figure 1.6).

By analyzing this distributed electrical circui t model, an equation can be derived
that describes the membrane potential along the entire length of the fiber. At each point
within the fiber, current can flow through the fiber (intracellular current) as well as
through the membrane and out of the fiber (membrane current). The net current flowing
DPOUOWEOawx OPOUWPOWEOwWI Ol EUUPEEOQWEDPUEUDPUwWOUU U wI
difference in intracellular current flowing into and out of the point must equal the

membrane current. In other words,

w_.i:im 3)
X

where x is length along the axon, ii is intracellular current per unit length, and imis

A 2NN o~
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where riis intracellular resistance per unit length and Vi is intracellular voltage . If we
define transmembrane voltage (Vm) as

Vm=Vit Ve  (5)
where Velis the extracellular voltage, then (4) becomes

PRIV

(6).
L ¥ S 8
Substituting (6) into (3) results in
1A, W,
Im:_(u 26+|“l 2m) (7)
KX HX

im is also equalto the sum of the currents flowing through the ion channels and lipid

bilayer of the membrane:

A
+c —T 8
T

where rm is membrane resistancetimes unit length, cnis membrane capacitance per unit
length, and t is time. Equating (8) with (7) and rearranging variables results in the cable

equation (Plonsey and Barr 2000):

\£+C IJ'Vm - 1“2\/“”' :1“2\/6

N N S S

9

If extracellular stimulation is not applied, then we assume thatVeis a constant and

éVey €80.
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Equation (9) applies for most parts of the axon but not at axon terminals, where
the intracellular current must exit through the membrane or the fiber end (iend. As a
result, (3) becomes
I, =1 +igg  (10).
FNnOWEUUUI OV0wi RPUUWUT UOUTT wOT T wi OEOUwF0 OQwUT 1 wi OF
Then, im =i, and (9) becomes

Vi o W TV, 11,

rm mIJI r|ux r.UX

(11).
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(11) becomes

Vm ([‘i + i) + (Cm + Cend) “Vm - 1 “‘Vm = 1 “‘Ve (12)1

m rend Ut r‘i UX r‘i “X
where rendis resistance at the terminal times unit length and cendis the capacitanceat the

terminal per unit length. Thus, the effects of the unsealed end onVm at fiber terminals

1.2.17 Activating Function

The complexity and non -linearity of ( 9), (11), and (12)make it impossible to
predict the exact membrane voltage along the entire fiber for any arbitrary point in time ,
and in general, these equations must be solved numerically. However, these equations
can be used to approximate the response of the neuron to extracellular stimulation.

Before extracellular stimulation is applied, the membrane along the entire fiber is at
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resting potential, which in (9), (11), and (12)means thatVm=0, & 5% é=0,and éVmy &8
0. The instant after stimulation is turned on, it is still assumed that these values are equal
to 0 since the capacitance of the membrane prevents an instantaneous change in

membrane voltage. Consequently, (9) becomes

V.o 1V
“mm:r.c txze (13).

This equation states that the change in membrane potentialat non-terminal points is
proportional to the second spatial derivative of the extracellular potential along the

i DPET UOwPi DET wi EVWET 1 OwUI U GQitaj 1989).Alsay PLE) BAd FLY)E U D OT wi

become
Ut ri c:m “X
IJ'Vm 1 “Ve (15)’

I‘I[ - ri (Cm +Cend) IJX

respectively. At fiber terminals, 0T DU w? U1 UOP OE O wESppoiéhtl e wi UOEUD
first spatial derivative of the extracellular potential along th e fiber. In (13)(15), where

the activating function and terminal activating function are positive, & 5y &slalso

positive, which indicates that the membrane is depolarized. Similarly, the membrane

will be hyperpolarized where the activating function and terminal activating function

are negative.
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Consider a point current source in an extracellular medium. The equation for the
potential in the medium is given by equation (2). To calculate the voltage along a
straight fiber, we substitute r = (d? + x?)¥2 into the equation to get

fv,=— 1 (g

© 4p s/d?+ X2
where x is the position along the fiber, x = 0 is the point closest to the current source, and

dis the distance between the current source andx = 0.Then, the equation for the first

and second spatial derivative s of Veare

“—“\)/(e :47'5x(d2 +x2) (17)
% = #S(d2 +x%)?°(2x*- d?) (18).

The plots of Vap R APk Eand &RVap R & aré dhown for cathodic stimulation (negative
1) in Figure 1.7a. The activating function depends on the spatial distribution of the
potential. For instance, if a disc electrode were used instead of a point source, then the
profiles of VepR APk Edn@d &RVapR & shange (Figure 1.7b).

Notice the triphasic shape of the activating function (second spatial derivative) in
Figure 1.7a,which predicts a depolarized region on the fiber beneath the current source
flanked by two hyperpolarized regions, known as virtual anodes. As a result, during
cathodic stimulation, the region beneath the electrode is the most likely site for the
initiatio n of action potentials. If anodic stimulation were delivered instead, all of the
plots in Figure 1.7 would simply be flipped over the x -axis. Then, action potentials could
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be initiated at the flanking regions, which are known as virtual cathodes. However,
because the amplitude of the flanking peaks is not as great as the amplitude of the
central peak, the threshold amplitude during anodic stimulation is greater than during
cathodic stimulation.

The predictions of the activating function make sense when the flow of current is
considered. Again, consider a point source delivering cathodic stimulation. Current is
drawn into the cathode from the fiber, which causes depolarization of the membrane.
However, the current drawn from the middle of the fiber must come from adjacent
regions of the fiber, which in turn draws some current from the extracellular space and
causes hyperpolarization (Figure 1.8). Thus, the triphasic shape of the activating
function is an expected phenomenon.

The activating function (13) assumes an infinitely long fiber and does not predict
well the response of axon terminals or nearby regions of the axon. This must be taken
into account when using spatial derivatives of the electric potential to predict the
response of cortical neurons to ECS s1ce many axons and dendrites terminate beneath
the electrode. If a finite -length fiber is considered, then the transmembrane voltage
responseat the ends of the fiber are approximated by é &pR A(48-(®5) (Rattay 2008).
As seen in Figure 1.7,& &p R Aig fyfmetric but opposite in sign with respect to the
electrode. As a result, if & 5p 3 Aweee Balculated in the opposite direction (i.e.,& &pl & ¥ é
X), corresponding to a fiber pointing in the opposite direction ), then at the same point in

space,& 3x)/éx would have the opposite sign. This signifies that the polarization that
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occurs at a fiber terminal depends on the direction of the fiber (i.e.,pointing towards or
away from the electrode).

Although the activating function has been used with great succ ess to predict the
relative membrane voltage along fibers during extracellular stimulation, it must be used
carefully. 3T 1 WEEUDYEUDOT wi UOCEUDPOOwWPUWUT T w?EUDYDOT wi ¢
As a result, the prediction made by the activating func tion becomes worse as the
duration of stimulation increases (Warman et al 1992).Also, when calculating activating
function, bends in the axon must be considered. Cortical fibers typically bend and
meander, especially on the lips of the gyrus and close tothe boundary between the gray
matter and white matter, where the fibers curve towards the direction of the fiber tracts
in the white matter. A bend in an axon can affect the threshold stimulus amplitude and
the location of action potential initiation (Tranchina and Nicholson 1986; Struijk et al
1993; Schnabel and Struijk 1999)To account for bends in an axon, the activating function
must be calculated along the path of the axon. Despite the limitations of the activating

function, it still provides a quic k and useful approximation to the response of fibers to

extracellular stimulation without actually modeling the fibers.

1.2.2 Properties of Neuronal Stimulation

Now we turn to the second part of our two -piece problem: the effect of the fields

generated by ECS on cortical neurons.
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1.2.21 Pulse Duration

Conventionally, neural stimulation consists of rectangular pulses of current, and
the stimulus amplitude required to trigger an action potential in a heuron depends on
the duration of the stimulus pulse. The relationship between the threshold current ( ln)
and the pulse width ( PW) is called the strength-duration relationship and can be

described by the following equation (Weiss 1901):

T
Iy, =1, (1+-=SH 19
i = Tru( PW) 19

where Irn is the rheobase current, the threshol current for a pulse of infinite duration
(in practice, long PW); and Tcw is chronaxie, or PW at which the threshold current is

twice Irn (Figure 1.9).

1.2.2.2 Efficiency of Stimulation

Clearly, two important factors to consider when selecting stimulation parameters
for implantable stimulators are the degree of therapeutic effect and the severity of side
effects. However, there are other important considerations, such as the power efficiency,
charge efficiency, and energy efficiency. Power efficiency, or the maximum power
required per stimulus pulse, should be considered since the maximum power that can
be generated by a power source (battery) is directly proportional to its size. The charge
efficiency, or charge delivered per pulse, is another factor to consider, because excessive
charge and charge density can lead to neural or tissue damage (Pudenzt al 1975; Yuen

et al 1981; McCreeryet al 1990).In addition, energy efficiency is a significant
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consideration; the amount of energy consumed per pulse affects the battery life of the
pulse generator, and the replacement of the pulse generator requires an expensive and
invasive surgery.

For rectangular pulses, the strength-duration relationship ( 19) can be used to
analyze how these three measures of efficierty vary with pulse width. The power is

proportional to the square of the current, so the threshold power is
T,
P,  lay (1+=SH)2 (20
th RH PW) ( )

According to the equation, the power required to reach threshold decreases as pulse

width increases. In other words, to be power efficient, long pulse widths should be used.
The charge delivered during a rectangular pulse is equal to the current

multiplied by the pulse width, and the charge -duration relationship is

(\)th = IRH(PW+TCH) (21)

The equation predicts that charge is minimized when PW = 0.Obviously, this is
nonsensical sincePW cannot be 0, but we can presume that charge efficiency increases as
pulse width decreases.

The energy delivered during a rectangular pulse is equal to the power multiplied
by PW, and from equation (20) the energy-duration relationship is

TCH 2
PW (22
P 22

En Lo @+

An analysis of this function reveals that energy is minimized when PW =Tcn (Kroll

1993).Because stimulation is most chargeefficient with short PW, most power-efficient
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with long PW, and most energy-efficient with  PW =Tcn, it is unclear how to select a PW

to maximize overall stimulation efficiency.

1.2.23 Spatial and Fiber Diameter Selectivity

One of the goals of neural stimulation is to stimulate a specific population of
neurons, grouped by either spatial location or fiber diameter, without activating other
populations. This ability is known as selectivity, and using principles that have already
been discussed, we will analyze how to achieve spatial and fiber diameter seledivity.

During ECS, it is often desirable to activate neurons only in a specific region of
the cortex, for example, the hand area of the motor cortex.To achieve this spatial
selectivity, it is important to understand the relationship between threshold cur rent ()
and electrode-fiber distance (r):

I, =1, +Kr? (23

where l.and K are constants (Ranck 19753 1 I Ul wEUT wUPOwUI EUOOU Wi U wU
EPUUEOEIT wU IFGEdtdifyid eBuatdr (2), the potential in a conductive
medium is i nversely proportional to the distance from the electrode. Second, as the
electrode-fiber distance increases, the potential along the length of the fiber becomes
more uniform. Both factors contribute to the conclusion that a fiber located close to the
electrode will be activated before a fiber of equal diameter located further away.

Since different classes of cortical neurons have fibers with varying diameters, it

may also be desirable to target selectively fibers with different diameters. The

relationship between Inand fiber diameter (D) is
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where Io and aare constants.3 T DU w? EBEWDI Q0 UwUl OEUDPOOUT Bbx 2 wbUWE
differences in the internodal spacing between fibers of different diameters: as fiber
diameter increases, thespaces between nodes of Ranvier also increase (McNeal 1976)s
a result, the difference in potential between two nodes increases, and more importantly,
the second difference (.e, activating function) also increases. Thus, if two fibers are
equidistant from the electrode, the fiber with the larger diameter will be activated first.
How do spatial and fiber -diameter selectivity translate to ECS?An initial
reaction might be that neurons closest to the surfacewould be activated before neurons
located in deeper layers because of the currentdistance relationship. However, neurons
with larger diameters, such as those of pyramidal cells, are found in deeper layers of the
cortex, so they may actually have lower thresholds than more superficial neurons with
thin ner fibers. Thus, it is unclear from the current -distance and current-diameter

relationships which neurons are targeted during ECS.

1.2.24 Biphasic Pulses and Prepulses

Rather than deliver a single anodic or cathodic pulse (monophasic stimulation), a
stimulation pulse will often be preceded or followed by an additional pulse of opposite
polarity (biphasic stimulation). One reason for the additional pulse is to achieve charge
balance.That is, any charge that was transferred during the first pulse can be returned

by the second pulse, thus reducing the risk of electrode corrosion and tissue damage.
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Another purpose for using biphasic pulses is to affect selectivity. As described in the
previous section, anodic stimulation will likely activate different popula tions of neurons
than cathodic stimulation. If the prepulse is symmetric to the main pulse (equal in pulse
width and amplitude, opposite polarity) , then selectivity is expected to decreasethe
selectivity achieved through the anodic pulse is negated by the cathodic pulse, and vice-
versa. In contrast, asymmetric prepulses (longer pulse width and smaller amplitude

than main pulse) should improve selectivity. Neural elements that are hyperpolarized
by the prepulse will become hyperexcitable while those that are depolarized will
becomeaccommodated. Also, the change in excitability for fibers with lower thresholds
(i.e, closer to the electrode, larger diameters) will be greater than the change for fibers
with larger thresholds. Then, when the main pulse is delivered, the difference in
thresholds for the different populations of cortical neurons will increase, and thus,
selectivity is improved. These effects were demonstrated in studies of stimulation in the
peripheral nervous system (Gorman and Mortimer 1983; Grill and Mortimer 1994) as

well as in the central nervous system (Mcintyre and Grill 2000).

1.2.25 Frequency

The frequency of stimulation is the rate at which stimulus pulses are delivered
(Hz, or pulses/sec).The optimal frequency during ECS likely varie s with the disorder
being treated. In deep brain stimulation (DBS) for the treatment of movement disorders,
stimulation at high frequencies (>100 Hz) is more efficacious than at lower frequencies

(Benabid et al 1991) and is believed to mask the information content of pathological
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signals (Grill et al 2004).The effectiveness of ECS on movement disorders may also
depend on frequency in the same manner. However, since other disorders have different
etiologies, the efficacy of ECS for other disorders may depend on frequency differently.
Further, frequency may differentially affect indirect (synaptic) and direct (field -
mediated) responses to stimulation.

A common misconception is that the frequency of stimulation somehow affects
the spatial spread of current. For example, when an increase in frequency results in an
increase in some response, it may be attributed to the current directly stimulating a
population of neurons located further away. This view is incorrect because the potentials
generated in the body by a stimulus pulse do not rely on the previous state of the
potentials in the body (quasi-static approximation).

The discussion in this chapter has focused primarily on directstimulation of
neurons. That is, it has been assumed that the only sources of 8mulation were the
electric fields generated by an electrode.However, the neurons of the brain are highly
interconnected and can be stimulated indirectly by synaptic inputs. As a result, if the goal
of ECS is to activate a specific population of neurons,then this goal may be achieved by
stimulating the population directly, by activating the presynaptic neurons to stimulate
the population, or a combination of direct and indirect effects. Although the frequency
of stimulation does not affect the direct stimulation of the neurons in the cortex, it can
affect indirect stimulation through a process known as temporal summation. Suppose a

single stimulus pulse generates an action potential in a neuron, which causes an
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excitatory postsynaptic potential (EPSP) in the postsynaptic target. Postsynaptic
potentials generated by individual synapses in the brain are far too small to elicit an
action potential, and they are also transient, lasting tens of milliseconds or less. If

another stimulus pulse is delivered before the effects of the first EPSP have disappeared,
then the second EPSP will add onto the first EPSP, generating a cumulative postsynaptic
potential that is greater than an individual EPSP. As the frequency of stimulation
increases, more and more EPSPs arelde to sum up and can lead to tonic subthreshold
depolarization of the target (Figure 1.10). Although tonic depolarization does not lead to
activation of the target directly, it can facilitate activation indirectly. A class of receptors
known as NMDA recep tors produces EPSPs when activated, but the response is
dependent on voltage. When the postsynaptic membrane is at resting potential, the
channel of the NMDA receptor is blocked by magnesium ions. As a result, EPSPs cannot
be produced by the NMDA receptor. However, if the membrane is depolarized, then
magnesium is forced out of the channels, and the NMDA receptors can generate EPSPs.
If frequency is increased even further, then temporal summation can generate a
cumulative EPSP exceeding threshold, and an ation potential is initiated. Keep in mind,
however, that increasing frequency requires more energy and depletes batteries more
quickly. Temporal summation also applies to inhibitory postsynaptic potentials (IPSP),
which can lead to tonic hyperpolarization of the target neuron. Thus, increasing the
frequency of stimulation can affect a greater number of neurons without stimulating

additional neurons directly.
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1.3 Specific Aims

The goal of this research is to use computational modeling to advance our
understanding of the effects of ECSon the cortex to improve the efficacy and efficiency
of this promising technique. Subsequent chapters of this dissertation will address the

following aims of this project.

1.3.1 Quantify the spatial distributions of electric fi eld and current
density generated during ECS usinga  three -dimensional
computational model

The cortex and the surrounding anatomy have irregular geometries and
inhomogeneous and anisotropic electrical properties, and thus the distributions of
electric field and current density generated during ECS cannot be easily predicted. In
Chapter 2, we constructed a threedimensional extruded -slab model simulating ECS
over the human motor cortex. The distributions of electric field and current density in
the cortex were calculated using the finite element method, and these distributions
showed where current goes during ECS. In addition, we calculated the second spatial
derivative of potential in the cortex and predicted the responses to ECS of cortical
neurons oriented perpendicular and parallel to the cortical surface. This model enabled
the approximation of neuronal responses to ECS and provided a foundation upon which

to explore the mechanisms of the therapeutic effects of ECS.
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1.3.2 Quantify the effects of ECS on cortical neurons using
compartmental models of cortical neurons

Neurons in the cortex vary greatly in shape, size, morphology, and function.
Also, cortical neurons are located at different depths within the cortex and have
different orientations with respec t to the cortical surface. Therefore, it is difficult to
predict which neurons are stimulated during ECS and what the effect(s) of stimulation
will be. In Chapter 3, we coupled the finite element model of ECS from Chapter 2 with
compartmental models of cortical neurons and simulated extracellular stimulation of the
cells distributed in a region of the cortex beneath the epidural lead. Anodic and cathodic
thresholds for excitation of the model neurons were determined, and the influence of
neuronal geometry and location within the cortex were analyzed. The outcome of this
study was an improved model of ECS, enabling further study of the effects of ECS on
cortical neurons without relying on inferences of neural activation based on

distributions of potential, ac tivating function, and current density .

1.3.3 Measure the effects of variations in anatom ical and electrode
parameters on the outcome of ECS

The dimensions of the cerebral cortex and surrounding layers can vary on
different parts of the head as well as from person to person. In Chapter 2, we used the
computational model of ECS to determine how the geometrical and electrical properties
of the cortex and surrounding layers influenced the distributions of current density and
activating function in the cortex. As well, epidural leads have differing geometries, and

there is no consensus on the optimalstimulation polarity or placement of the electrode
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with respect to the cortical target. In Chapter 3, we used the model of ECS coupled to the
compartmental models of cortical neurons to determine how the placement, geometry,
and polarity of the epidural lead influenced thresholds in the cortex. These analyses
improve the understanding of how anatomical and electrode parameters affect the
patterns and spatial extent of activation in the cortex, which may facilitate the rational

programming and implantation of ECS sy stems.

1.3.4 Test predictions of computational models invivo

In Chapter 4, we measured the effects of stimulation parameters, electrode
montage, and electrode positioning on motor thresholds in acute in vivo experiments.
Epidural electrical stimulation was delivered to cat motor cortex, and the evoked
electromyogram (EMG) in the contralateral forelimb was measured. Thresholds for
evoking motor responses were compared for various electrode positions, polarities, and
stimulation parameters . The outcomes of this study demonstrate the influence of
stimulation parameters and electrode location during cortical stimulation , and these
findings paralleled results of t he computational model .

The ECS models only predicted thresholds for direct activation of cortical
neurons (Figure 1.11a). On the other hand, ECS of the primary motor cortex evokes
motor responses via direct and/or indirect (synaptic) activation of layer 5 pyramidal cells
(L5 PCs), and indirect effects can change neuronal excitability of L5 PCs (Hess and
Donoghue 1996). In experimentally evoked EMGs, activation of L5 PCs generates

excitatory postsynaptic potentials (EPSPs) on motor neurons in the spinal cord, and L5
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PCs also synapse onto spinal interneurons, which modulate the activity of motor
neurons. If EPSPs are sufficient in number and rate, then a motor response is produced
(Figure 1.11b). Thus, evoking motor responses involves many steps in addition to direct
activation of cortical neurons. Because the indirect effects in the cortex and spinal cord
were not included in the computational model, it was not obvious how well thresholds
for evoking motor responses were correlated to the activating function or thresholds for
direct activation of cortical neurons in the model.

Nonetheless, direct activation of either L5 PCs or cortical neurons that provide
excitatory inputs to L5 PCs is necessary for evoked motor responses. As such, the
expectation was that factors that influence thresholds for direct activation of cortical
neurons in the model (e.g.,stimulation polarity, electrode location) also influenced
thresholds in vivo for direct activation of cortical neurons, and thus evoked motor
responses. Although experimental results paralleled model results qualitatively, they
were not quantitatively similar, and this was anticipated due to the absence of indirect

effects in the model.
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Cortical
Layer 4,

Figure 1.1: Neurons in the cortex vary greatly int erms of shape, size, and location in

the cortex. A few different cortical neurons are depicted, including a) layer 5 pyramidal
cell, b) layer 3 pyramidal cell, ¢) chandelier cell, d) basket cell, and e) double bouquet cell.
Thicker lines represent dendrite s while thinner lines represent axons. a) and b) are
projection neurons, whereas c)-e) are local interneurons.
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Table 1.1: Conductivities of Materials in the Body

Material Conductivity Source
(S/m)

Skull (bone) 0.00625 (Haueisen & al. 2002)
Dura mater 0.065 (Manola et al 2005)
CSF 1.7 (Geddes and Baker 1967)
Gray matter 0.2 (Ranck 1963; Liet al 1968)
White matter (parallel to fibers) 11 (Nicholson 1965)
White matter (perpendicular to fibers) | 0.13
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White matter

Figure 1.2: Structure of cerebral cortex. a) The cerebral cortex is convoluted with several
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into six layers, with layer 1 being the most superficial. The layers are identified by the

presence of specific cell bodies and neural elements.
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Figure 1.3: Isopotential plots for a) point electrode, and b) disc electrode.
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Figure 1.4: Circuit model of electrode -tissue interface
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Figure 1.5: Constant-current stimulation (I sim) vS. constant-voltage stimulation (V stm)
through electrode -tissue interface
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Figure 1.6: Cable model of neuronal fiber .
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Figure 1.7: Comparison of membrane voltage and spatial derivatives for a) point
electrode and b) disc electrode delivering cathodic stimulation
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Figure 1.8: Flow of current during extracellular cathodic stimulation ofa  n axon
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Figure 1.9: Strength -duration curve
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Figure 1.10: Temporal summation . Each line on the top set of graphs represents a
presynaptic action potential. Every time a presynaptic axon fires an action potential, a
postsynaptic potential is generated. Increasing frequency allows postsynaptic potentials
to add together, creating a larger aggregate postsynaptic potential.
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Thresholds/Activating Function

EMG

Figure 1.11: Comparison of effects of ECS in the model a nd during in vivo
experiments. a) In the model, outputs included distributions of activating function and
thresholds for direct activation of cortical neurons (ball -and-stick figures). b) In
experiment, cortical neurons were highly interconnected via syna pses (semkcircle on
neurons). Layer 5 pyramidal cells (L5 PCs) were activated directly by ECS and/or
indirectly via direct activation of presynaptic neurons. L5 PCs synapsed onto motor
neurons in spinal cord, and when synaptic inputs were sufficient in n umber and rate, an
evoked electromyogram (EMG) response was generated.
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2. Computational Modeling of Epidural Cortical
Stimulation

This chapter has been previously published and is used with permission

(Wongsarnpigoon and Grill 2008).

2.1 Introduction

The mechanisms by which epidural cortical stimulation ( ECS) has its therapeutic
effects are unknown. Because the cortex and the surrounding anatomy have irregular
geometries and inhomogeneous and anisotropic electrical properties, the distributions of
electric field and current density generated during ECS cannot be easily predicted. It is
also unclear how the distributions of electric field and current affect the different
neurons in the cortex, since cortical neurons vary in shape, size, location, and
orientation. Also, cortical neurons synapse onto a variety of neurons located in other
cortical areas, subcortical structures, or the spinal cord. The lack of understanding of the
mechanisms of ECS will limit the full development and optimization of this promisin g
treatment.

The goal of this work was to use computer-based models toanalyze the effects of
ECS oncurrent flow and neuronal polarization in the cortex . We developed a three
dimensional finite element model to quantify the potentials and current densitie s
generated in the human motor cortex by epidural electrical stimulation. The outputs

from the model included the distributions of the electric potential, the second spatial
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conducted a sensitivity analysis to determine how the sedistribution swere impacted by

changes in the geometrical and electrical properties of the model. The outcome of this

effort is a fundamental understanding of how the fields generated in the cortex during

ECS are influenced by properties of the anatomy and the electrode.This improved

understanding can help guide clinicians during implantation and programming of ECS

systems.

2.2 Methods

We developed a three-dimensional extruded slab model of the pr ecentral gyrus,
two adjacent sulci, and two neighboring gyri (Figure 2.1). The motor cortex was
modeled because it is the target of ECS during treatment of pain, movement disorders,
and stroke rehabilitation. The model included the layers representing the skull, dura
mater, cerebrospinal fluid (CSF), gray matter, and white matter. The dimensions and
electrical properties of these layers were obtained from the literature (Table 1). The
dominant orientation of fibers in the white matter is in the axial direct ion (i.e,
perpendicular to the skull), and t he conductivity of the white matter was modeled as
anisotropic, with a greater conductivity in the axial direction. All other tissues had
isotropic conductivities . We constructed a 2-D cross-section of the model (Figure 2.1a),
which was then extruded into 3 -D (Figure 2.1b). The overall dimensions of the model

were 12 cm x 12 cm x 16 cmThe model included an epidural lead consisting of a thin
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rectangular substrate made of silicone elastomer with two electrodes made from discs of
platinum iridium foil (Table 1; Figure 2.1c). The lead was oriented parallel to the top
surface of the gyrus, and the axis along which the electrodes lay was parallel to the
central sulcus.

The model was implemented in COMSOL Mulitphysics (version 3.3a;
Burlington, MA), and t he baseline model contained 196,992 tetrahedral elements.
Smaller elements were used to represent thelead and the space directly beneath the
lead, thereby providing more precise solutions in these regions of interest, and larger
elements were used near the edges of the model to reduce computation time.Element
size ranged from an average of 0.00184 mrain one of the electrodes(volume = 1.1 mm3,
613 elements) to an average of 30.45 mni in the skull (volume = 96,000 mms3; 3155
elements). Neither reducing the mesh size nor doubling the volume of the model had a
substantial effect on the potential in the cortex beneath the electrode, and potentials
from these altered models varied by less than 2.5% from those obtained from the
baseline model. The conjugate gradient method (Hestenes and Stiefel 1952) with
preconditioning (incomplete Cholesky factorization) was used to solve the model, and
the total computation time was ~3-4 minutes.

The internal boundaries between tissues requred continuity in current flux
across the boundary, and the external boundaries of the model were set to ground (V =

0) except for the top of the skull, which was set as an electric insulator (current density =
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0). For regulated voltage stimulation, the p otential of one electrode was set to 1 V.For
regulated current stimulation, the current flowing out of the electrode was set to 1 mA.
The bulk conductivity of the brain is expected to be linear, and the fields for different
magnitudes of stimulus current or voltage were scaled versions of the original solution
(Nicholson and Freeman 1975) The quastistatic approximation was made, which is a
valid assumption for typical neural stimulation parameters (Bossettiet al 2008).An
external boundary layer between the anatomical layers and ground was not included
(Manola et al.2005; Manolaet al.2007), and although adding such a layer decreased
considerably the amount of current shunted through the CSF and out the model

boundaries, it had only minor effects on al | other results.

2.2.1 Parameteric Analysis

Model parameters were varied to determine the sensitivity of the distribution of
potentials and current to the geometric and electrical properties of the model. The model
without variations in model parameters wi |l be referred to as the baseline model.The
thickness of the CSF, the thickness of the dura, the width of the gyrus, the thickness of
the gray matter, and the width and depth of the sulci were varied, as these dimensions
can vary in different parts of the head, from person to person, and even throughout the
was varied since the dura conductivities used in similar modeling studies were not

based upon experimental measurements of the dura conductivity but rather were
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chosen so that the impedance of the model electrode matched the experimentally
determined electrode impedance (Manola et al.2005; Struijket al.1993a).

The position of the lead and polarity of stimula tion were also varied. To test the
hypothesis that placing the lead closer to the sulcus would stimulate more the neurons
on the banks deep in the sulcus, models were created with the lead positioned above the
lip of the gyrus as well as above the central sulcus. In another model, the polarity was
switched from monopolar to bipolar stimulation since ECS is often delivered using
bipolar stimulation (Nguyen et al 1998; Canavero and Paolotti 2000; Canaveret al 2002;
Katayama et al 2002; Brownet al 2006;Rascheet al 2006; Taniet al 2007; Levyet al

2008).

2.2.2 Current Density and Activating Function in Cortex

The current density and the second spatial derivative of the potential (activating
function) were calculated for each model. The distributions of the current density
showed where current flowed in the motor cortex and surrounding anatomy during
ECS.The activating function approximated the effect of the extracellular potentials on
membrane polarization and was calculated in three directions: per pendicular to the
boundary between the gray matter and white matter ( Figure 2.6a); parallel to the
boundary and perpendicular to the extrusion dimension ( Figure 2.6b); and parallel to
the extrusion dimension ( Figure 2.6¢). The first direction is referred t o as the
?x1 Uxl OEPEUOEU> wEPUI EUPOOOwWPT POT wlOT 1T wOEUVUI UwlP
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directions. Neurons oriented in the perpendicular direction include those with axons
projecting from one cortical layer to another or from the cortex to s ubcortical structures
or the spinal cord, and parallel neurons include cortico -cortical interneurons that
synapse onto neurons within the same layer. On the curved regions of the cortex (i.e,
lips of the gyrus), the perpendicular and parallel directions w ere not parallel to the axes
of the model, and the activating function was calculated using the directional second
derivative of the scalar V(x, Yy, 2) in the direction defined by the unit -vector s(x, y, 2
corresponding to the orientation of a neuron in th e curved region of the cortex (see

Appendix for more details).

R\ dv dv
da _ H(E)%_I_ “(E W, H(E)E o,
d® X us Wy s Wz s

2.3 Results

We implemented a three-dimensional extruded slab model of epidural electrical
stimulation of the human motor cortex u sing the finite element method and used the
model to quantify the effects of anatomical parameters, electrical parameters, and
electrode geometry and position on the distribution of current and the activating

function within the cortex.

2.3.1 Distribution of Current Density

In the baseline model (i.e, monopolar, anodic [+1V] stimulation), the current
output (louput) from the stimulating electrode equaled 1.1 mA. From the anode, current

49



flowed through the dura and into the CSF beneath the electrode (Figure 2.2). Most (84%)
of the stimulus current entered the cortex (lcorey, While the rest of the current flowed
through the CSF and out the model boundaries. The magnitude of the current density
within the cortex was largest in the crown of the gyrus beneath the electrode, with the
total curr ent entering the crown of the gyrus (lgyrus) making up about half of lcorex The
current within the gyrus either continued farther down into the brain or exited the sides
of the gyrus into the sulci. When current reached the white matter, it tended to flo w
vertically toward the bottom of the model as a result of the anisotropic conductivity of

the white matter. Compared to lgyus, the current density was much smaller along the
banks of the sulci; only a small percentage (12.6%) ofouput flowed into the s ulcus bank
opposite the precentral gyrus while an even smaller percentage (8.1%) flowed through
the sulcus bank on the precentral gyrus. Fewer than half of the changes in model
parameters affected louput; louput increased with increasing CSF thickness, ncreasing dura
conductivity, and decreasing dura thickness (Figure 2.3), while changes to the remaining
parameters altered louput by less than 4%.

The distribution of current density was strongly dependent on the position of the
lead. When the lead was placed over a sulcus, more current was forced into the sulcus
than in the baseline model. In the sulcus, instead of current leaving the sulcus banks on
the precentral gyrus, current entered the gyrus through the banks ( Figure 2.4a).

However, when the lead was placed above the lip of the gyrus, halfway between the
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middle of the gyrus and the sulcus, current flowed within the sulcus bank almost
parallel to the sulcus bank rather than into or out of the sulcus (Figure 2.4b). Despite the
differences in the direction of current flow through the sulcus banks, moving the lead
from over the crown of the gyrus to over the sulcus caused little change in the
magnitude of the current density on the sulcus banks deep in the sulcus, but did
decreaselgymus.

Changing from mo nopolar stimulation to bipolar stimulation substantially
affected the distribution of current density ( Figure 2.4c). More than 50% of the applied
current was shunted through the CSF directly from the anode to the cathode, reducing
the amount of current that entered the surfaces of the cortex Figure 2.5a). Also, lgyrus
made up a greater proportion of lecrexthan during monopolar stimulation (66% vs. 52%),
indicating that the spread of current was more confined to the precentral gyrus. In
addition, most of the current that entered the cortex exited the cortex and returned to the
cathode. The magnitude of the current density in the cortex was greatest directly
beneath the anode and cathode, not between the anode and cathode.

The thickness of the CSF influenad the current flowing through the cortical
surfaces.As the thickness of the CSF decreased, a greater proportion ofoutpu: flowed
through the gyrus, the sulcus banks, and the entire cortex, and less current flowed

through the CSF and out the edges of themodel. Eliminating all of the CSF beneath the
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electrode forced all of the current into the gyrus. In contrast, the properties of the dura
did not affect the proportion of louput flowing through the cortical surfaces.

The geometry of the cortex affectedthe currents through the model boundaries.
As the width of the gyrus was increased, lgyus increased and the current flowing through
the sulcus banks opposite the precentral gyrus decreased, indicating that current was
more confined to the precentral gyrus (Figure 2.5b). Increasing the thickness of the gray
matter resulted in greater cortical impedance, as evidenced by decreases incotexand lgyrus
(Figure 2.5¢). The depths of the sulci had little influence on lcorexand lgyrs. However, since
the surface area of the sulcus banks increased when the depth of the sulci increased,
more current flowed out of the sulcus banks on the precentral gyrus and into the
opposite banks. When the depths of the sulci were asymmetric with average depth equal
to the depth in the baseline model, results were identical to those of the baseline model

(Figure 2.5d).

2.3.2 Distribution of Activating Function

The activating function was calculated to estimate the polarization of neural
elements in the cortex by ECS.In the baseline model, the activating function calculated
in the perpendicular direction ( Figure 2.6d, g, j) exhibited a maximum located on the
surface of the precentral gyrus directly beneath the anode, and decreased farther from
the electrode. The activating function for the two parallel cases (perpendicular and

parallel to the extrusion dimension) exhibited a triphasic shape with a minimum directly
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beneath the anode on the surface of the precentral gyrus flanked by positive activating
function on either side of the minimum ( Figure 2.6e, f, h, i, k, ). Since the model was
linear with respect to voltage, cathodic stimulation inverted the sign of the activating
functions. These patterns of activating function were observed in almost all models with
varying anatomical parameters. While both perpendicular and parallel neurons were
depolarized in all models regardless of polarity, the positions of depolarized neurons
depended on stimulus polarity.

As the lead was shifted from the center of the gyrus towards the sulcus, the
distribution of activating function on the precentral gyrus shifted towards the sulcus,
and on the opposite side of the sulcus the activating function on the adjacent gyrus was
no longer ~0 V/mz2 (Figure 2.7). When the lead was positioned above the lip of the gyrus,
the extrema of the activating function were offset towards the center of the gyrus rather
than residing beneath the center of the anode or around the perimeter (Figure 2.7g-i).
When the lead was placed above the lip of the gyrus, half of the extrema increased >15%
in magnitude while the other half changed by < 8% (Figure 2.7m). When the lead was
placed over the sulcus, thedistributions of activating function on the lips of the gyri on
either side of the sulcus were almost equivalent (Figure 2.7j-1), and the magnitudes of the
extrema decreased Figure 2.7m). Changes to the extrema during Isim were comparable to
changes during Vsim. With bipolar stimulation, there was little interaction between the

distributions of activating function generated by the two electrodes, and the
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distributions of the activating function under the anode and cathode looked almost
identical to the distributions in the baseline model.

The distribution of the activating function was strongly dependent on the
thickness of the CSF and the properties of the dura. As the thickness of the CSF
decreased, the magnitudes of the extrema of the activating function in both the
perpendicular and parallel directions increased ( Figure 2.8c). When the CSF layer was
removed from beneath the electrode, the activating function was no longer largest
directly beneath the center of the stimulating contact. Instead, the activating function
was largest beneath the perimeter of the stimulating contact due to the non-uniform
distribution of current de nsity on the contact (i.e, edge effect, Rubinsteinet al 1987)
(Figure 2.8a, b). The extrema were slightly more sensitive to changes in the thickness of
the CSF during Isim than during Vsim. In contrast, the magnitudes of the extrema were
inversely pro portional to the thickness of the dura and were more sensitive to changes
during Vsimthan during Isim. However, the magnitudes of the extrema were directly
proportional to the conductivity of the dura only during  Vstim, and during Istim, the
extrema were far less sensitive to the conductivity of the dura.

The extrema of the activating function were influenced by the width of the gyrus
but were affected very little (changed by <5.5%) by the width and depth of the sulci. The
magnitudes of the minimum calcu lated in the perpendicular direction and the

maximum calculated in the parallel direction perpendicular to the extrusion dimension
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were inversely proportional to the width of the gyrus. Changing the width of the gyrus
altered the remaining extrema by < 8%, and these trends were observed for both Vstim
and lsim (Figure 2.9).

The thickness of the gray matter did not have a substantial effect (<3.8%) on most
of the extrema of the activating function in the perpendicular and parallel directions.
However, when the thickness was reduced to 2/3 of the baseline thickness, the
maximum calculated in the parallel direction perpendicular to the extrusion dimension
(e.g, Figure 2.6b) and the minimum in the perpendicular direction increased in
magnitude by 8.8% and 19.2%, respectively. These trends were observed for bothVstim

and stim.

2.4 Discussion

We constructed a 3D extruded slab model of the precentral gyrus and
surrounding anatomical structures based on the properties of the human motor cortex.
The distributions of current density and activating function were calculated to predict
the effects of ECS on cortical neurons Current density and activating function were
always greatest beneath the stimulating electrode and low on the banks deep in the
sulci. Anodic sti mulation targeted neurons perpendicular to the cortical surface while
cathodic stimulation targeted parallel neurons. The distributions of current and
activating function were most sensitive to the thickness of the CSF, the thickness and

conductivity of th e dura, and the width of the gyrus. Moving the electrode closer to the
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sulcus and using bipolar stimulation both had substantial and possibly undesired effects
on the distributions of current density and activating function. The results were
remarkably ins ensitive to anatomical variations. Thus, although the model was based on
the properties of the precentral gyrus, the results provide insight into effects of ECS on

other cortical areas.

2.4.1 Comparison with Other Computational Modeling Studies

Two previou s studies (Manola et al.2005; Manolaet al.2007) simulated ECS
using a 3-D extruded finite -difference model with a geometry similar to our model, but
there are several notable differences between the previous and current studies in both
methodology and r esults. The previous analysis of current density relied upon iso -
current density lines to show where current went during ECS and incorrectly stated that
current traveled normal to the lines. The present study plotted both the magnitude and
direction of cur rent density and quantified how much current flowed through the
boundaries in the model, which provided a better measure of where current went
during ECS. Another difference between the previous and current studies was in the
approach to calculating the activating function. The current approach accounted for the
changing orientation of the neurons around the lips of the gyrus, which do not lie
parallel to the model axes. In contrast, the previous approach was to calculate the
activating function parallel to the axes of the model.As a result, the previous studies did

not predict the triphasic shape of the activating function for parallel neurons and did not
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make any predictions for the activating function for perpendicular neurons around the
lips of the gyru s. On the other hand, the previous studies also applied the potentials
obtained from the 3-D field model to models of axons and neurons located at various
points in the precentral gyrus. From these coupled models, profiles of membrane
voltage along cortical neurons as well as sites of excitation were obtained and analyzed.
The activating function allowed us to approximate quickly the effects of ECS on cortical
neurons throughout the entire cortex.

The present study expanded the sensitivity analysis of the thickness of the CSF,
the thickness of the gray matter, the width of the sulci, the position of the lead, and the
polarity of the electrodes to also include the properties of the dura, the depth of the
sulci, and the width of the precentral gyrus. The magnitudes of the activating function
along the banks of the sulcus were quite small under all conditions. In the previous
studies, neurons along the banks could be stimulated because of the bending path of the
axons. However, there were always neurons on the lips and/or crown of the gyrus that
had lower thresholds, indicating that activating neurons on the banks of the sulcus
would only occur with co -activation of other neurons. The present study included an
analysis of regulated current stimulation as well as regulated voltage stimulation. The
previous studies did not mention the effects of ECS on the gyri adjacent to the precentral

gyrus, specifically when the electrode was placed above the sulcus.
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2.4.2 Activating Function

The activating function revealed how the properties of the cortical anatomy and
the electrode during ECS affected polarization of neurons in the cortex. Anodic
stimulation depolarized perpendicular neurons beneath the electrode but also
depolarized parallel neurons in the regions around the perimeter of the electrode contact
(Figure 2.6). Conversely, cathodic stimulation depolarized parallel neurons beneath the
electrode as well as perpendicular neurons around the perimeter of the electrode. Thus,
during ECS, itis likely that both perpendicu lar and parallel neurons are depolarized,
regardless of polarity, but the positions of depolarized neurons will depend on stimulus
polarity.

Although the magnitude of the activating function was always greatest at the
surface of the precentral gyrus, this does not necessarily mean thatneurons closest to the
surface will have a lower stimulus threshold than neurons located in deeper cortical
layers. Activation of a neuron depends not only on the activating function but also on its
dimensions, geometry, and membrane properties (Mcintyre and Grill 1999; Mclintyre
and Grill 2000. Also, while the activating function is used to predict directeffects of
stimulation, it does not take into account indirect effects of stimulation, namely inputs to
a neuron from presynaptic axons. Since the neurons located in the different layers of the
cortex have different shapes, sizes,and presynaptic inputs, further analysis is needed

before it can be determined which neurons are most easily activated.
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The activating function pro vided a simple means to estimate the response of
neurons to ECS (Rattay 1989) but relies on two important assumptions: the neuron being
stimulated is infinite in length, and the response does not depend on time. The first
assumption is not completely valid when dealing with the neurons of the cortex since
many cortical neurons terminate near the region beneath the electrode contact.The
responses of terminating fibers have been shown to depend greatly on the position of
the terminal relative to the electrod e (Rubinstein, 1993; Rattay, 2008)and is better
predicted by the first difference of the potential (Rattay, 2008. The second assumption is
also invalid because the neuronal response clearly depends on time as in the classical
strength-duration relations hip. However, the activating function is useful for predicting
the response along a fiber for short stimulus pulse widths (Warman et al.1992).

Application of the activating function must consider the presence of bends in the
axon. Bending axons exhibit abrupt changes in the profile of membrane voltage along
the axon at the sites of the bends (lles, 2005), and threshold amplitudes of stimulation
are lowest when the electrode is near a bend (Rattayet al.2000; Schiefer and Grill, 2006;
Schnabel and Struijk 1999; Struijk et al.1993b; Tranchina and Nicholson 1986)None of
the neural elements in the gray matter are straight, but rather they exhibit tortuous
paths, especially close to the boundary between the gray matter and white matter where

axons bend towards the direction of the fiber tracts in the white matter. To predict the
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response of these elements to stimulation, the activating function must be calculated
along the path of the axon.

The activating function must also be adjusted when considering activa tion of
other neural elements, including somas, dendrites, and branching axons. Threshold
amplitude and site of initiation of the action potential depend on the position of the
electrode relative to the soma (Greenberget al.1999), and the site of maximum activating
function does not predict accurately the site of maximum depolarization (Mcintyre and
Grill 1999).Therefore, results obtained from the generalized activating function must be

interpreted carefully (Rattay 1998).

2.4.3 Current Density

The plots of current density illustrated the patterns of current flow during ECS.
Only a small fraction of the applied current flowed through the sulcus bank on the
gyrus, indicating that neurons located on the sulcus bank are unlikely to be activated.
This may be problematic for applications of ECS that target these neurons, for instance,
when ECS is used as an adjunct to stroke rehabilitation.In this case, the intended target
PUwUT | wEOUUPEEOWEUI EwUTl EQWOExUwUOwi ECEw UOEUDO
of the precentral gyrus facing the central sulcus (Yousry et al 1997).Selective stimulation
of neurons deep in the sulcus would require current to flow through the sulcus banks

without causing substantial activation of the neurons located more superfic ially.

However, under all conditions, the magnitude of the activating function was
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substantially smaller along the banks of the sulcus than on the crown and lips of the
precentral gyrus. Though repositioning the electrode over the sulcus caused more
current to flow into the sulcus, the activating function on the banks deep in the sulcus
was still approximately 0 V/m 2. Also, more current flowed into the adjacent gyrus,

greatly increasing the activating function there. In other words, activation was no longer
localized to the precentral gyrus, but extended into other regions of the cortex. Thus,
there is no clear benefit in moving the electrode over the sulcus to target neurons deep in
the sulcus. The inability to stimulate selectively these neurons seems to be a limitation of
ECS, but more invasive methods of cortical stimulation such as subdural or intracortical

stimulation may be more successful.

2.4.4 Influence of Model Parameters

Both the width of the gyrus and the position of the lead strongly influenced the
distribution of activating function, and these effects were attributable to the orientation
of the neurons beneath the electrode.When the width of the gyrus was altered, the
orientation of the neurons changed beneath the area outside the perimeter ofthe
electrode. The distribution of activating function was affected because the orientation of
the neurons was used as the direction in which to calculate the activating function
(equation 1). However, the activating function was unchanged directly beneath the
electrode because the orientations of both the perpendicular and parallel neurons

remained the same.Similarly, when the lead was moved closer to the sulcus, the
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distribution of activating function was not simply translated, but rather , the orientation
of the neurons beneath the electrode changed, transforming the overall shape of the
activating function. These results indicate that during the implantation of an ECS
system, the width of the gyrus at the cortical target and the position of the electrode are
both important considerations.

When the properties of the CSF and dura were varied, results during Vstim
differed from those obtained during Isim. The differences can be explained by
considering the path of the current during ECS in an electrical equivalent circuit ( Figure
2.10): the stimulus current (louput) crossed the dura Rauwa) and then flowed either
horizontally through the CSF ( Resr1) and out the model boundaries or down through the
CSF Rcsr) into the gyrus (Rgyrs). When the thickness of the CSF was increasedRcsr1
decreased while Resrzincreased. During |sim, this change led to a decrease ingynus(current
divider), and consequently, a decrease in the activating function. However, during Vstim,
louput increased with increasing CSF thickness, which partially offset the decrease inlgyrus.

In contrast, the activating function was less sensitive to changes in the properties
of the dura during Istm than during Vsim. During Vsim, @ decrease in the conductivity (or
increase in thickness)of the dura led to a larger voltage drop across the dura and a
smaller voltage across the rest of the circuit (voltage divider), resulting in the observed
decrease in the magnitude of the activating function. However, during Istim, Raura had no

bearing on how much current flowed through the cortex and gyrus, and the distribution
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of activating function was virtually unchanged. When deciding if stimulation should be
voltage-regulated or current -regulated, designers of ECS systemsalready consider many
factors, including the required circuitry and the effects of the electrode-tissue interface
(Butson and Mclintyre 2005. Our results indicate that another important consideration is
the sensitivity of current distribution and neuronal polarization to the propertie s of the
CSF and dura.

Both bipolar stimulation and repositioning the electrode had substantial but
potentially undesirable effects on the distributions of current density and activating
function. During bipolar stimulation approximately 50% of the applie d current was
shunted through the CSF, never passing through the cortex. Also, perpendicular
neurons were activated beneath the anode while at the same time parallel neurons were
activated beneath the cathode.As a result of the inter-electrode spacing, the cathode
hardly influenced the distribution of activating function beneath the anode, and vice -
versa, and delivering bipolar stimulation with the current electrode generates two
distinct regions of activation. This was also noted by Manola et al (2005) br the
Medtronic Resume Il lead. Moving the contacts closer together would lead to the
superposition of the distributions of activating function from the anode and cathode and
might generate a different spatial pattern of activation. If the intention is to stimulate
neurons oriented only in one direction and/or in a particular cortical area, then

monopolar stimulation would be more effective than bipolar stimulation.
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2.5 Appendix
2.5.1 Calculation of activating function on lips of gyri

To calculate the activating function on the lips of the gyri, the second spatial
derivative of the electric potential was calculated in the direction of the fiber, i.e.,
perpendicular or parallel to the surface of the cortex. First, we calculated the first spatial
derivative of the scalarV(x, y, 2) in the direction defined by the unit -vector s(x, y, 2
corresponding to the orientation of a nheuron in the curved region of the cortex (Figure
2.11):

d_vzﬂ%+ﬂw+ﬂg (2)

ds pXps [y ps pz ps
Then, dV/dswas used in equation (1) to calculate theactivating function. For neurons
perpendicular to the gray matter/white matter boundary (Figure 2. 11a) and neurons
parallel to the boundary and perpendicular to the extrusion dimension (Figure 2. 11b),

é 4 s=®.For parallel neurons parallel to the extrusion dimension (z -axis), dV/ds=¢é 5 «, é &

and thus, d?V/d£=6% v & a

2.5.2 Finite element method

The computational model of ECS was an electrostatic boundary value problem
(BVP) and was solved using the finite element method (FEM). The governing equation
of the boundary value problem described the electric potential within a volume
conductorand isET UDPY1 Ewi UOOw. 1 Oz Uw+EPO

J=s& ©)
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where j;is current density, bis the electrical conductivity of the volume, and Eis the
electric field. Ifis the negative gradient of the electric potential (2), that is,
E=-9 (4.
When current sources are present ina conducting volume, the source density, |y, is equal
to the divergence of j
pa=1, ().
Equations (4) and (5) are substituted into (3), and the result is knownas/ OPUU OOz Uw
eqguation which relates the electric potential and source density within the volume
conductor:
DdsG H)=1, (6).
If no sources lie within the volume, then the ri ght hand side of (6) is equal to 0, and this
equation isknownas+ Ex OEEIl zUwi GUEUDOO
D@s O B)=0 ™).
The quasi-static approximation was made, and thus, dielectric parameters (i.e.,
capacitance and inductance) were not included in these equations.Also, if the electrical
conductivity of the volume is isotropic ( i.e.,does not vary with direction), then b wb U wE w
scalar, and (7) can be simplified further. However, B wh wb U wE Oreabidtbe) Ox DE OwU UE
wi DUT wOEUUT UwOi wlUi 1 wEUEDPOOWUT T OwbwOUUUwWUI OEDOw
+ExOEE]l zUwl gUEUPOOWPEUwWUOT 1T wi OYT UOPOT wi gUEUE

subject to boundary conditi ons. The outer boundaries of the model were setto2 =0V,
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except for the boundary above the skull, which was set as an electrical insulator (.e.,
normal component of current density equaled 0). As well, the boundaries representing
the top faces of electrodes delivering stimulation were set to fixed vo Itages or currents to
simulate electrical stimulation.

The goal of the ECS model was to calculatethe distribution of electric potential,
e,2wl YI Uapi 1 Ul uBRdusd&thel gao®érf of thédmodel was complex and the
electrical conductivities were inhomogeneous and anisotropic, the BVP could not be
solved analytically. Instead, the solution was approximated numerically using the FEM.
The FEM involves 3 basic steps:1) spatially discretize the volume into elements?2)
convert the governing equations and boundary conditions from partial differential
equations into a set of linear algebraic equations,and 3) solve this set of equations to
obtain solutions at the nodeqi.e.,vertices) of each element.

The ECS model was discretized using tetrahedral (.e.,three-dimensional shape
with four triangular faces) elements. The size and shape of these elements were not
uniform throughout the model: a finer mesh (smaller elements) was used to represent
the lead and the region directly beneath the lead to provide more precise solutions, and
a coarser mesh (larger elements) was used near the boundaries of the model, thereby
decreasing computation time. This is an advantage of the FBM over the finite difference

method, where the size and shape of the elements are fixed.
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Next, the governing equation (7) and the boundary conditions were converted
into a set of linear algebraic equations using weighted residuals (Hu ghes 2000) The
residual (R) of an approximate solution calculates the difference between the output of
the governing equation using the approximate and true solutions. Although R cannot be
expected to be 0 everywhere,R can be weighted by some function (w) and then set equal
to 0. The approximate solution and w can be forced to meet the boundary conditions,
and as a result, his weighted residual meets the requirements of the original BVP. The
%$, wi OxO00aUwlUi PUw?pP]l EOQwi OUOUOEUDPOO? wOOwWUOOYI wl

The approximate solution and w are approximated as collections of linearly
independent basis functions weighted by coefficients (Hughes 2000) This allows the
BVP to be converted into a set of linear algebraic equations that can be assembled into
matrix form:

Kd=F (8)
where K includes the electrical conductivity and basis functions; dis a vector of
unknown coefficients { d}; and F is a vector that includes the source terms of the BVP
(i.e.,boundary conditions). Thus, the BVP reduces to solving ford.

Careful selection of the basis function is critical for quick and easy calculation of
d (Hughes 2000) The basis functions mustbe linearly independent, and the most logical
choice is to use piecewise polynomial functions. Each basis function, ¥, corresponds to a

node and has the following properties: ¥ =1 at the coreesponding node, ¥ =0 at all other
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nodes, andx AD only within elements connected to the corresponding node. These
properties, collectively known as the Kronerker delta property, allow K to be highly
sparse, which permits much faster calculation of d.

Equation (8) can be solved either directly or iteratively. Direct methods calculate

the inverse of K:

d = KF(9).
However, the larger the dimensions of K are, the more computationally expensive the
calculation of the inverse becomes. The number of nodes (and thus, the size oK) in the
ECS model was too large for direct solvers, and as a result, iterativemethods were
required. Using less memory and computation time than direct methods, i terative
methods employ algorithms that approximate the solution of a linear system of
eqguations, and the approximations converge upon the true solution as the algorithm is
repeated. In the ECS model,an iterative method known as the conjugate gradients
method was used, and preconditioning was performed using incomplete Cholesky
factorization to speed up convergence.

Solving for d allows the approximate electric potential to be calculated at every
node. To calculate the electric potential within an element, the potentials at the
corresponding nodes of the element are interpolated. In the ECS model, cubic Lagrange
elements were used, meaning the basis functions werethird -order polynomials. As a

result, electric potential within the element was a cubic interpolatio n of the potentials at
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o =
the node, E (and thus J) was a quadratic interpolation, and the second derivative of

electric potential (activating function) varied linearly within the element.
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Figure 2.1: Three dimensional (3D) extruded slab model of epidural corti  cal

stimulation (ECS) of the motor cortex and surrounding anatomical structures.
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Figure 2.1: Three dimensional (3D) extruded slab model of epidural cortical

stimulation (ECS) of the motor cortex and surrounding anatomical structures . a) Close
up of the cross section of the model and b) 3D view of the model. The cross section was
extruded to generate the 3D model. The epidural lead c) was placed so that one face
rested against the skull and the dura mater was depressed toward the CSF. The lead was
oriented parallel to the top surface of the gyrus, and the axis along which the electrodes
lay was parallel to the central sulcus. Dimensions of the epidural lead were provided by
Northstar Neuroscience.
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Table 2.1: Dimensions and elec trical properties of baseline model

Electrode
Substrate height
Substrate conductivity
Electrode contact height

Electrode contact conductivity

Anatomy
Structure

Skull
Dura mater

CSF
Gray matter, total
Precentral gyrus width
Central Sulcus width
Precentral sulcus width
Central sulcus depth
Precentral sulcus depth

Electrical Conductivities
Structure
Skull
Dura mater
CSF
Gray matter (all layers)

White matter (parallel to fibers)
White matter (perpendicular)

Dimensions/Conductivity

1.8 mm
0.1 nS/m
0.1 mm
100 MS/m

Dimensions (mm)

5
0.5

2.6
3.7
12

16
16

Conductivity (S/m)
0.00625
0.065
1.7
0.2
11
0.13
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Source
Hwang et al(1997), Manola et al.
(2005)

Bashkatov et al. (2003)
Okada and Delpy (2003), Wagner
et al. (2004), Manola et al. (2005)

Zilles (1990)

DeArmond et al. (1976)

DeArmond et al. (1976)

DeArmond et al. (1976)

DeArmond et al. (1976)

DeArmond et al. (1976)

Source
Haueisen et al. (2002)
Manola et al. (2005)
Geddes and Baker (1967)
Ranck (1963), Li et al. (1968)
Nicholson (1965)
Nicholson (1965)
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Figure 2.2: Distribution and magnitude of the current density (J) generated by +1 V

(anodic) ECS. The log of the magnitude of J(AON| A wb E U wx 099 §:Ctibng of G wWE U
model made a) perpendicular to the extrusion direction and through the middle of th e

anode, b) parallel to the top surface of the precentral gyrus at a depth of 0.1 mm below

the surface, andc) through the axis of the electrodes and perpendicular to the top

surface of the gyrus. Arrows indicate the direction of current from the point at the tail

end of the arrow.
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Figure 2.3: Output current (I ouput) during +1 V (anodic) ECS for the baseine model and
models with varying CSF thicknesses, dura thickness and dura conductivity. Changes to
other model parameters altered louputby less than 4%.
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Figure 2.4: Influence of electrode position and polarity on the  distribu tion and
magnitude of current density generated by ECS. The log of the magnitude of J(A mN2)
was plotted on cross sectionsof the model made perpendicular to the extrusion
dimension and through the mid dle of the anode a)t b) and through the axis of the
electrodes and perpendicular to the skull c). Arrows indicate the direction of current
from the point at the tail end of the arrow. a) Electrode placed over the lip of the gyrus.
b) Electrode over sulcus. ¢) Bipolar stimulation.
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Figure 2.5: Influence of model geometry and electrical properties on the current
fl owing through model boundaries. a) Bipolar stimulation. b) Width of the gyrus. c)
Thickness of gray matter. d) Depth of the sulcus.
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Actilating Funcz;tion
Vim2 (x10%)

Figure 2.6: Distribution of the activating function generated by +1 V (anodic) ECS in
the baseline model. The activating function was calculated in three directions: a)
perpendicular to both the surface of the cortex and the extrusion dimension, b) parallel
to the surface ofthe cortex and perpendicular to the extrusion dimension, and c) parallel
to both the surface of the cortex and the extrusion dimension. For each direction, the
activating function was plotted on three cross sections of the model: perpendicular to t he
extrusion dimension and through the middle of the anode (d), e), f)), parallel to the
surface of the precentral gyrus at a depth of 0.1 mm below the surface (g),h), i)), and
through the axis of the electrodes and perpendicular to the top surface of the gyrus (),
k), I)). Because of the linearity of the model, cathodic stimulation would reverse the sign
of the activating function.
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Figure 2.7: Effects of repositioning the electrode on the activating function generated

by +1 V (anodic) ECS. a)t|) Distribution of the activating function. The activating
function was calculated in the three directions indicated in a)tc). Slices were made
perpendicular to the surface of the cortex and extrusion dimension through the center of
the anode. d)tf) Activating function plots from the baseline model. g)ti) Electrode was
placed above the lip of the gyrus. j)t1) Electrode was centered over the sulcus.m) Effect
of electrode position on maxima (+) and minima (N) of the activating function during
Vsim. Results during Isim Wwere nearly identical. Dotted line indicates the baseline value of
the activating function.
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Figure 2.8: Effects of CSF thickness beneath electrode on the activatin g function
generated by +1V (anodic) ECS.



Figure 2.8: Effects of CSF thickness beneath electrode on the activating function
generated by +1V (anodic) ECS. a)t b) Distribution of the activating function with no

CSF beneathelectrode. Slices were madea) perpendicular to both the surface of the
cortex and the extrusion dimension, and b) parallel to the surface of the cortex and
perpendicular to the extrusion dimension. The activating function was calculated in the
perpendicular direction (see the inset in a). ¢) Effect of CSF thickness on maxima (+) and
minima (N of the activating function during Vsim. Dotted line indicates the baseline

value of the activating function. The magnitudes of the extrema of the activating

function in all directions were inversely proportional to CSF thickness. The extrema

were slightly more sensitive to changes in CSF thickness during Isim than during Vstim.
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function generated by +1 V (anodic) ECS. Resultsduring Isim were nearly identical.
Dotted line indicates the baseline value of the activating function. The magnitudes of the
minimum calculated in the perpendicular direction and the maximum calculated in the
parallel direction perpendicular to the extrusion dimension (z) were inversely
proportional to the width of the gyrus. In the remaining directions, changing the width
of the gyrus altered the extrema by less than 8%.
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Figure 2.10: Electrical equivalent circuit representation of current flo  w during ECS.

The source represents eitherVstim Or Istim.
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Figure 2.11: Calculation of directional derivative of electric potential on lips of gyri a)

perpendicular to surface of cortex, and b) parallel to surface of cortex. §x, y) represents
the orientation of the neuron at point (x o, yo). In equations (1) and (2),&é B ¥ & Ushand R z ¥ f
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3. Computer -based Model of Epidural Cortical
Stimulation: Effects of Electrode Position and Geometry
on Activation of Cortical Neurons

3.1 Introduction

The mechanisms by which epidural cortical stimulation ( ECS has its therapeutic
effects are unclear, and this lack of understanding will limit the full development of this
promising treatment. The distribution of electric field and the spread of current during
ECS cannot be easily predicted because the cortex and the surrending anatomy have
irregular geometries and inhomogeneous and anisotropic electrical properties. Also,
because cortical neurons vary in shape, size, location, and orientation, it is not clear how
they are affected by the electric field and current. In addition, cortical neurons are highly
interconnected with neurons located in other cortical areas, subcortical structures, and
the spinal cord. Previously, we constructed a three-dimensional finite element model of
ECS and analyzed how current flow and electric fields were influenced by changes in
the anatomy in and around the precentral gyrus (Wongsarnpigoon and Grill 2008). In
the current work we coupled this model to compartmental models of cortical neurons to
analyze patterns of neuronal activation.

Due to the lack of understanding of ECS, the stimulation parameters for clinical
treatment with ECS have been inconsistent, as have the locations and orientations of the
electrodes with respect to the targeted area of the cortex. For example, in one study pain

was alleviated with the epidural lead placed over and parallel to the precentral gyrus
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(Rascheet al.2006), while in another study, the epidural lead was oriented perpendicular
to the precentral gyrus (Nguyen et al.1998). The different electrode placemens may
have stimulated different regions of the cortex, thus affecting the efficacy of ECS. As
well, the epidural leads that are available to clinicians have varying geometries, and it is
unclear how these differences influence the outcome of ECS. Thereforewe investigated
the effects of varying electrode positions, geometries, and polarities on neuronal

activation produced by ECS.

3.2 Methods

We developed computational models of epidural cortical stimulation to
determine the effects of the position, polarity, and geometry of the epidural electrode(s)

on activation of neurons in the cortex.

3.2.1 Extruded slab model of precentral gyrus

Details of the computational model of ECS were described previously
(Wongsarnpigoon and Grill 2008). Briefly, we constructed a three-dimensional extruded
slab model of the precentral gyrus (the location of the motor cortex and the target of ECS
for treatment of pain, movement disorders, and stroke rehabilitation), two adjacent sulci,
and two neighboring gyri ( Figure 3.1). Different layers represented the cortex and
surrounding anatomy, including the skull, dura mater, cerebrospinal fluid (CSF), gray
matter, and white matter. The thickness of the gray matter (2.5 mm) was reduced in the

present model to match more closely experimental measurements (DeFelipeet al.2002).
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The fibers in the white matter are oriented primarily perpendicular to the skull, and the
conductivity of the white matter was anisotropic with a greater conductivity in the axial
direction. The remaining anatomical layers had isotropic conductivities. The model
included an epidural lead consisting of two disc electrodes (platinum iridium foil)
embedded in a thin rectangular substrate (silicone elastomer) (Figure 3.1c).

The model was implemented in COMSOL Mulitphys ics (version 3.4; Burlington,
MA), and the baseline model contained approximately 197,000 tetrahedral elements. A
finer mesh (smaller elements) was used to represent the lead and the region directly
beneath the lead to provide more precise solutions, and acoarser mesh (larger elements)
was used near the boundaries of the model, thereby decreasing computation time. The
model was solved using the conjugate gradient method (Hestenes and Stiefel1952) with
preconditioning (incomplete Cholesky factorization), a nd the total computation time
was ~2 minutes. The output of the model was the spatial distribution of potentials in the
cortex. Neither reducing the mesh size (i.e.,, increase number of elements by ~325,000)
nor doubling the volume of the model had a substa ntial effect on the potential in the
gray matter and white matter beneath the epidural lead. The potentials from the models
with reduced mesh size and doubled volume changed by an average of 2.8% and 3.3%,

respectively, from those obtained from the baseline model.
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3.2.2 Compartmental models of cortical neurons

The potentials calculated with the ECS model were coupled to compartmental
models of cortical neurons to determine thresholds for excitation. The neuronal models
were implemented in NEURON (Hines and Carnevale 1997) and solved using backward
Euler integration with a time step of 0.01 ms. The geometries of existing models of layer
3 (L3) and layer 5 (L5) pyramidal cells (PCs) from cat visual cortex (Mainen and
Sejnowski 1996) were modified to accommodate the dimensions of human motor cortex
(Table 1), but the electrical properties of model neurons were unchanged from the
original models. Briefly, fast, inactivating voltage -dependent Na+ channels were present
in all parts of the neurons, with a higher den sity in the axon hillock and initial segment
and lower density in the soma and dendrites; fast voltage - and Ca2+dependent K+
channels were located in all segments except the dendrites; and slow voltage and Ca2+
dependent K+ and voltage-dependent high -threshold Ca2+ channels were located in the
soma and dendrites. The dendritic trees in both neurons were lengthened by 60% so that
dendrites reached layer 1. The axons were oriented perpendicular to the cortical surface
and lengthened to terminate in layer 5/6 for L3 PCs (Kanekoet al.2000) and to extend
into the white matter for L5 PCs. A thalamocortical axon (TCA) was also modeled,
consisting of 200 nodes connected by myelinated internodal segments with the myelin
assumed to be a perfect insulator. The eletrical properties of the TCA were identical to

those of the axons of the PCs.
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3.2.3 Extracellular stimulation of cortical neurons in model of ECS

The neuronal models were distributed uniformly within a region of the cortex
beneath the epidural lead (Figure 3.2). This region spanned 15 mm along the length of
the precentral gyrus (z-axis), with the stimulating electrode in the middle, and along this
dimension, neurons were distributed within slices of the cortex spaced 0.625 mm apatrt.
Within each slice, neurons were positioned from the center of the crown of the
precentral gyrus, down the bank along the central sulcus, back up the opposite bank
located on the postcentral gyrus, and ending on the crown of the postcentral gyrus
(Figure 3.2e, f). In total, there were 2650 of each of the three cell types represented in the
ECS model. The somas of the L5 and L3 PCs were distributed at random (uniform
distribution) depths within their corresponding layers, located 1700 -luNY Y ws OwWE OE wk Y Y
AYYws OOwUI Ux 1 E bdntardoet®esrttBevifite maitér bnd gray matter
(DeFelipe et al.2002) Figure 3.2a, b). TCAs terminated in L3 (1700lUNY Y ws O A wp2 OO x 1 UL
1973), and the location of the terminals were also randomized. The axons of L5 PCs and
TCAs located on the lips and banks of the gyrus approached the white matter
perpendicular to the white matter -gray matter boundary, and upon crossing the
boundary the axons curved towards a direction perpendicular to the surface of the
crown of the gyrus (i.e., parallel to y-axis) (Figure 3.2c, d).
The neurons were not modeled explicitly in the FEM model, but rather the

electric potentials were calculated with the ECS model and applied to each compartment
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of the neuron models to simulate extracellular stimulation. The potentials were appli ed

i OUwhYYws UOwUDPOUOEUDOT whYYws UwOOOOxT EUPDEwWx UOUI
was linear with respect to potential, the amplitude and polarity of the pulse was

controlled by scaling the extracellular potentials. Anodic and cathodic thresholds were

determined individually for each of the 7,950 model neurons. Parameters of the model

were varied to determine the sensitivity of thresholds of cortical neurons to lead

placement and geometry, and the ECS model with the original lead parameters will be

referred to as the baseline model.

3.3 Results

We constructed a 3D extruded slab model of the motor cortex and calculated the
electric potentials within the cortex during epidural electrical stimulation. These
potentials were applied to compartmental models o f L3 and L5 PCs and TCAs, which
were distributed throughout the cortex. We analyzed the effects of varying the geometry
and positioning of the epidural lead on threshold amplitudes for direct activation of the

modeled neurons.

3.3.1 Validation of ECS model coupled to neuronal models

We first determined how well the model of ECS coupled to a L5 PC placed in the
center of the crown of the precentral gyrus directly beneath the stimulating electrode
reproduced experimental data from studies of cortical stimulat ion. Radman et al (2009)

stimulated slices of rat motor cortex with uniform electric fields and observed that the
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transmembrane voltage of L5 PCs scaled linearly with the strength of the electric field.
3T 1T wxOOEUPAEUDPOOWOI O1 U ithe ohangelnutfarismeinbrang wolagew U1 T wU E
PO5 AwUOwWUT T wOET OPUUET wOl wOT 1T wl Ol EVUUPEwWI BT OEwpd
was between-0.03 mm and 0.49 mm. We modeled this study by applying a constant
voltage to the surface of the cortex (.e., crowns of the gyri, but not the lips or banks),
insulating the sides of the model, and setting the bottom of the model to ground. As in
Radman et al.the transmembrane voltage of the soma scaled linearly with the strength
of the electric field, and the calculated polarizationlenT U1 w4 w wy d YNwWOOAwi i OO
experimental range.
Gorman (1966) delivered subdural stimulation to cat motor cortex, and
thresholds for direct activation of L5 PCs were 0.25 and 0.35 mA for pulse durations
between 0.1 ms and 0.2 ms. Similarly, Jankowskeet al (1975b) delivered subdural
stimulation to monkey motor cortex, and thresholds for direct activation of L5 PCs with
0.2 ms and 0.5 ms pulses were between 0.3 and 0.5 mA. In our model, we moved the
electrode from above the dura mater to directly on t he cortex, and thresholds were 0.95,
0.55, and 0.31 mA, respectively, for 0.1, 0.2, and 0.5 ms anodic pulses, matching well the
experimental studies.
Jankowskaet al (1975a) delivered intracortical microstimulation (ICMS) to the
deep layers of monkey andEE U wOOUOUWEOUUI ROWEOEwWUT Ul UT OOEUwP

durations of 0.2 and 0.5 ms. Similarly, Stoneyet al (1968) delivered ICMS to cat
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pericruciate cortex, and thresholds for PWA& wy 6 | wOU wpki Ul wOw!l Yws dwéil wod
with a point current source locate d in layer 6 (2.4 mm below cortical surface), and
OT Ul UT OCEUwWPT Ul wl Y8 wEOEwht 86t ws wi OUwxUOUT wglU
which fit well with the experimental data.
In addition, we used our model to replicate a clinical study of ECS over the
motor cortex to treat neuropathic pain. In this study, focal muscular contractions were
1 YOOI EWEUWEOxOPUUET UwET UPT 1 OwKwES&H.2006).wWwé& wbPbHDUT w
simulated monopolar and bipolar stimulation with  PW& wl Yy ws Uwb Owli i wEEUI Of
and measured anodic and cathodic thresholds for all L3 PCs, L5 PCs and TCAs
distributed within the region of the cortex beneath the epidural lead ( Figure 3.2). For all
neuron types, the minimum thresholds for monopolar anodic and bipolar stimulation
were between 2.4 and 8.2 mA, while minimum thresholds for monopolar cathodic
stimulation were between 2.4 and 33.5 mA. Although it is unclear how many and which
types of neurons were activated to generate the muscle contraction in Rascheet al.model
cortical neurons were activated at amplitudes within the range of amplitudes
determined clinically. Collectively, the similarity of excitation properties observed in the
model and measured experimentally across a range of geometries demonstrate the

validity of our ¢ oupled ECS-neuron model.
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3.3.2 Epidural stimulation of cortical neurons in baseline model

Excitation thresholds of model neurons varied with location within the cortex
and stimulus polarity. Thresholds were generally lowest beneath the stimulating
electrode on the crown or lip of the precentral gyrus ( Figure 3.3). However, for cathodic
stimulation of L3 PCs, thresholds were approximately 25% lower on the most superficial
parts of the bank of the precentral gyrus than on the crown (Figure 3.3f). On the banks
deep in the sulcus and on the lip and crown of the postcentral gyrus, thresholds for all
neurons were generally much larger than on the crown and lip of the precentral gyrus.
On the crown of the precentral gyrus, anodic thresholds were lower than cathodic
thresholds for L3 and L5 PCs, while for TCAs cathodic thresholds were lower.

The sites of action potential initiation depended on the type and location of the
neuron, as well as the polarity of stimulation ( Figure 3.4). For L3 and L5 PCs in the
crown of t he precentral gyrus, cathodic stimulation activated the neurons at the axon
initial segment. Anodic stimulation, on the other hand, initiated action potentials at the
axon terminals of L3 PCs and at the axon nodes closest to the white mattergray matter
boundary for L5 PCs. In TCAs in the crown of the precentral gyrus, anodic stimulation
initiated action potentials at the white matter -gray matter boundary, while cathodic
stimulation activated axons at the terminals in the cortex.

Excitation thresholds varie d greatly compared to the baseline model when the

electrical conductivity of the entire model was made homogeneous and isotropic.
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Similar results have been documented for models of DBS (Butsonet al.2007; Chaturvedi
et al.2010), demonstrating the importance of modeling carefully the inhomogeneity and

anisotropy in the electrical conductivity of the brain and surrounding anatomy.

3.3.3 Analysis of electrode placement

The location and orientation of the epidural lead were varied since there is no
consensuson how to best position the electrode for ECS. When the electrode was moved
from above the center of the crown of the precentral gyrus towards the central sulcus,
thresholds increased on the crown of the precentral gyrus and decreased on the
postcentral gyrus. The location of the neurons with the lowest thresholds remained
approximately beneath the stimulating electrode. As a result, when the electrode was
placed above the central sulcus, thresholds for excitation of neurons in the postcentral
gyrus were approximately equal to those in the precentral gyrus ( Figure 3.5). Thresholds
of cells and axons on the banks deep within the central sulcus remained substantially
greater than on the lips and crown of the gyri.

When the epidural lead was oriented perpendic ular| rather than parallel| to the
precentral gyrus, neurons in the adjacent gyri were activated at substantially lower
amplitudes. Two configurations were analyzed: one electrode placed above the

postcentral gyrus and the other in the same location as in the baseline model Figure

36aE AOwWOUWUT T wi 01 ECUOET Uw? U FigieBBeyd D bathw U1 1 wx Ul E
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configurations, we tested bipolar stimulation as well as stimulation with both electrodes
set to the same polarity and amplitude (equipolar).

In the first configuration, both bipolar and equipolar stimulation exhibited
substantially lower thresholds for neurons of all types in the postcentral gyrus than in
the baseline model, and in some cases thresholds were lower than for neurons in the
precentral gyrus (Figure 3.6a-d). However, the return electrode did not have a
substantial effect on thresholds for neurons in the crown of the precentral gyrus, which
were approximately the same as for monopolar stimulation. Thresholds for equipolar
stimulation in the crown were about twice as large as in the baseline model, and because
half of the current was delivered by each electrode, the electrode over the precentral
gyrus delivered approximately the same amplitude at threshold during monopolar and
equipolar stimulation. For neurons on the opposite side of the stimulating electrode
from the return electrode (i.e., on the side of the precentral sulcus), bipolar stimulation
mostly increased thresholds compared to the baseline model, while equipolar
stimulation re duced thresholds. In the second electrode configuration with the electrode
straddling the precentral gyrus, thresholds for neurons in the crown of the precentral
gyrus increased relative to the baseline model for both bipolar and equipolar
stimulation, and the lowest thresholds were no longer found for neurons in the crown.

Rather, neurons on the lips of the gyri exhibited the lowest thresholds, and the
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thresholds to excite neurons in the adjacent gyri were approximately equal to or even

less than those toexcite neurons in the precentral gyrus.

3.3.4 Analysis of electrode and substrate geometry

The geometry of the epidural lead, including the inter -electrode spacing (IES),
the diameter of the electrodes, and the width of the substrate, was varied as these
parameters vary among different types of epidural leads. Bipolar and equipolar
stimulation thresholds varied with IES. For all cell types, bipolar stimulation using the
baseline IES (15 mm) did not substantially change thresholds in neurons beneath the
stmUOEUDOT wi O EVUUOET wEOOXxEUI EwUOwWOOO0OxOOEUWUUDO
thresholds increased by an average of 42% in the rest of the cortexKigure 3.7).
Equipolar stimulation increased thresholds (total current from both electrodes)
compared to monopolar stimulation nearly everywhere: thresholds increased by 70 -
115% beneath the stimulating electrode, and the median increase in threshold was 51%
across the entire population of cells. When IES was decreased from 15 mm to 5 mm,
thresholds increased further for bipolar stimulation both beneath the electrode (10-
140%) and evenOOUT wi OUWEOOWET OOUwPOwUi | wEOUUI RwpOl EDE
stimulation was more focused on the region beneath the electrodes Figure 3.7). On the
other hand, thresholds for equipolar stimulation with decreased IES were reduced (4 -
35% beneathUT 1 wi O1 EVUOET OwlOl EPEOWET EUI EUI wew! KiwEEU

created a larger, more uniform area of stimulation. Thresholds for neurons on the crown
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directly betweerthe two electrodes were greater than thresholds for neurons directly
beneatteither of the two electrodes for both bipolar ( T = Threshol@eween/ Thresholeknea> 7)
and equipolar (T > 2.85) stimulation with the baseline IES (Figure 3.7h). When IES was
decreased differences in thresholds between the neurons directly between thetwo
electrodes and the neurons beneath the electrodes were reduced compared to the
baseline model for both bipolar (1 3¢ WK 8 WA wE O E W wo)dmudidi Giguee!
3.7h). Furthermore, during equipolar anodic stimulation thresholds were lower between
the electrodes than beneath the electrodes (0.89 ¥ < 0.99).

The diameter of the electrodes had a moderate impacton thresholds and
influenced spatial selectivity for all neuron types. When the electrode diameter was
increased, thresholds generally increased in the precentral gyrus beneath the electrode.
Doubling the diameter increased thresholds by 11-59% across allneuron types, while
halving the diameter decreased thresholds by up to 21%. Changes in electrode diameter
also affected spatial selectivity. The minimum thresholds for anodic stimulation of L3
and L5 PCs and for cathodic stimulation of TCAs were directly r elated to electrode
diameter (Figure 3.8a). As well, the initial slopes of the input -output curves (number of
activated neurons vs. stimulus amplitude) were directly related to electrode diameter
(Figure 3.8b). However, as stimulus amplitude increased, the input -output curves
converged. Thus, larger electrode diameters decreased the spatial selectivity for neurons

beneath the electrode but had little effect farther from the electrode.
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Although substrate width ( i.e,, dimension in x-axis) affected thresholdsin most
parts of the cortex, thresholds remained relatively unchanged beneath the electrode,
where thresholds were still lowest. In this region, doubling the width of the substrate
reduced thresholds by <15% while halving the width increased thresholds by <23%
compared to the baseline model. Substrate width changed thresholds mostly around the
edge of the substrate, and this effect was greatest on the lips and crown of the
postcentral gyrus. Still, thresholds in the postcentral gyrus remained more than ~10
times greater than in the precentral gyrus, indicating that the crown and lips of the

precentral gyrus were still the primary regions of activation during ECS.

3.4 Discussion

We used a 3D extruded slab model of epidural cortical stimulation (ECS)
coupled to compartmental models of cortical neurons to quantify the patterns and
spatial extent of neural activation with different electrode geometries, polarities, and
positions during ECS. Neurons were distributed in a region of the cortex beneath the
epidural electrode spanning the precentral and postcentral gyri, and thresholds were
calculated individually for stimulation of each neuron. This model possessed a greater
number of cortical neurons with more accurate morphologies than previous
computational models of ECS, where modeled cortical neurons had highly simplified
dendritic trees and were limited to the precentral gyrus in the plane of the electrode

(Manola et al.2007). In the baseline model, thresholds and the sites of action potential
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initiation varied with both polarity of stimulation and location in the cortex. Placing the
electrode over a sulcus or rotating the lead increased thresholds in the precentral gyrus
and reduced thresholds in the adjacent gyrus. Decreasing the inter-electrode spacing
(IES) dfected the spread of stimulation, resulting in increased thresholds in the cortex
during bipolar stimulation and decreased thresholds during equipolar stimulation.
Increasing the diameter of the electrodes also increased threshold amplitudes but
decreasedspatial selectivity, while changing the width of the substrate had only minor
effects on threshold. In all cases, thresholds were much greater for activation of neurons
on the banks of the gyri deep in the sulcus than on more superficial parts of the gyri (i.e,

crown and lip).

3.4.1 Limitations

The neuronal models in this study | layer 5 (L5) and layer 3 (L3) pyramidal cells
(PCs) and thalamocortical axons (TCAs) represent only a fraction of the myriad
neurons and neural elements found in the cortex. PCs represent 75-80% of the neurons
in the cortex (Markram et al.2004) and can be found not only in L3and L5, but also in L6
(Amaral 2000). The dendritic morphologies of the model PCs were based on cells from
cat visual cortex (Mainen and Sejnowski 1996), andalthough the basic geometry of PCs
across species is fairly stereotypical (conical soma, descending axon, apical and basal

dendrites), the specific morphologies of PCs vary among species (DeFelipeet al.2002). It
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is unclear to what extent these variations influence the excitation properties of PCs to
cortical stimulation.

The remaining 20-25% of the neurons in the cortex consist of local interneurons
(Markram et al.2004). Whereas the morphologies of PCs are fairly homogeneous, local
interneurons are highly diverse. As a result, it is unlikely that the responses of a few
local interneurons to ECS can be generalized. To explore how thresholds of interneurons
in the cortex varied with neuronal geometry, we constructed a compartmental model of
a nonspecific catical interneuron, consisting of a 20-4 QOWEDE Ol Ul UwUOOE wE OE WE u
myelinated axon, the approximate width of a cortical column, since the axons of cortical
interneurons typically arborize within a single cortical column (Markram et al.2004).
Four differen t dendritic morphologies were modeled: no dendrite; a single straight
dendrite (length = 0.5 mm) pointing in the opposite direction of the axon; the same
dendrite but pointing at a right angle to the axon; and a dendrite pointing away from the
axon with tw o segments branching off of the end of the main trunk. These neurons were
positioned in the baseline model in the same region of the cortex as described previously
(Figure 3.2) at a depth of 1.25 mm below the cortical surface. As with the other cell types
in the baseline model, thresholds in the crown and lip of the precentral gyrus were
lower than in other parts of the cortex and varied with the position of the neuron and
polarity of stimulation. However, thresholds varied greatly with dendritic morphology

For example, thresholds on the crown of the precentral gyrus were 61% lower on
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average for neurons with the branched dendrite than the other dendritic morphologies.
In addition, minimum thresholds in the cortex differed by as much as 3400% (2.5 mA to
85.6 mA for cathodic stimulation of interneurons with no dendrites) as the orientation of
the axon with respect to the cortical surface was varied, illustrating the substantial
impact of the orientation of the interneuron on thresholds for excitation of inter neurons.
This analysis of local interneurons demonstrated the difficulty in generalizing the results
from a relatively small number of neurons to all interneurons due to the diversity in
geometries. Thus, a wide array of more detailed models of interneuron s is necessary to
understand more completely the effects of ECS on interneurons.

We modeled populations of independent and non -communicating neurons, and
we only measured thresholds for direct stimulation. During cathodic surface stimulation
(i.e., electrode directly on cortex), thresholds for indirect activation, via stimulation of
presynaptic axons by ECS and subsequent excitatory postsynaptic potentials (EPSPSs),
are lower than for direct activation (Hern et al.1962; Phillips and Porter 1962; Gorman
1966. As well, synaptic inputs could have affected our results through modulation of
excitability. Postsynaptic potentials can polarize a neuron and change the threshold for
direct activation. Conversely, the direct effects of ECS can also influence excitabiity,
affecting how a neuron responds to synaptic inputs. Specifically, subthreshold
stimulation of a neuron changes the conductance of voltage-gated sodium channels

(Grill and Mortimer 1995), and subthreshold depolarization enables EPSPs to be
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generated atNMDA receptors (Nowak et al.1984). None of these effects were considered
in the present model, but given the large thresholds for direct activation of cortical
neurons, our results imply that indirect effects contribute to the therapeutic effects of
ECS.

Despite these limitations, the model reproduced experimental data quite well.
The model data fit well with experimental measurements of thresholds for not only ECS
but also intracortical microstimulation, subdural cortical stimulation, and uniform
electric field polarization. As well, our results agreed with experimental measures of the
effect of stimulation polarity on direct activation of L5 PCs. Specifically, subdural
cortical stimulation directly activated L5 PCs at lower amplitudes with monopolar
anodic stimulation than with monopolar cathodic stimulation (Hern et al.1962; Phillips
and Porter 1962; Gorman1966; Katayamaet al.1988; Holsheimeret al.2007). Further, in
one of these studies (Phillips and Porter 1962), the electrode location producing the
lowest threshold for anodic stimulation of PCs was over the lip of the precentral gyrus
on the central sulcus, while the location of lowest threshold for cathodic stimulation was
more towards the crown of the gyrus, and the lowest cathodic threshold wa s less than
the lowest anodic threshold. Changes in thresholds with electrode position and stimulus
polarity determined with the model ( Figure 3.5) agree with these experimental data. For
some of the L5 PCs on the lip of the precentral gyrus, the electrodelocation producing

the lowest threshold for anodic stimulation was over the lip, while cathodic stimulation
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over the crown of the precentral gyrus activated the same neurons at lower amplitudes.
Thus, even without considering the effects of synaptic input s or modeling every type of
cortical neuron, the present study is still useful for understanding the effects of electrode

placement and geometry on the effects of ECS.

3.4.2 Sites of Action Potential Initiation

The sites of action potential initiation reve aled how cortical and neuronal
geometry affect thresholds of excitation of cortical neurons. In the baseline model,
several neurons in different parts of the cortex were activated at the white matter -gray
matter boundary, notably L5 PCs and TCAs beneath the electrode during anodic
stimulation. The low threshold point at this boundary was caused by the discontinuity
of the unequal conductivities of the gray and white matter. These results agree with
previous studies of neuronal activation in regions of inhom ogeneouselectrical
conductivity (Grill  1999). In a computational model of ECS, pyramidal neurons were
activated at nodes in the proximity of the white matter -gray matter boundary (Manola et
al. 2007) and in a computational model of transcranial magnetic stimulation (TMS),
axons were activated at the white matter-gray matter boundary (Miranda et al.2007).

Whether such an abrupt transition in electrical conductivity as represented in the
present model actually exists between the white matter and gray matter is unclear, and a
more gradual transition may shift the site of action potential initiation. To test the effect

of a gradual transition in electrical conductivity at the boundary, the baseline model was
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altered to include a 0.5-mm transition layer between the gray and white matter. Within
this layer, the conductivity changed linearly with distance from that of the gray matter

to that of the white matter, resulting in an increase in thresholds of ~33% compared to
the baseline model for neurons beneath the dectrode. Even with this smoother transition
in conductivity, action potentials were still initiated near or within the transition layer.
These results suggest that neurons are particularly excitable at the white matter-gray
matter boundary and possibly at other regions of inhomogeneous electrical conductivity
(e.q, cerebral infarcts).

The terminals of axons were often the site of action potential initiation in L3 PCs
and TCAs, depending on the direction the axon was pointing and the stimulus polarity.
In the crown of the precentral gyrus, action potentials were initiated at axon terminals of
L3 PCs during anodic stimulation and of TCAs during cathodic stimulation. In other
words, the axons pointing away from the electrode and those pointing towards the
electrode were activated at their terminals by stimuli of opposite polarity. However, the
comparatively lower thresholds of L3 PCs along the banks demonstrate the greater
excitability of terminating axons, and illustrate the importance of neural geometry. Thi s
observation also explains why thresholds for anodic stimulation of L3 PCs on the bank
of the precentral gyrus were larger than on the bank of the postcentral gyrus, despite the
closer proximity of the precentral gyrus to the electrode. Whereas the axons of the L3

PCs on the bank of the precentral gyrus pointed towards the electrode, those on the

103



bank of the postcentral gyrus pointed away from the electrode. These results agree with
previous studies showing that the axon terminals of cortical neurons are h ighly excitable
and can be activated at lower stimulation amplitudes than nearby neural ele ments
(Gustafsson and Jankowskal976; Maccabeeet al.1993; Dostrovsky et al.2000; Mcintyre
and Grill 2002; Miranda et al.2007; Nair et al.2008; Salvadoret al.2010). Further, our
results are consistent with previous computational modeling studies demonstrating the
sensitivity of thresholds for activation of axon terminals to the orientation of the axon
and its proximi ty to the electrode (Rubinstein 1993; Rattay P99; Rattay2008).

Action potentials were also initiated at axon bends and axon initial segments,
and these locations on the axon have been identified as sites of action potential initiation
in previous studies of cortical stimulation. Cathodal stimulation delivered to the surface
of monkey motor cortex directly activated corticospinal axons at the initial segment
(Amassian et al.1990), as observed in the present model. As well, axon bends were
highly excitable during TMS (Amassian et al.1992; Maccabeeetal. 1993; Miranda et al.
2007; Salvadoret al.2010). In summary, cortical neurons can be activated at different
points along their axons, and the site of action potential initiation depends on axonal
geometry, stimulation polarity, and the position of th e neuron relative to the electrode

and regions of inhomogeneous electrical conductivity.
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3.4.3 Clinical Relevance

The results of this study facilitate the rational implantation and programming of
ECS systems. Clinically, bipolar stimulation is typically us ed (Nguyen et al.1998;
Canavero and Paolotti 2000; Canaveroet al.2002; Katayamaet al.2002; Franziniet al.
2003; Rascheet al.2006; Taniet al.2007; Andersonet al.2009; Lefaucheuret al.2009;
Cherney et al.2010; Saka®t al.2010), with the rationale that the proximity of the anode
and cathode focuses stimulation to a specific area of the cortex and limits the spread of
activation to the rest of the cortex. Indeed, our simulations revealed that bipolar
stimulation increased thresholds compared to monopolar stimulation for neurons
beyond the stimulating electrode, while thresholds were lowest beneath the electrodes.
Although current passes through the region of the cortex between the electrodes as it
travels from the anode to the cathode, thresholds for excitation of neurons directly
between the two electrodes were greater than beneath the electrodes. In addition, during
both bipolar and equipolar stimulation, the two electrodes stimulate two distinct
populations of neurons, and it is unclear if and how activation of one population affects
the other. To minimize interactions between neurons under the stimulating and return
electrodes, the return electrode can be placed on an adjacent gyrus, as is often done
clinically (Nguyen et al.1998; Brownet al 2006; Andersonet al.2009; Lefaucheuret al.
2009; Velasccet al.2009). However, stimulation of the adjacent gyrus could produce side

effects. Moreover, since these side effects may not appear immediately or be as easy to
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observe as motor effects €.g, behavioral side effects from stimulation of frontal cortex),
they may be difficult to prevent. For these reasons, the most prudent method of
stimulation may be monopolar or equipolar stimulation over the target.

Selective stimulation of neurons located deep within a sulcus appears
exceedingly difficult with ECS and may require more invasive methods of cortical
stimulation. Thresholds for neurons located on the banks of the gyri deep within the
central sulcus had larger thresholds than neurons on the crowns or lips for all electrode
placements, polarities, and geometries. The hand area of the motor cortexlies deep
within the central sulcus (Yousry et al.1997), and this area is a common target of ECS
(Brown et al.2006; Levyet al.2008; Pagniet al.2008) However, our results indicate that
these neurons cannot be directly activated without co-activation of neurons on the
crowns and lips of the precentral and postcentral gyri. Subdural stimulation or
intracortical microstimulation may enable greater locali zation of stimulation to neurons
deep in the sulcus. Another option may be intra -sulcular stimulation, where an electrode
is placed beneath the dura mater within a sulcus (Hosomi et al.2008). Although these
invasive methods may provide greater localizatio n, the importance of localization is not
well understood. Stimulation of a wide area of cortex may be more beneficial than
targeting a small area of the cortex for certain disorders; certainly TMS and tDCS deliver
less focal stimulation than ECS but are efective treatments nonetheless for pain,

movement disorders, and psychiatric disorders (Canavero 2009). Furthermore, cortical
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stimulation was delivered concurrently with motor rehabilitation in rats after cerebral
ischemia, and a distributed electrode configuration was more effective than a focal
electrode configuration at enhancing motor performance (Boychuk et al.2011).

Because the geometries of clinical epidural leads made by different companies
are not uniform (Table 2), understanding how electrode and lead geometry impacts the
outcome of ECS is important for delivering efficient and effective treatment. Thresholds
beneath the electrode were directly related to electrode diameter, and accordingly, the
amplitude required to produce therapeutic effects du ring ECS will likely be directly
related to electrode diameter as well. As well, larger electrodes reduce the spatial
selectivity of stimulation beneath the electrode (Figure 3.8), which may influence the
clinical outcome of ECS by reducing localization and increasing side effects. Spatial
selectivity was also influenced by inter -electrode spacing (IES), and reducing the spacing
increased thresholds throughout most of the cortex for bipolar stimulation and mostly
reduced thresholds for equipolar stimulation . IES may also affect the ability to perform
EUUUI O0wUU0T 1 UDPOT 2 OwEwWUIT ET OP@UIl whT 1 Ul wUUDPOUOEU
independent sources to direct the flow of current and focus stimulation on a specific
region between the electrodes. Current steering can be used in cochlear implants
(Berensteinet al.2008; Bonham and Litvak 2008; Landsberger and Srinivasan2009),
peripheral nerve stimulation (Veraart et al.1993), spinal cordstimulation (Alo and

Holsheimer 2002), and deep brain ¢simulation (Butson and Mcintyre 2008). In ECS,
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current steering may be effective for targeting regions of the cortex located between
electrodes without moving the epidural lead. With the baseline IES, thresholds were
lowest beneath the electrodes and not between the electrales for both bipolar and
equipolar stimulation. On the other hand, reducing IES altered the spatial distribution of
thresholds between the electrodes Eigure 3.7), and thresholds were lowest for equipolar
anodic stimulation directly between the electrodes, indicating that the fields generated
by the electrodes interacted to a greater degree. These results suggest that the ability to

steer current during ECS is influenced by IES.

3.5 Appendix
3.5.1 Reevaluation of Initial Model

In our initial study of comput ational modeling of ECS (Chapter 2), the activating
function was used to predict neuronal responses to ECS, and we described the
limitations of this method. In the present study, we improved upon the previous
method by coupling the model of ECS to compartm ental models of cortical neurons, and
this method did not rely on the assumptions made when using the activating function.
Using the methods and results of the present study, we reevaluated the conclusions of
our initial study and examined the validity of the activating function in predicting
neuronal responses to ECS.

When reassessed using the methodology of the present chapter, the results of

Chapter 2 remained qualitatively the same. Layer 5 pyramidal cells (L5 PCs) were
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placed within the cortex beneath the epidural lead, and the anatomical parameters of the
FEM models were varied. Monopolar pulses were delivered with PW = 1004s, and
thresholds were measured for anodic and cathodic stimulation. As predicted in the
previous chapter, thresholds increased with the thickness of both the CSF and dura
mater. As well, when the width of the precentral gyrus was varied, activation of ne urons
on the crown was affected due to the change in curvature of the neurons beneath the
electrode. The width of the sulci was also varied, and as expected, there were no
substantial changes in activation. In all of these cases, even though the L5 PCs wex
much more complex morphologically than the idealized axon assumed for the activating
function, the predictions made using the activating function were still qualitatively
accurate.

One of the limitations noted in the previous study was that the activatin g
function assumes an infinitely long fiber and does not predict accurately the polarization
of fiber terminals. This was evident when comparing the distributions of activating
function in the baseline model of the previous study to the activation of layer 3
pyramidal cells (L3 PCs) and thalamocortical axons (TCAS) in the current study. Beneath
the electrode in the baseline model, monopolar anodic stimulation produced positive
activating function in the direction perpendicular to the cortical surface ( Figure 2.6),
indicating that perpendicular fibers, such as the axons of the L3 PCs and TCAs, should

be depolarized along their entire length. For TCAs, although most of the fiber was
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depolarized by anodic stimulation, the terminal was depolarized by cathodic
stimulation, and thresholds were lower for cathodic stimulation than for anodic
stimulation. As well, the magnitude of the activating function decreased with distance
from the cortical surface, indicating that action potentials should be initiated on the par ts
of the fiber closest to the surface. The activating function correctly predicted that L3 PCs
would be activated at lower amplitudes for anodic stimulation than for cathodic
stimulation. However, the site of action potential initiation was not predicted correctly
for anodic stimulation; instead of initiating where the activating function was greatest,
i.e.,the initial segment or one of the proximal nodes of the axon, action potentials
initiated at the axon terminal, where activating function was at a min imum. From these
results, it is clear that the activating function is insufficient for predicting the responses
of these neurons to ECS.

As described in Chapter 2, polarization of fiber terminals is better predicted by
the first spatial derivative of the p otential than the second derivative (Rattay 2008)
Calculated in the direction poin ting toward the cortical surface, the first spatial
derivative during anodic stimulation was positive, i.e.,the potential increases as you
approach the electrode. However, calculated in the opposite direction, the derivative
was negative, i.e.,the potential decreases as you move away from the electrode. Because
the axons of the L3 PCs and the TCAs pointed in opposite directions, the signs of the

first spatial derivative of the potential at their terminals were opposite in sign, and
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consequently, they were activated at their terminals by opposite polarities. These results
also demonstrate that polarization at fiber terminals can be quite large relative to
polarization on the rest of the axon, even when the terminal is the part of the axon
farthest from the source as with the L3 PCs.

The results of this chapter revealed a limitation that was not discussed in
Chapter 2: the failure to predict activation of axons at the boundary between the white
matter and gray matter beneath the electrode. At this boundary, t here was an abrupt
shift in electrical conductivity at the transition between the gray matter and white
matter, and as a result, the first spatial derivative of the potential calculated in the
perpendicular direction was discontinuous. Consequently, at the boundary a large spike
was produced in the second spatial derivative, and action potentials were initiated at
this location for L5 PCs and TCAs. The inability to predict the spike in the activation
function was not due to a flaw in the theory behind the a ctivating function but instead
the process by which spatial derivatives of the electric potential are calculated using the
finite element method (FEM). The FEM computes the electric potential using piecewise
polynomial functions, where the potential within each element is calculated through
POUI UxOOEUPOO WOl wlOT T wxOUI OUPEOQUWEUWUT T wi 01 01 OU
potential are also calculated through interpolation, and as a result, the potential and its
spatial derivatives vary smoothly and con tinuously inside each element. Also, in the

FEM, elements belong to only one subdomain, i.e, elements in the gray matter did not
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span the boundary into the white matter, and vice versa. Hence, for elements on the
boundary, nodes from one side of the boundary were not used in the calculation of the
activating function on the other side of the boundary. Because the spike in the activating
function only appears when the second spatial derivative is calculated across the
boundary, the FEM was unable to predict the spike at the border of the gray matter and
white matter.

Despite the problems raised thus far concerning the activating function, it was
still reasonably accurate and useful in predicting polarization of neural elements during
ECS. To illustrate this point, we delivered monopolar anodic stimulation to the TCA
located directly beneath the center of the electrode in the baseline model. Directly after
the stimulus was turned on, we measured the transmembrane voltage (Vm) and second
spatial difference of the extracellular voltage along the axon (Figure 3.9). Except at the
terminal of the axon and the adjacent node, the activating function correctly predicted
that the rest of the axon would be depolarized and even predicted the relative
polarization of diff erent nodes fairly well. Predicting polarization of neural elements
during ECS may be just as important as predicting activation since subthreshold
polarization can have substantial effects on the excitability of neurons.

In sum, predictions made using the activating function in Chapter 2 regarding
the effects of varying anatomy during ECS held up when analyzed using the methods of

the present chapter. Also, polarization of most neural elements is likely predicted well
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by the activating function. However, t he limitations of the activating function ( e.g, at
fiber terminals) and its calculation in the FEM point to its shortcomings in predicting
specific neuronal responses. Instead, the activating function may be more useful as a
quick approximation of the cottical areastimulated during ECS, which can then be

analyzed further if necessary using the methods of the present chapter.

3.5.2 ECS of Local Interneurons

Local interneurons (INs) make up 20-25% of the neurons in the cortex, and unlike
PCs, their morphologies are not homogeneous (Markram et al 2004). As a result, it is
doubtful that the responses of a few INs to ECS can be generalized. We coupled the
baseline ECS model to compartmental models of nonspecific cortical INs to determine
how thresholds were in fluenced by neuronal geometry.

311 WEOQUUPEEOwW( - UWEOOUDPUUI EwlOi WEWUOOE wpEDPEOI
(length = 1 mm) terminating in the cortex. Four different dendritic morphologies were
modeled: no dendrite (ND) ( Figure 3.10a); a single straight dendrite (length = 0.5 mm)
pointing in the opposite direction of the axon (SD) (Figure 3.10b); the same dendrite
pointing at a right angle to the axon (RA) ( Figure 3.10c); and a branching dendrite,
consisting of a 0.5mm trunk pointing away from the axon with two segments (length =
0.25mm each) branching off of the end at +45 degrees (BD) Figure 3.10d). The electrical
properties of all structures were the same as in the models of PCs and TCAs. INs were

positioned in the baseline model in the same region of the cortex that the PCs and TQAs
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were placed (Figure 3.2) at a depth of 1.25 mm below the cortical surface. Also, INs were
rotated in the x-y plane to four orientations parallel to the x - and y-axes: 0, 90, 180, and
270 degrees Figure 3.10e). Anodic and cathodic thresholds for direct excitation were
EIl Ul UOPOI EwPOEPYPEUEOOawWI OUwI EET wOi wOT T wKl OKYY
Thresholds for activation of INs were lower on the crown and lip of the
precentral gyrus than for INs deep in the sulcus (Figures 3.11, 3.12, similar to
stimulation of L3 PCs and TCAs, the axons of which also terminated in the cortex. The
axon terminal was often the site of action potential initiation, and because polarization
of the axon terminal is dependent on the first spatial derivative of potential, the direction
in which the axon s pointed determined whether anodic or cathodic thresholds were
lower. For example, the axons of INs oriented at 0 and 270 degrees (top and bottom
rows, respectively, of Figures 3.11, 3.12 pointed away from the electrode in the crown of
the precentral gyrus, and except for BD INs, anodic thresholds were lower than cathodic
thresholds. Similarly, the axons of INs oriented at 90 and 180 degrees (middle rows of
Figures 3.11, 3.12 pointed toward the electrode in the crown of the precentral gyrus, and
cathodic thresholds were lower than anodic thresholds. As a result, in some regions of
the cortex, anodic thresholds for excitation of INs oriented at O and 270 degrees were
approximately equal to cathodic thresholds for excitation of INs oriented at 90 and 180
degrees. This suggests that the influence of stimulation polarity on selectivity for INs is

limited and that symmetric biphasic pulses will lead to widespread IN activation.
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Dendritic morphology also influenced thresholds for excitation of INs. Spatial
distributions of threshold for activation of ND, SD, and RA INs were qualitatively
similar, and differences in thresholds among INs depended on the orientation of the
axon. During anodic stimulation, thresholds varied among the groups of INs when
axons pointed towards the electrode but not when axons pointed away from the
electrode. Cathodic stimulation produced the opposite effect: thresholds varied among
INs when axons pointed away from the electrode, while thresholds for INs with axons
pointing towards the el ectrode were equivalent. When thresholds varied among ND and
SD INs, thresholds for SD INs were always lower, i.e., the addition of the dendrite
decreased thresholds Figure 3.13. However, thresholds for RA INs increased
thresholds compared to both ND and SD INs in some regions of the cortex while
decreasing thresholds in other regions. Thresholds for excitation of BD INs were
substantially lower throughout most of the cortex than for INs with other dendritic
morphologies (Figure 3.11-13). In addition, dif ferences between anodic and cathodic
thresholds for excitation of the BD INs were smaller than for INs with other dendritic
morphologies (Figures 3.11, 3.12 It is unclear whether the effects seen with BD INs
were a result of the dendritic branching or th e increased total length of the dendritic
tree. Nonetheless, dendritic morphology clearly influences thresholds for excitation of
INs in the cortex, as well as neuronal firing patterns (Mainen and Sejnowski 1996). Thus,

INs with more specific dendritic mor phologies should be analyzed in the ECS model.
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Figure 3.1: Three-dimensional (3D) extruded slab model of epidural cortical
stimulation (ECS) of motor cortex. Cross-section of the model (a) was extruded to
produce the 3D model (b). The epidural lead (c) was placed over the crown of the
precentral gyrus in the baseline model
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Table 3.1: Dimensions of compartmental models of cortical neurons

Node Myelin Axon
Soma diameter diameter diamet er length Number of

Model (egm) (egm) (egm) (mm) nodes
Layer 3 pyramidal

cell 29.8 0.74 1 1.313 13
Layer 5 pyramidal

cell 25 1.11 1.48 10.1 100
Thalamocortical

axon -- 0.61 0.81 20.2 200
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Figure 3.2: Distribution of compartmental models o f cortical neurons in ECS model.
Examples of a) layer 5 (L5) pyramidal cell (PC) and b) layer 3 (L3) PC on crown of
precentral gyrus, and thalamocortical axons (TCASs) on c) lip and d) bank of precentral
gyrus. TCAs and axons of L5 PCs approached the whitematter perpendicular to the
white matter -gray matter boundary but curved towards the axial (y -axis) direction. e) In
the x-y plane, neurons were distributed within the cortex from the center of the crown of
the precentral gyrus (C), around the lip (L), do wn the bank on the precentral gyrus (B),
around the bottom of the sulcus (BS), up the opposite bank on the postcentral gyrus
(OB), around the opposite lip on the postcentral gyrus (OL), and ending on the opposite
crown on the postcentral gyrus (OC). Along the z-axis, the region within which neurons
were distributed spanned 15 mm, and neurons were spaced by 0.625 mm. f) Sample of
L3 PCs distributed within 3D model. Model was split open along the central sulcus to
show cells on both banks. Neurons were not modeled explicitly in the ECS model, but
rather, the electric potentials calculated from the ECS model were used as extracellular
sources for stimulation of the neurons.
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Figure 3.3: Thresholds in baseline model of ECS. a) Three-dimensional representation

of anodic thresholds for L5 PCs. b) Path along which neurons were distributed in ECS

model. ¢)-h) Two-dimensional representations of the plot from a) for all cell types
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different regions of the cortex. Plots were smoothed using linear interpolation. Within

the white contour lines in c), e), and h), thresholds were < 13 mA, which is the maximum

output of Northstar Neuroscience stimulators (Harvey and Winstein 2009).
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Figure 3.4: Sites of action potential initiation in baseline model for anodic (+) and
cathodic (-) ECS. Sites included axon terminals, bends, initial segments, and nodes
closest to the white matter-gray matter boundary. Each neuron in this figure represents
all of the neurons within its respective section (i.e, crown of precentral gyrus, lip of
precentral gyrus, etc.) For L5 PCs and TCAs, only part of the axon is shown.
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Figure 3.5: Anodic ECS with varying electrode locations. The electrode was shifted
from over the crown of the precentral gyrus in the baseline model to over the central
sulcus. Cathodic ECS was qualitatively similar to anodic ECS and also resulted in
greater activation of neurons in the postcentral gyrus as the electrode was shifted.
Thresholds were < 13 mA within the white contour lines in a), c), and d).
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Figure 3.6: Bipolar and equipolar ECS of L5 PCs with lead oriented perpendiculart o
precentral gyrus. Equipolar cathodic stimulation is not shown in the second column
because all thresholds were > 200 mA. The plots are representative of distributions of

thresholds for L3 PCs and TCAs. Thresholds were < 13 mA within the white contour
lines in a), b), and c).
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Figure 3.7: Influence of inter -electrode spacing (IES) on thresholds. Thresholds with

baseline IES for a) bipolar and b) equipolar anodic stimulation, respectively. Equipolar

cathodic stimulation is not s hown because thresholds were greater than 100 mA. The

plots are representative of distributions of thresholds for L3 PCs and TCAs. Thresholds

were < 13 mA within the white contour line in a). Thresholds with IES = 5 mm for c)

bipolar, d) equipolar anodic, and e) equipolar cathodic stimulation. f) Comparisons of

thresholds for different polarities and IES for neurons located directly under one of the
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directly under the anode aODE wWEE UT OET OQwUI Ux1 EUPYI O0ad wuOUwl gUD:
bars indicate smaller IES. g) Influence of polarity and IES on average change in

thresholds across allneurons in the cortex compared to baseline. h) Effects of

stimulation polarity and IES on the ratio of thresholds for neurons directly between the

two electrodes and directly beneath the electrodes (T).
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Figure 3.8: Effect of el ectrode diameter on thresholds during ECS. a) Minimum
threshold for each cell type. b) Input -output curves of the number of activated neurons
vs. stimulation amplitude for each cell type for different electrode diameters.
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Table 3.2: Dimensions and geometries of epidural leads

Electrode
configuration
Make (Model) (rows x columns)

Northstar 1x2
Neuroscience
(renova), 2x3
Medtronic (Resume II), 1x4
St. Jude Medical 2x4
(Lamitrode 44); (offset rows)
Electrocorticography varies

[EC0G] electrode

Sources

1 (Levy et al 2008)
2 (Tsubokawa et al 1991)
3 (Kleiner-Fisman et al 2003)

Electrode
diameter
(mm)
3.75

3

4

4x2.5
(rectangular)

~5 mm
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Substrate
Inter -electrode dimensions
spacing (mm) (LXW; mm)
15 40x14
9 (within row) 30x30
18 (between row)
10 44x8
7 (within row) 45x10
3 (between row)
~10 mm varies
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Figure 3.9: Membrane voltage (Vm) vs. second spatial difference of extracellular

potential (Ve) for epidural anodic stimulation of TCA located directly ben eath

electrode.
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Figure 3.10: Compartmental models of INs coupled to ECS model. Examples of INs
with a) no dendrite (ND), b) single straight dendrite (SD), c) dendrite oriented at a right
angle to axon (RA), and d) dendrite with two segments branching off the main trunk
(BD). Thick lines represent axons while thin lines represent dendrites. €) Sample of ND
INs distributed in ECS model. Thresholds for excitation were measured for each of the
four IN types in four different IN orie ntations parallel to the x- and y-axes at 2650
different locations.
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Figure 3.11: Anodic thresholds in baseline model for SD and BD INs.  Ball-and-stick
figures represent the orientation of INs in the crown of the precentral gyru s, as shown in
Figure 3.1a. Spatial distributions of thresholds for excitation of ND, SD, and RA were
similar, and only the results for SD INs are shown. Thresholds for excitation of BD INs
were less than for any other type of IN (i.e, region of activation at a fixed intensity was
greatest).
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Figure 3.12: Cathodic thresholds in baseline model for SD and BD INs.  Ball-and-stick
figures represent the orientation of the INs in the crown of the precentral gyrus, as
shown in Figure 3.1a. Spatial distributions of thresholds for excitation of ND, SD, and
RA were similar, and only the results for SD INs are shown. Thresholds for excitation of
BD INs were less than for any other type of IN (i.e, region of activation at a fixed
intensity w as greatest).
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Figure 3.13: Effects of dendritic morphology on thresholds for excitation of INs in the
crown of the precentral gyrus during a) anodic and b) cathodic stimulation. Ball -and-
stick figures represent the orientation of the INs in the crown of the precentral gyrus, as
shown in Figure 3.1a. Bars represent the median % difference in threshold from
changing from the second IN model to the first IN model listed in the legend, e.g.,
SD/ND A (ThresholdSD-ThresholdND)/Thresho IdND * 100.
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4. Effects of Stimulation Parameters and Electrode
Location on Thresholds for Epidural Stimulation of Cat
Motor Cortex

4.1 Introduction

Both placement and programming of epidural cortical stimulation ( ECS systems
may affect the therapeutic outcome. Following implantation of the ECS system,
clinicians must decide from which electrode on a multi -electrode lead to deliver
stimulation, which electrode will serve as the return electrode during bipolar
stimulation, or whether to deliver monopolar s timulation (if available), and also
program the stimulation parameters, including amplitude, frequency, polarity, and
pulse width. Because the mechanisms by which ECS has its therapeutic effects are
unclear, the treatment parameters for ECS that will maxim ize therapeutic outcomes and
minimize side effects are not known. With certain neurological disorders, such as pain
and tremor, symptoms are alleviated immediately upon application of ECS with
appropriate parameters (Nguyen et al.1998). As a result, ad h@ empirical approaches to
selecting stimulation parameters can be successful. However, the large number of
potential combinations of stimulation parameters, coupled with the lack of
understanding of their effects on the outcome of ECS, may result in excessvely long
programming sessions and suboptimal treatment. These problems are compounded in
other neurological disorders (e.g.,stroke), where stimulation may result in no immediate

overt effects and where the benefits of ECS may not manifest for days to weeks (Brown
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et al.2006). In these cases, understanding how stimulation parameters influence
therapeutic outcome is imperative because an empirical approach for parameter
selection may not be practical. We delivered epidural electrical stimulation to the mo tor
cortex of anesthetized cats and investigated the effects of electrode placement and

stimulation parameters on thresholds for evoking motor responses.

4.2 Methods
4.2.1 Surgical preparation and instrumentation

All animal care and experimental procedure s were approved by the Institutional
Animal Care and Use Committees of Duke University and were followed according to
The Guide to the Care and UsfeLaboratory Animals1996 Edition, National Research
Council. Experiments were conducted on adult cats (n=6). Sedation was induced with
acepromazine (Vedco Inc., 0.3 mg/kg; S.Q.), and anesthesia was induced with ketamine
HCI (Ketaset; Fort Dodge Animal Health, Fort Dodge, IA; 35 mg/kg; 1.M.). During
surgery, anesthesia was maintained with isoflurane gas (Isothesia; Butler Animal Health
Supply; Dublin, OH; 1 -2%), and during the experiment, anesthesia was maintained with
a combination of ketamine (3 mg/kg) and sodium pentobarbital (Nembutal; Lundbeck
Inc, Deerfield, IL, 2 mg/kg) (Ghosh 1997) delivered 1.V. throug h the femoral vein as
needed, determined through monitoring of blood pressure, heart rate, and withdrawal
reflexes. Blood pressure was monitored using a catheter inserted into the femoral artery.

Fluid levels were maintained with saline solution and lactat ed ringers delivered through
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the femoral vein (15 ml/kg/hr, 1.V.). The cat was intubated, and respiration was
controlled to maintain end tidal CO 2 at 3-4%. Core temperature was monitored and
maintained at ~39°C.

The head was placed in a stereotactic frame with the forelimbs hanging pendant
below the body. A craniotomy was performed over the right frontal sinus to expose the
UPT T OwOOUOUWEOUUI RwEUI EwK wA wkdu® dlaEpidirak ® OT wOT |
stimulation was delivered using a 3 mm diame ter stainless steel ball electrode
(Utahmed; Midvale, UT), and the area of the electrode in direct contact with the dura
mater was approximately 1-1.5 mm in diameter. An identical ball electrode was placed
on the cortex during bipolar stimulation, and meta | retractors on the scalp were used as
the counter electrode during monopolar stimulation. Stainless steel wire electrodes were
inserted into muscles of the upper arm and shoulder of the left forelimb (spinodeltoid,
clavobrachialis, and the long, medial, and lateral heads of the triceps) to measure the
electromyogram (EMG) evoked by ECS. The evoked EMGs were amplified (gain = 1000),
filtered (1 Hz -3000 Hz) (Qjin Design, ON, Canada), and recorded at 10 kHz.

Stimulation and recording were controlled using Lab view (DAQCard -6062E)
(National Instruments, Austin, TX). Stimuli were generated digitally and delivered via a
D/A converter (100 ksamples/s) to a linear voltage-to-current converter (2200 Analog
Stimulus Isolator, A -M Systems, Inc., Sequim, WA). The voltage across a 100 ohm

resistor placed in series with the stimulus current was amplified (SR560, Stanford
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Research Systems, Sunnyvale, CA) and recordedféample= 10 kHz) to monitor the stimulus

current.

4.2.2 Data collection and analysis

Stimuli were pseudo -monophasic rectangular pulses, consisting of a primary
phase with a pulse width (PWA wOl wt YY ws Uwi O dadddng fhase with PMMIE T EUT |
=3 ms. Stimulus trains consisted of 50 pulses and were delivered at a stimulation
frequency (f) of 200 Hz (Figure 4.1c). Stimulation amplitude was limited to a maximum
of 8 mA, or less than 8 mA if evoked muscular responses were too violent to increase
further. In addition, fand the number of pulses (NP) were varied to determine the
sensitivity of thresholds to these parameters.

For each experiment, a single site on the anterior portion of the forelimb
representation of the motor cortex (lateral sigmoid gyrus; Ward and Clark 1935;
Livingston and Phillips 1957; Nieoullon and Rispal -Padel 1976) was chosen as the
primary siteof stimulation ( Figure 4.1b). The muscle that was activated with the lowest
amplitude over the primary site was identified and is referred to as the primary muscle
The primary muscle varied with experiment (long head of triceps, n=3; clavobrachialis,
n=2; medial head of triceps, n=1). Thresholds were measured for monopolar anodicand
cathodic stimulation over the primary site ( primary site thresholdPST-and PST,
respectively) and were defined as the amplitude required to evoke EMG responses in 3

of 6 stimulus trains in the primary muscle ( Figure 4.2). Monopolar anodic and cathodic
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thresholds for activation of the primary muscle were measured at several secondary
sites (secondary site threshol8ST- and SST). Secondary sites were not confined to the
forelimb representation or the sigmoid gyrus and were located at varying distanc es
away from the primary site. Typically, an inter -site distance (ISD) of 23 mm was
selected, and then ISD was increased to 8 mm in the same direction for the subsequent
secondary site. In addition, each secondary site was paired with the primary site for
bipolar stimulation, where the anode was placed at one site and the cathode at the other
site (Figure 4.1d). Bipolar thresholds were measured with the anode (bipolar threshold:
BT-) and cathode (BT:) above the primary site, as well as for the respectiveanodes and

cathodes individually.

4.3 Results

Epidural cortical stimulation at the primary and secondary sites confirmed the
somatotopic organization of the motor cortex as described in previous studies (Ward
and Clark 1935; Livingston and Phillips 1957; Nieoullon and Rispal -Padel 1976).
Specifically, forelimb activation was produced by stimulation over the lateral sigmoid
gyrus; hindlimb activation was produced by stimulation over the medial -posterior
sigmoid gyrus; and activation of the head, neck, and back was produced by stimulation
of the medial-anterior sigmoid gyrus. Activation of individual muscles by epidural

stimulation was not confined to a small area of the motor cortex, but rather, individual
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forelimb muscles could be activated through stimulat ion of multiple sites in the forelimb
area.

Across all experiments, PST-and PST: ranged from 2.2 mA to 6.8 mA.
Thresholds varied with the depth of anesthesia; thresholds were at a minimum before
boluses of anesthetics and a maximum after boluses. Therefoe, measurements of
threshold were repeated 2-3 timesin an interleaved fashion and averaged to ensure that
results were not influenced by the depth of anesthesia. As well, none of the statistical
analyses described in subsequent sectiongevealed significant interactions between
experiment number and other variables (p > 0.38). Thus, data across all experiments
were combined for statistical analysis.

Bipolar stimulation or monopolar stimulation over secondary sites often evoked
motor responses from different muscles either in addition to or instead of activation of
the primary muscle. As well, cathodic monopolar stimulation above the primary site
occasionally activated different muscles in addition to the primary muscle. Thresholds
described in this study refer to the amplitude required to activate the primary muscle,

regardless of whether other muscles were activated as well.

4.3.1 Effects of frequency and number of pulses

Stimulation frequency (f) and the number of pulses per train (NP) were varied
independ ently to determine their effects on thresholds at the primary site. PST- and PST

were inversely related to f and plateaued atfa wl Y Yrigurédduldap. As well, thresholds
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were inversely related to NP and plateaued between NP = 2040 pulses figure 4.2b). In
addition, in 2 experiments, NP was reduced to 3 pulses atf = 200 Hz, and the evoked
motor response was different than for stimulus trains with NP = 50 pulses. Specifically,
trains with NP = 50 pulses evoked EMG responses with inconsistent latencies (12240
ms after onset of stimulation), and more than one EMG response could be evoked per
train (Figure 4.2c). On the other hand, trains with NP = 3 pulses always evoked single
EMG responses with shorter, more consistent latencies (~1620 ms) Figure 4.2d).
Further, stimulus trains with NP = 3 pulses at amplitudes that were subthreshold for
activation of the primary muscles often a ctivated different muscles (detected visually, by

palpation, or through EMG recordings) than with NP = 50 pulses.

4.3.2 Electrode location vs. threshold

Thresholds for evoking EMG responses were measured for monopolar anodic
and cathodic stimulation over primary sites (i.e, anterior-lateral sigmoid gyrus) and
secondary sites {.e., sites at varying distances from primary site). To determine the
differences in thresholds at primary and secondary sites, thresholds were log-
transformed, and a paired t-test was performed comparing thresholds at both sites,
where each paired measurement of primary and secondary sites was considered an
independent sample. Although thresholds were log -transformed for statistical analysis,
results are presented as percent differerces between the primary site and secondary site.

The paired t-test revealed that thresholds for evoking activity in the primary muscle
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were significantly lower for stimulation over primary sites than over secondary sites
(mean difference = 20%; p < 0.0001(Figure 4.3).

To determine the effect of polarity on the differences in thresholds at primary
and secondary sites, a repeated measures ANOVA was performed, with thresholdas the
dependent variable, and site (primary vs.secondary) and polarity (anodic vs. cathodic) as
independent variables. The interaction term for polarity and site was significant (p <
0.017). Therefore, the data were split by polarity, and separate paired ttests for anodic
and cathodic stimulation revealed that PST- was 26.5% (mean) lower than SST- (p <
0.0001) while PST: was 13% lower than SST (p < 0.015) Figure 4.3). For secondary sites
where movements could not be evoked in the primary muscle at the maximum
amplitude (anodic: 16 of 33 sites, cathodic: 7 of 33 sites), the maximum amfpitude was
used in place of an actual threshold. As a result, the calculated differences in threshold
between the primary and secondary sites underestimated the actual differences.

Thresholds were compared for paired secondary sites, i.e, two secondary sites
with ISD <4 mm and ISD > 4 mm along the same axis relative to the primary site.
Thresholds at secondary sites were normalized to thresholds at primary sites and log-
transformed. To determine the effect of ISD on thresholds, a paired t-test was performed
comparing thresholds at ISD <4 mm and ISD > 4 mm, where each pair of secondary sites

was considered an independent sample. The paired ttest revealed that thresholds at
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secondary sites with ISD < 4 mm were significantly less than with ISD >4 mm (mean

difference = 15.5%; p < 0.0005).

4.3.3 Effects of stimulation polarity

Thresholds for evoking motor responses with monopolar anodic and cathodic
stimulation were measured at the primary site, and the polarity with the lower threshold
was determined. Thresholds were log-transformed, and a paired t-test revealed that
PST- was not significantly different from PSTi (mean difference = 2.7%; p > 0.19).

The differences in anodic and cathodic thresholds were determined for
monopolar stimulation over secondary sites and bipolar stimulation ( i.e.,BT: vs. BT+)
and compared to the primary site. A repeated measures ANOVA was performed with
thresholdas the dependent variable, and polarity and electrode montagenonopolar
stimulation over primary site, monopolar stimulat ion over secondary site, and bipolar
stimulation) as the independent variables, where each paired measurement of anodic
and cathodic thresholds was considered an independent sample. The interactions
between electrode montagend polarity were significant (p < 0.0001). Therefore, the data
were split by montage, and separate paired t-tests were run for each montage comparing
anodic and cathodic thresholds. Polarity significantly affected thresholds only at
secondary sites and for bipolar stimulation: SST was significantly less than SST- (mean
difference = 18%; paired ttest, p < 0.012) andBT: was significantly greater than BT+

(mean difference = 18%; paired ttest, p < 0.0001) whilePST- was not significantly
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different from PSTi (mean difference = 2.7%; paied t-test, p > 0.19). In addition, post hoc
analysis revealed that the differences between anodic and cathodic thresholds with each
electrode montage were significantly different from the other electrode montages
(FPLSD, p < 0.003)Kigure 4.4).

Data where the maximum amplitude did not activate the primary muscle were
not included in this analysis, but these data still support the overall results. For 6
secondary sites, bipolar stimulation elicited a response in the primary muscle with the
anode| but not the cathode| over the primary site, demonstrating the same polarity
effect as in the quantitative analysis of thresholds. At 9 secondary sites, threshold could
be achieved with cathodic stimulation, but not with anodic stimulation, confirming that
the cathodic threshold was lower than the anodic threshold at secondary sites. However,
at 7 secondary sites, neither anodic nor cathodic stimulation activated the primary

muscle, and the polarity effect for these sites was unclear.

4.3.4 Bipolar vs. monopolar stimula tion

Thresholds for bipolar stimulation were compared to thresholds for monopolar
stimulation through the anode and cathode individually. In other words, BT+was
compared to PST-and SST, and BT+ was compared to PST: and SST.. These
comparisons revealed three different outcomes. In the first outcome, bipolar thresholds
Pl Ul wOOUWUUEUUEOUPEOOGAWEDI 11 Ul OVwephl OT UT UT OOEN
thresholds. A greater proportion of the measurements fell into this category for BT+
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(13/33;Figure 4.5a) than for BT: (3/30; Figure 4.5b). In the secondoutcome, bipolar
thresholds were between the respective monopolar thresholds. Whereas only 9/33
measurements fell into this category for BT+ (PST-<BT+<SST, or SST. <BT- <PST)
(Figure 4.5c¢), a majority of the measurements for BT: resulted in this outcome (PSTi <
BT: <SSk, or SST <BT: <PST) (21/30;Figure 4.5d). In the third outcome, BT+ was
always less than both PST- and SST: (Figure 4.5e), andBT: was greater than PST: and
SST:for all but 1 measurement (Figure 4.5f). There was no apparent corelation between
outcome and ISD, or between outcome and the activation of non-primary muscles.

The interactions between the anode and cathode were investigated in one animal
by comparing thresholds for bipolar stimulation to thresholds for interleaved
stimulation with two monopoles of opposite polarity. Interleaved stimulation was
delivered to the primary and secondary sites using independent sources, and
stimulation pulses at both sites were equal in amplitude but opposite in polarity and out
Oi wx i €215 mspiThere was no difference inBT- between concurrent (i.e, regular
bipolar stimulation) and interleaved pulses, and BT-was less than bothPST- and SST (n
= 2 secondary sites). Also, for one secondary siteBT: was less than bothPST: and SST-
for both concurrent and interleaved pulses . However, for 2 secondary sites, BT: was
greater than PSTi when pulses were delivered concurrently ( BT+/PST = 1.065 and 1.13),
but BT: was less thanPST: when pulses were interleaved (BT:/PST = 087 and 0.81,

respectively).
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4.3.5 Effects of prolonged low frequency stimulation

In one experiment, prolonged low frequency stimulation was delivered to the
primary site, and the effects on the consistency of evoked EMG responses to threshold
stimulation w ere measured. First, monopolar anodic stimulation (f =200 Hz,PW = 0.3
ms, NP = 50 pulses) was delivered, and the threshold amplitude for evoking activity in
the primary muscle was determined. This stimulus train will be referred to as the test
train. Then, monopolar pulses were delivered over the primary site with  PW=0.3 ms
and f = 1 Hz at the threshold amplitude of the test train. Because these pulses were
delivered at a rate much lower than in the test train, activity in the primary muscle was
not evoked at this amplitude. This train will be referred to as the conditioning train.After
every ten pulses (.e.,10 seconds), the test train was delivered between pulses of the
conditioning train ( i.e.,500 ms after tenth pulse), and EMG activity in the prim ary
muscle was recorded. After 4-6 minutes, the conditioning train was discontinued, but
the EMG activity evoked by test trains was still recorded every 10 seconds.

Test trains evoked responses in the primary muscle less consistently during
conditioning tr ains than following conditioning trains. During a conditioning train of
anodic pulses, 18 of 25 test trains evoked activity in the primary muscle (Figure 4.6).
After the anodic conditioning train, 13 of 14 test trains evoked activity in the primary
muscle, and the difference in the proportions of test trains evoking activity during and

El Ol DwOil 1 wEOCOEDPUDPOODPOT wUOUEDPOwWPEUwWOI EVUOawUDT ODPI
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23 of 36 test trains evoked activity in the primary muscle during a conditioning train of
cathodic pulses, and 11 of 14 test trains evoked activity after the conditioning train
(Figure 4.6). The difference in these proportions during and after the conditioning train
EOUOWExxUOEET | EwUDT OPi PEEOET wep%bUT 1 UzUwl BREECwWU
4.4 Discussion

We measured thresholds to evoke EMG responses in the contralateral forelimb
with epidural stimulation of the cat motor cortex under ketamine and sodium
pentobarbital anesthesia. Thresholds were inversely related to both stimulation
frequency (f) and the number of pulses per train (NP). Thresholds were lower at primary
sites on the anterior-lateral sigmoid gyrus (i.e.,forelimb representation in motor cortex)
than for secondary sites surrounding the primary site, and thresholds were significantly
greater at secondary sites > 4 mm away from the primary site than at secondary sites < 4
mm away. The effects of polarity on thresholds were dependent on electrode location
and montage: monopolar anodic and cathodic thresholds were not significantly different
over the primary site, cathodic thresholds were significantly lower than anodic
thresholds at secondary sites, and bipolar thresholds were significantly lower with the
anode rather than the cathode over the primary site. Although a majority of bipolar
thresholds were either between or equal to the respective monopolar thresholds, several
bipolar thresholds were greater than or less than the monopolar thresholds of both the

anode and cathode. These results quantify the influence of stimulation parameters and
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electrode location during cortical stimulation, and these effects should be taken into

account during the programming of systems for therapeutic cortical stimulation.

4.4.1 Stimulation frequency and number of pulses

Thresholds for evoking EMG responses were inversely related to f and NP,
suggesting that EMG responses were evoked through temporal summation of
postsynaptic potentials (PSPs). Electrical stimulation of the cortex can activate layer 5
pyramidal cells either directly by depolarization of the in itial segment or axon, or
indirectly via stimulation of presynaptic elements and subsequent synaptic activation. In
turn, the pyramidal cells synapse onto spinal neurons, and NP and f may have
influenced thresholds by affecting summation of PSPs at cortical or spinal neurons.
These results were consistent with a previous study of subdural stimulation of cat and
monkey motor cortex, where thresholds for visually -observed evoked movements were
inversely related to NP and f, and thresholds plateaued at ~200 Hz(Lilly et al.1952). In
addition, latencies of evoked EMG responses in the primary muscle were shorter and
more consistent for NP = 3 pulses than forNP = 50 pulses, which is consistent with the
idea that evoked EMGs were caused by temporal summation of PSPs. Further, different
muscles were activated with NP = 3 pulses at amplitudes that were subthreshold for
activation of the primary muscle, indicating that different neurons were activated than
at NP = 50. Previous studies of electrical stimulation of motor cortex in cat (Livingston

and Phillips 1957) and baboon (Liddell and Phillips 1951) found that activation of the
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same muscles were produced at different cortical sites with single-pulse stimulation and
repetitive stimulation. Thus, fand NP affect not only thresholds, but also the distribution

(selectivity) of activation.

4.4.2 Electrode location

The thresholds for activation of the primary muscle were significantly greater for
secondary sites than for primary sites, and thresholds for secondary sites >4 mm from
the primary site were significantly greater than secondary sites <4 mm away. These
results were consistent with previous studies of surface stimulation of the baboon cortex
that showed that cortical neurons could be activated by stimulation with electrodes
located up to 7mm away, and thresholds increased with distance (Phillips 1956; Phillips
and Porter 1962). Although the cat motor cortex is organized somatotopically,
movements in forelimb muscles could still be evoked at sites typically consider ed to
correspond to other parts of the body. The representation of individual muscles in the
cat motor cortex is not confined to a small group of adjacent neurons, but rather,
individual muscles are represented by non -adjacent groups of neurons (Schneideret al.
2001). Consequently, secondary sites at different locations may have activated different
populations of neurons but produced the same motor response. Alternatively, more
distant sites may have resulted in activation via stimulation of intracortical connections.

Electrode location also affected the polarity with the lowe r threshold for

activation of the primary muscle. Over the primary site, there was no significant
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difference between anodic and cathodic thresholds for evoking a response in the

primar y muscle, while over secondary sites, cathodic thresholds were significantly

lower than anodic thresholds. Hern et al.(1962) stimulated the surface of baboon motor
cortex and found that anodic and cathodic thresholds for evoking movements of the
fingers were about equal, and the region of the cortex where cathodic thresholds were
lowest overlapped| but was offset from| the region where anodic thresholds were
lowest. The effects of electrode location on threshold amplitude and preferred polarity
suggest thatduring therapeutic ECS, the polarity and amplitude that are most effective
at one location on the cortex may be less effective (or ineffective) at another location just

a few millimeters away.

4.4.3 Bipolar vs. monopolar stimulation

Comparisons of bipolar thresholds to monopolar thresholds revealed different
outcomes that reflected varying degrees of interaction between the anode and cathode
(Figure 4.7). In the first outcome, bipolar thresholds were not substantially different
from monopolar thresholds thr ough one of the electrodes individually, indicating that
stimulation through the other electrode had little to no effect during bipolar stimulation.
In the second outcome, bipolar thresholds were between the respective monopolar
thresholds. One explanation for increased thresholds is the superposition of the electric
fields generated by the two electrodes (Figure 4.7b). In addition, the original population

of neurons may have been inhibited by inputs from neurons activated by the other
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electrode (Figure 4.7c). These mechanisms may also explain cases where bipolar
thresholds were greater than the monopolar thresholds from both the anode and
cathode individually. In cases where bipolar thresholds were less than the respective
monopolar thresholds, neurons activated by one of the electrodes may have synaptically
excited the neurons activated by the other electrode, thus decreasing thresholds below
either of the respective monopolar thresholds. As well, the two electrodes could have
stimulated two separate popula tions of neurons that targeted the primary muscle

(Figure 4.7d), and bipolar stimulation may have caused spatial summation of the

outputs of the two populations, thus decreasing thresholds.

The different outcomes of bipolar stimulation were investigated by delivering
interleaved anodic and cathodic pulses and comparing thresholds to bipolar stimulation
with concurrent pulses. Interleaving the pulses eliminated the superposition of electric
fields generated by the anode and cathode while preserving indirect (synaptic) effects.
At 2 secondary sites,BT+was less thanPST: and SST for both interleaved and
concurrent pulses, suggesting that this outcome was not due to superposition of electric
fields but instead was a result of indirect effects (i.e.,spatial or temporal summation of
PSPs). This was also the case at 1 secondary site wheiT: was less thanPST: and SST-
for both interleaved and concurrent pulses. In contrast, at 2 secondary sitesBT: was
greater than PSTi and SST- for concurrent pulses, but BT: was less thanPST and SST-

with interleaved pulses. This indicates that superposition of electric fields occurred
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alongside indirect effects during bipolar stimulation with concurrent pulses, and when
pulses were interleaved only the indirect effects remained.

The interactions between the anode and cathode during bipolar stimulation
produced thresholds that differed from the respective thresholds of the monopoles, and
this synergy between the anode and cathode during bipolar stimulation has been
observed in previous studies. Monopolar ECS of human motor cortex through the anode
and cathode individually produced larger evoked EMG responses than during bipolar
stimulation, and smaller interelectrode spacings produced smaller evoked EMG
responses during bipolar stimulation (Holsheimer et al.2007). At threshold amplitudes,
monopolar anodic stimulation of cat motor cortex produced direct activation of
pyramidal tract cells, while monopolar cathodic stimulation produced indirect
activation (Gorman 1966). When amplitude was increased, both polarities produced
direct and indirect responses. However, during bipolar stimulation with small
interelectrode spacing (< 2 mm), indirect responses were evoked atlower amplitudes,
and larger amplitudes were required to produce direct responses. As well, when
interelectrode spacing was increased, responses to bipolar stimulation resembled
responses to monopolar cathodic stimulation, indicating less interaction between the
anode and cathode. Similarly, whereas monopolar anodic and cathodic stimulation ECS
of human motor cortex evoked direct and indirect responses, respectively, bipolar

stimulation produced neither of these responses (Lefaucheur et al.2010). Instead,
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different indirect responses were generated, indicating that sti mulating through the
anode and cathode during bipolar stimulation produced a distinct response. These
studies, along with the present results, indicate that the counter electrode during bipolar
ECS does more than simply return current to the stimulator, an d bipolar stimulation can

produce different outcomes than monopolar stimulation.

4.4.4 Prolonged low frequency stimulation

The increased consistency with which test trains were able to elicit responses in
the primary muscle following the conditioning train  suggests that the conditioning
trains affected synaptic properties in the cortex. Previous studies of cortical stimulation
demonstrate that prolonged stimulation of the cortex can change excitability (Pascual-
Leone et al.1994; Hess and Donoghue 1996; Cheet al.1997; Berardelliet al.1998; Maeda
et al.2000), and the objective of this preliminary experiment was to demonstrate similar
changes in excitability and show that indirect effects play a substantial role during ECS.
Because this was done in onlyl experiment, further studies are needed to confirm these

results.

4.4.5 Computational models of epidural cortical stimulation

The present results parallel the predictions of computational models of the direct
effects of ECS on cortical neurons (Manolaetal. 2005; Manolaet al.2007;
Wongsarnpigoon and Grill 2008). In these models, thresholds for direct activation of

cortical neurons were directly related to the distance between the electrode and the

149



neuron, and this agrees with the present results showing significantly greater thresholds
at secondary sites compared to primary sites. Also, for bipolar stimulation the models
predicted the superposition of the fields generated by the anode and cathode, as well as
the activation of two populations of neurons b eneath the anode and cathode. These
effects may have contributed to the different outcomes observed in the comparisons
between monopolar and bipolar thresholds in the present study.

Clearly, the results of the present study cannot be explained by only dire ct
activation of cortical neurons. The inverse relationships between thresholds and
stimulation frequency and the number of pulses strongly suggest that the evoked EMGs
were a result of indirect effects. As well, comparisons of bipolar thresholds to
monopolar thresholds indicated the presence of indirect effects, particularly in the
analysis of concurrent and interleaved bipolar stimulation. The predictive abilities of the
computational models of ECS would be greatly enhanced with networks of synaptically

connected neurons, and such a model would help clarify the precise mechanisms of ECS.

4.4.6 Clinical relevance

The present study highlights the impact of the selection of stimulation
parameters, electrode location, and electrode montage on the neurons actiated during
ECS. Because the mechanisms involved in evoking EMG responses and treating
neurological disorders with ECS may be different, this study was not intended to

identify particular parameters for clinical ECS. Rather, the objective was to identify t he
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importance of parameters in determining what is activating during ECS and how

parameters might interact and influence thresholds for therapeutic effect.
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Figure 4.1: Epidural electrical stimulation (ECS) of cat motor cort ex. a) A craniotomy
was performed over the frontal sinus to expose the sigmoid gyrus (b), which can be
identified by the postcruciate dimple ( PCD) and the intersection of the cruciate sulcus
(CrS) and the midline/longitudinal cerebral fissure ( LCF). The dgmoidal gyrus is
bordered by the presylvian sulcus (PSS and the coronal sulcus (Co9. The primary site
of stimulation was on the anterior -lateral sigmoid gyrus (open circle), and several
secondary sites (filled circle) around the cortex were paired with the primary site to
determine the effects of electrode location and polarity on thresholds for activation of
forelimb muscles. c¢) Stimulation pulses were pseudo-monophasic, with the duration of
the charge-balancing phase (3 ms) equal to ten times the duraton of the initial phase (0.3
ms). Trains of pulses were delivered with frequency (f) = 200 Hz and the number of
pulses per train (NP) = 50 pulses. d) Polarities of electrodes during measurements of
thresholds for monopolar anodic stimulation (+) over prim ary site (PST-), monopolar
cathodic stimulation ( -) over secondary site (SST), and bipolar stimulation with the
anode over the primary site (BT-). Gray circles indicate inactive electrodes.
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Figure 4.2: Effects of stimulation frequency ( f) and pulses per train ( NP) on thresholds
over primary site. a)fwas varied and NP was fixed at 50 pulses. Thresholds were
normalized to threshold at f = 200 Hz. The maximum amplitude is shown where
activation of the primary muscle could not be evoked, and these data are indicated by
filled markers. b) NP was varied and f was fixed at 200 Hz. Thresholds were normalized
to threshold with NP =50 pulses. c)d) Representative plots of evoked EMG response of
primary muscle with stimulus trains with  f =200 Hz and ¢)NP = 50 pulses, and d)NP =3
pulses at threshold amplitude. Inset shows close-up of EMG response. In all plots, pulse
width of the primary phase was fixed at 0.3 ms.
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Figure 4.3: Effects of electrode location on thresholds for activation of primary muscle.
Plots represent the percent difference in thresholds between primary sites and
secondary sites for a)anodic stimulation (100 * (SST-¢ PST)/PST), and b) cathodic
stimulation (100 * (SST ¢+ PST:)/PST:). Data were analyzed as differences in log
transformed thresholds between primary and secondary sites using paired t -tests.
Thresholds at primary sites were significantly lower than at secondary sites for both
anodic and cathodic stimulation across all intersite distances (ISD) (p < 0.015, *). Also,
thresholds at secondary sites increased significantly when the secondary site was moved
from ISD <4 mm to ISD > 4 mm along the same direction from the primary site (paired
t-test, p < 0.0005 [#]), and lines on the plot connect the pairs of secondary sites. The
maximum amplitude was used for calculation of the ratio where activation of the
primary muscle could no t be evoked, and these data are indicated by filled markers.
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Figure 4.4: Effects of electrode location on preferred polarity for activation of primary
muscle. The percent difference between anodic and cathodic thresholds were @lculated
for monopolar stimulation over the primary (100 * ( PST: ¢ PST-)/PST:) and secondary
sites (100 * 6ST ¢ SST)/SST) as well as for bipolar stimulation (100 * (BT: ¢ BT+)/BT-).
The number of measurements varied with montage (primary site: 40 measurements,
secondary site: 17 measurements, bipolar stimulation: 34 measurements). Lines within
the boxes represent lower quartile, median, and upper quartile of the data. Bars include
data within 1.5 times the interquartile range from the ends of the box, EOE w? H?» wbOEDPEEU
outliers. Data were analyzed as differences between anodic and cathodic log
transformed thresholds using repeated measures ANOVA, and differences were
significant difference revealed that differences varied significantly among all electrode
montages (#: difference with primary site, p < 0.0003; ~: difference with secondary site, p
< 0.0001). As well, paired ttests comparing anodic to cathodic thresholds revealed
significant differences at secondary sites and for bipolar stimulation (*: paired t -test p <
0.012), but not at the primary site.
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Figure 4.5: Bipolar thresholds for activation of the primary muscle compared to
monopolar thr esholds through the anode and cathode individually.
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Figure 4.5: Bipolar thresholds for activation of the primary muscle compared to

monopolar thresholds through the anode and cathode individually. Each line

represents a secondary site on the cortex pairedwith the primary site. Data represent the

percent differences in thresholds with the primary site with the anode (left column; 100 *

(Threshold + PST)/PST:) and cathode (right column; 100 * (Threshold ¢+ PST)/PST:) over

the primary site. Plots represent cases where bipolar thresholds were a}b) not
UUEUUEOUDPEOOGawWEDI I 1 Ul O Ud) beiivd vanufe)) giedler than &rO E i w @ wk
less than the primary and secondary site thresholds. The maximum amplitude

normalized to the primary site threshold is shown where activation of the primary

muscle could not be evoked, and these data are indicated by filled markers.
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Figure 4.6: Effects of prolonged low frequency (1 Hz) monopolar stimulation of

primary site on activation of primary muscle. a) Anodic (n =1) and b) cathodic (n =1)

low frequency trains (pulse width = 0.3 ms, amplitude = threshold of test train) were

delivered for > 4 minutes, indicated by the thick lines beneath the x-axes. Test trains

were delivered every 10 seconds to measure changes in excitability and test trains were

still delivered after low frequency stimulation was discontinued. Circles ( 3) indicate test
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Figure 4.7: Possible interactions between the anode and cathode during bipolar
stimulation. a) Monopolar anodic (+) stimulation. Curve depicts region of activation of
cortical neurons (ball and stick figures). b) Superposition of electric fields generated by
anode and cathode (t) during bipolar stimulation may result in smaller regions of
activation than with monopolar stimulation through anode and cathode individually
(dashed curve). c) Activation of neurons beneath one electrode may indirectly affect
neurons beneath the aher electrode via synaptic activation. d) Anode and cathode may
activate two distinct populations of cortical neurons that target the same muscle.
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5. Conclusion

Epidural cortical stimulation (ECS) is a developing therapy for the treatment of
various neurological disorders, but the mechanisms of the therapeutics effects of ECS are
unknown. The electric fields generated during ECS are difficult to predict because the
cortex and surrounding anatomy have complex geometries and inhomogeneous and
anisotropic electrical properties. Also, it is unclear how cortical neurons respond to the se
electric fields because of the variations in size, shape, and location of the neurons in the
cortex. As a result, the development and optimization of ECS has been limited and
clinical results have been highly variable.

The objective of this dissertation was to advance our understanding of the effects
of ECScortical neurons and improve the efficacy and efficiency of this promising
technigue by: 1) constructing a three-dimensional finite element model of epidural
electrical stimulation of the motor cortex , 2) using the model to quantify the
distributions of electric field and current density generated during ECS, 3) coupling the
finite element model of ECS to compartmental models of cortical neurons to calculate
the effects of ECS on the neurons in the cortex4) using these models todetermine how
variations in the anatomy and geometry and positioning of the epidural lead affect the
outcome of ECS, and5) measuring the effects of dimulation parameters, electrode
montage, and electrode location on thresholds to evoke motor responsesin acute in vivo

experiments on cat motor cortex.
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The results showed that during ECS, the region of cortex directly beneath the
electrode was activated at the lowest thresholds, and neurons deep in the sulcuscould
not be directly activated without coactivation of neurons located on the crowns or lips of
the gyri (Chapters 2 and 3). The thresholds for excitation of cortical neurons depended
on not only the orientation and position of the neurons with respect to the electrode, but
also stimulation polarity (Chapters 2 and 3). Furthermore, the patterns and spatial extent
of activation were affected by varying the geometry of the cortex and surrounding
layers, the dimensions of the electrodes, and the positioning of the lead (Chapters 2 and
3). During ECS of cat motor cortex, thresholds for evoking motor responses were
dependent on both electrode location and stimulation polarity, and bipolar thresholds
were often different from monopolar thresholds through the respective anode and
cathode individually (Chapter 4). The effects of stimulation polarity and electrode
location on thresholds for evoking motor responses paralleled results of the
computational model. Experimental evidence of indirect effects of ECS, mediated by
synaptic interactions between neural elements, revealed an opportunity for further
development of the computational model (Chapter 4). The outcome of this dissertation
is a better understanding of the factors that influence the effects of ECS on cortical
neurons, and this knowledge will help facilitate the rational implantation and

programming of ECS systems.
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5.1 Summary of Results

5.1.1 Quantification of electric field and current density in a
computational model of ECS

The first aim was to construct a computational model of ECS and quantify the
distributions of electric field and current density generated in the cortex during
stimulation. A three -dimensional (3D) extruded slab model of ECSof the human motor
cortex and surrounding anatomical layers was created and solved using the finite
element method. The outputs of this model included distributions of current density,
potential, and activating function, i.e.,the second spatial derivative of potential. This aim
addressed the lack of understanding regarding the effects of ECS, hamelywhere current
flows, which part of the cortex is activated, and which neural elements within that
region are stimulated.

Prior to clinical implantation of an epidural lead, the cortical target of stimulation
is identified through a processinvolving functional magnetic resonance imaging (fMRI),
cortical recordings of somatosensory evoked potentials, and/or monitoring of
stimulation -evoked motor responses Park et d. 2009; Saitoh and Hosomi 2009. After
the cortical target is determined, the lead is implanted above this location, which is an
appropriate strategy according to the model . Simulations showed that during ECS
current density and activating function were greatestin the region of the cortex beneath
the electrode. During anodic stimulation above the crown of the precentral gyrus, most

of the current flowed into the cortex, particularly the crown. Some current flowed
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through the CSF towards the model boundari es, and the percentage of current flowing
through the CSF was directly related to the thickness of the CSF. Very little current
flowed through the banks of the gyri, even when the electrode was positioned directly
above a sulcus.

Simply delivering current to the targeted cortical area does not guarantee
therapeutic outcome. Rather, the outcome will be affected by parameters such as
stimulation polarity. B eneath the electrode, neurons oriented perpendicular to the
surface of the cortex were depolarized by anodic stimulation while parallel neurons
were depolarized by cathodic stimulation. This is consistent with previous studies
showing that corticofugal ( i.e.,perpendicular) neurons were directly activated by anodic
stimulation of the cortex and indirectly ( i.e.,synaptically) activated by cathodic
stimulation (Patton and Amassian 1954; Hern et al 1962). Stimulation polarity also
affected therapeutic outcomes in animal and human studies. Bipolar ECS was delivered
to a patient experiencing tremor and pain, and both symptoms improved with the anode
on the precentral gyrus and the cathode on the postcentral gyrus. However, when the
polarity was reversed (i.e.,cathode on precentral gyrus, anode on postcentral gyrus),
only tremor was treated effectively (Nguyen etal. 1998). As well, electrical stimulation
was delivered to the surface of rat motor cortex concurrently with motor rehabilitation
in a rat model of focal ischemia. Thresholds for evoked motor responses from cortical

stimulation were monitored over the course of 10 days, and rats that received
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monopolar anodic stimulation during rehabilitation had significantly lower thresholds
than those that received monopolar cathodic or bipolar stimulation (Kleim et al 2003).
These studies demonstrate that stimulation polarity can have a substantial effect on
excitation of cortical neurons and therapeutic outcome of ECS.

Other parameters of the model had substantial effects on the area of cortex
stimulated and the types of cells activated. Many of these parameters canbe controlled
in a clinical setting: stimulation amplitude, montage ( i.e.,monopolar, bipolar, or
equipolar stimulation), electrode positioning ( i.e.,location and orientation with respect
to the cortical target), lead geometry (i.e.,electrode diameter, interelectrode spacing,
substrate size), and the distance between the electrode and cortexi(e.,how much the
electrode compresses the dura and underlying CSF). On the other hand, many model
parameters cannot be controlled in a clinical setting: location of the cortical target (i.e.,
crown, lip, or bank of gyri), thickness of the dura mater, the width of the gyrus, the
thickness of the gray matter, and dimensions of the sulci. Because these anatomical
parameters cannot be controlled, it is important to und erstand their impact on
thresholds of cortical neurons and the spatial extent of activation so that stimulation and
electrode parameters can be adjusted accordingly. The flexibility of this model allowed

the study of these different parameters in subsequent aims.
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5.1.2 Stimulation of cortical neurons in computational model of ECS

The second aim wasto quantify the patterns and spatial extent of neural
activation during ECS. The finite element model of ECS was coupled to compartmental
models of layer 3 (L3) and layer 5 (L5) pyramidal cells (PCs), thalamocortical axons
(TCASs), and local interneurons (INs) . This aim overcame limitations of inferring patterns
of neural stimulation from calculations of potential, current density, and activating
function, which qu antify the source(s) driving membrane polarization, rather than the
response (Warmanet al.1992.

Thresholds varied greatly with stimulation polarity and the position of the
neuron within the cortex. As predicted by the activating function , thresholds were
lowest directly beneath the stimulating electrode, and neurons located deep within the
sulci could not be activated without coactivation of more superficial neurons. Anodic
thresholds for excitation of PCs in the crown of the precentral gyrus were lower than
cathodic thresholds, which agreed with distributions of activating func tion for
perpendicular neurons. The ratio of cathodic thresholds for excitation of L5 PCs to
anodic thresholds in the crown was about 6 ¢ 7, which was not substantially different
from the ratio (1.7 ¢ 5) for direct activation of L5 PCs during surface stimulation of
baboon motor cortex (Hern et al 1962).

The coupled models revealed shortcomings in predicting patters of neural

activation from the distributions of activating function. For example, cathodic thresholds
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to activate TCAs were lower than anodic thresholds, whereas the activating function
predicted that anodic thresholds would be lower because of the perpendicular
orientation of TCAs . Although the activating function is effe ctive at predicting activation
of long axons, it does not always predict well the activation of neurons with axons that
terminate in the cortex, such as TCAs, L3 PCs, and INs. Activation at axon terminals was
better predicted by the first spatial derivativ e of the potential (Rattay 2008) and the
terminals were often more excitable than the rest of the axon.These results are
consistent with studies showing that the axon terminals of cortical neurons are highly
excitable and can be activated at lower stimulation amplitudes than nearby neural
elements (Gustafsson and Jankowskal976; Maccabeeet al.1993; Dostrovsky et al.2000;
Mclintyre and Grill 2002; Miranda et al.2007; Nair et al.2008; Salvadoret al.2010).
Thresholds were affected by not only axonal geometry but also dendritic morphology,
including the orientation, total length, and branching of the dendritic strutcture.
Thresholds for activation of INs were comparable to those of PCs and TCAs, suggesting
that stimulation of INs contributes to the therapeutic effects of ECS. Thus, more detailed
models of INs should be analyzed in the ECS model.

The improved understanding of the effects of ECS on cortical neurons will
contribute to the optimization of ECS, i.e.,maximizing therapeutic benefit and
stimulation efficiency (charge, energy) while minimizing side effects. Presumably, for

ECS to be optimal, activation should be limited to a specific group of neurons (organized
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spatially and/or by neuron type) that produce therapeutic benefit, and activation of

other neurons should be minimized to reduce side effects. It is still unclear which

neurons should be targeted during ECS, at what rate/temporal pattern these neurons
should be activated, and how this varies with neurological disorder. This lack of
understanding presents a substantial challenge to the development of ECS. Nonetheless,
the ability to stimulate neurons selectively is essential for optimal ECS. The model
enabled the distributions and extent of neural activation in the cortex to be calculated,

revealing how spatial and neuronal selectivity were influenced by model parameters.

5.1.3 Analysis of effects of variations in anatomical and electrode
parameters on neural activation

The third aim was to determine how the distribution and extent of neural
adtivation was affected by variations in anatomy as well asthe placement, geometry,
and polarity of the epidural electrodes. These effects were determined using
distributions of activating function as well as thresholds for direct excitation of cortical
neurons. The outcomes of this aimimprove the understanding of how anatomical and
electrode parameters affect spatial selectivity in the cortex, which may facilitate the
rational implantation and programming of ECS systems.

During implantation of the epidura | lead, clinicians must decide how to place the
electrode(s) with respect to the cortical target. The results from the model showed that
electrode location had a substantial impact on the region of the cortex where cortical

neurons were activated at the lowest thresholds. With the electrode above the precentral
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gyrus, cortical neurons with the lowest thresholds were located on the crown and lip of
the precentral gyrus. Neurons located deep within the sulcus could not be activated
without coactivat ion of mor e superficial neurons, even with the electrode directly above
the sulcus. Not only did placing the electrode above the sulcus fail to stimulate
selectively neurons deep in the sulcus, but distributions of activating function and
thresholds for excitation of cortical neurons showed substantial activation of both
adjacentqgyri.

Electrode position also affected the distribution and extent of neural activation
during bipolar or equipolar ( i.e.,electrodes deliver same polarity and amplitude)
stimulation. With two electrodes on the precentral gyrus, thresholds for activation of
cortical neurons were lowest in the regions of the cortex beneath the electrodes and
activation of neurons beneath one electrode may indirectly affect the activation of
neurons beneath the other electrode. As well, electric fields generated by the anode and
cathode superposed, altering thresholds for excitation of cortical neurons. As a result,
during experimental or clinical ECS the distribution and extent of neural activation are
likely different for monopolar and bipolar stimulation, and monopolar and bipolar
stimulation of the motor cortex evoked different neuronal/motor responses (Gorman
1966, Holsheimeret al.2007; Lefaucheuret al.2010). To reduce the likelihood of indirect
effects, the return electrode can be placed on an adjacent gyrusj.e.,the lead is placed

perpendicular to the sulcus. However, this configuration led to substantially lower
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thresholds in the adjacent gyrus compared to stimulation with the lead oriented over
and parallel to the precentral gyrus, which could lead to side effects in clinical ECS. For
example, although ECS is typically delivered to the precentral gyrus for the treatment of
pain (Rascheet al.2006), stimulation of the adjacent postcentral gyrus canexacerbate
pain (Tsubokawa et al 1993).Thus, unless ECSover the adjacent gyrusis known to be
innocuous, stimulation should only be delivered over the targeted gyrus.

After implantation of the ECS system, clinicians must select stimulation
parameters that will treat the target condition while minimizing side effects. This
selection process should take into account anatomical variations since the distribution
and extent of neural activation in the model were dependent on the geometry of the
cortex and surrounding layers. As the thickness of the CSF and dura layer decreased, the
magnitude of the activating function increased and thresholds for activation of cortical
neurons decreased. During electrical stimulation of human motor cortex, the threshold
for evoking motor responses was 20 mA with the electrode above the dura (Di Lazzaro
et al 2004) and 3t 10 mA with identical pulse width and the electrode below the dura on
the surface of the motor cortex (Hanajima et al.2002). This suggests that the volume of
cortex activated will depend on how far the epidural lead compresses the dura and the
underlying CSF. As well, gyrus width affected the activating function on the precentral

gyrus, and changes in activating function were dependent on polarity . As a result, ECS
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with the same amplitude and polarity at different cortical locations may not excite the
same number of neurons if the widths of the gyrus at the two locations are unequal.

Selection of stimulation parameters should also take into account the geometries
of the epidural lead and electrodes, which are not uniform across clinically available
leads. Thresholds for excitation of neurons beneath the electrode were directly related to
electrode diameter, and the range of thresholds of these neurons was smalér for larger
electrode diameters. This suggests that stimulation amplitudes that provide therapeutic
benefit with one electrode diameter may not be effective with another diameter, and
changes in amplitude will recruit activation of cortical neurons at di fferent rates beneath
electrodes of different diameters. Inter-electrode spacing (IES)affected thresholds
throughout the cortex during bipolar and equipolar stimulation due to superposition of
the electric fields generated by the electrodes This result is consistent with a study of
electrical stimulation of cat motor cortex showing that corticospinal responses varied
with IES during bipolar stimulation (Gorman 1966). This indicates that different
populations of neurons may be activated during clinical ECSwith identical stimulation
parameters but different IES.

This work has identified numerous factors that influence the outcome of ECS,
but these factors are rarely reported in published studies of ECS. It appears that authors
did not consider such factors to be relevant to the therapeutic outcome. To facilitate

continued progress of ECS, clinical studies should describe stimulation parameters,
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electrode geometry, and lead positioning as completely as possible. This information
will help identify optimal sti mulation parameters and thereby enable the mechanisms of

the therapeutic effects of ECSto be determined.

5.1.4 Effects of stimulation parameters and electrode position on
motor thresholds in acute in vivo experiments in cat motor cortex

The fourth aim was to measure effects of stimulation parameters, electrode
montage, and electrode positioning on motor thresholds in acute in vivo experiments.
ECS was delivered to cat motor cortex, and thresholds for evoked motor
(electromyogram; EMG) responses in the contalateral forelimb were measured with
varying stimulation parameters , electrode montage,and electrode location. Results
paralleled many of the findings of the computational model and revealed opportunities
for further development of the computational mode |.

Electrode location affected thresholds for evoking EMG responses as well as the
preferred polarity, i.e.,whether anodic or cathodic thresholds were lower. Thresholds
for evoking EMG responses in specific forelimb muscles were lowest with the electrode
above the anterior-lateral sigmoid gyrus, and there was no significant difference
between monopolar anodic and cathodic thresholds. Thresholds for activation of the
same muscles were significantly greater at surrounding sites on the cortex, and cathodic
stimulation exhibited lower thresholds. These results are consistent with two studies on
stimulation of baboon motor cortex. In one study, thresholds for exciting corticospinal

cells were lowest when stimulation was delivered directly above the cells, and
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thresholds at other sites on the cortex increased with distance from thecell (Phillips and
Porter 1962).In the second study, cortical regions of lowest threshold for evoking motor
responses in finger muscles for anodic and cathodic stimulation were not ide ntical but
overlapped (Hern et al.1962). The overlap of these regions was similar to areas of the cat
motor cortex where polarity did not influence threshold, while the area solely within the
cathodic region was similar to areas where cathodic stimulation had lower thresholds.
Differences between bipolar thresholds for evoking motor responses and
monopolar thresholds through the respective anode and cathode individually varied
with electrode location, and suggested varying types and degrees of interactions
between the anode and cathode. Fieldmediated interactions include the superposition
of the electric fields generated by the anode and cathode, resulting in changes to the
distribution of potential in the cortex, and may have changed thresholds for excita tion of
cortical neurons. As well, current may have shunted through the CSF from the anode to
the cathode, which would have reduced the current flowing through the cortex and
subsequently increased thresholds for evoking motor responses. Neuronal interactions
were also possible during bipolar stimulation. Specifically, the neurons activated by one
of the electrodes may have indirectly (synaptically) affected the neurons activated by the
other electrodes and altered thresholds for evoking motor responses. In some cases,
bipolar thresholds were not substantially different from monopolar thresholds through

one of the respective electrodes, indicating that either none of these interactions
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occurred or there was zero net effect of the interactions. In other casesthresholds to
evoke motor responses with bipolar stimulation were either between, greater than, or
less than the monopolar thresholds from the anode and cathode. The ability of bipolar
stimulation of the cortex to evoke responses that differed from the r esponses evoked by
the individual monopoles has been shown previously for evoked motor responses
(Holsheimer etal. 2007) as well as corticospinal activity (Gorman 1966; Lefaucheuret al.
2010).

To investigate the contributions of these different interacti ons to differences
between bipolar and monopolar thresholds, the anodic and cathodic pulses were
interleaved to eliminate field -mediated interactions while preserving the neuronal
interactions. Three cases where bipolar thresholds were less than both monoplar
thresholds for concurrent anodic and cathodic pulses remained unchanged when the
pulses were interleaved. This indicates that these differences between monopolar and
bipolar thresholds were a result of neuronal -interactions and not field -mediated
interactions. However, in two cases, bipolar thresholds were greater than both
monopolar thresholds for concurrent pulses but less than both monopolar thresholds for
interleaved pulses. This indicates that the increased thresholds with respect to the
monopolar thresholds were the net effect of both field-mediated and neuronal
interactions, while the neuronal interactions alone resulted in lower thresholds.

Collectively, these results demonstrated that both field -mediated and neuronal
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interactions were responsible for the differences in thresholds between monopolar and
bipolar stimulation.

Stimulation frequency (f) and the number of pulses per train (NP) had substantial
effects on not only thresholds for evoking motor responses, but also which muscles were
activated and the consistency of evoked responses to stimulation at threshold amplitude.
Thresholds for evoking motor responses were inversely related to both f and NP, and
these inverse relationships were also observed in a previous study of stimulation of cat
and baboon motor cortex (Lilly et al 1952). Also, while NP = 3 was usually able to evoke
responses in the same muscle (primary muscle) as withNP = 50,NP = 3 often evoked
responses in different muscles at amplitudes subthreshold for evoking responses in the
primary muscle. These results are consistent with studies of stimulation of baboon
(Liddell and Phillips 1951) and cat (Livingston and Phillips 1956) motor cortex showing
that activation of the same muscles were produced at different cortical sites with single-
pulse stimulation and repetitive stimulation.

Prolonged low frequency stimulation of the motor cortex altered the excitability
for evoked motor responses, and the increased consistency with which test trains could
evoke motor responses following conditioning trains was nearly significant. This may
have resulted from changes in synaptic excitability in the cortex, which would suggest
that indirect effects play an important role during ECS. Previous studies have shown

that repetitive stimulation of t he cortex changes cortical excitability (PascuatLeone et al
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1994; Hess and Donoghue 1996; Cheet al 1997; Berardelliet al 1998; Maedaet al 2000.
These results indicate thatf and NP during clinical ECS may have substantial impact on
thresholds for excitation of cortical neurons, selectivity of stimulation, and cortical
excitability, which will greatly influence the therapeutic effect of ECS.

Experimental results were compared to results from the ECS models, even
though the models lacked synaptic connections and did not simulate evoked motor
responses. ECS of the primary motor cortex evoked motor responses via direct and/or
indirect activation of L5 PCs, and indirect (synaptic) effects may have affected neuronal
excitability of L5 PCs. Activation of L5 PCs generated excitatory postsynaptic potentials
(EPSPs) on motor neurons in the spinal cord, and also provided inputs to spinal
interneurons, which can regulate the activity of motor neurons. A motor response was
produced when EPSPs were sufficient in number and rate. Thus, evoking motor
responses involved many steps in addition to direct activation of cortical neurons, which
was simulated in the computational model.

Nonetheless, direct activation of cortical neurons (either L5 PCs or cortical
neurons that provide excitatory inputs to L5 PCs) was necessary for evoked motor
responses, and as a result, many of the experimental results were analogous to findings
from the computational model . L5 PCs that evoke motor responses in a particular
muscle are locaied mostly within the same region of the motor cortex (Nieoullon and

Rispal-Padel 1976), and L5 PCs at the primary site i(e.,anterior -lateral sigmoid gyrus)
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activated the primary muscle. | n the model, thresholds for direct activation of cortical
neurons increased with the distance between the electrode and the neuron As a result,
moving the electrode away from the primary site was expected to increase thresholds
for direct activation of cortical neurons at the primary site, including L5 PCs and
neurons providing excitatory inputs to L5 PCs. Thus, the present results showing a
direct relationship between thresholds for evoking forelimb movement and distance
from the primary site agreed with the computational model.

For bipolar stimulation the model predict ed field -mediated interactions between
the anode and cathode,and these effectsappear to have contributed to the differences
between monopolar and bipolar thresholds for evoked motor responses. In addition, in
the model, stimulation polarity had substanti al effects on the orientation and location of
neural elements that were depolarized and hyperpolarized, as well as distributions of
threshold for activation of different neuron types. As a result, polarity was expected to
influence thresholds for evoked mo tor responses, as observed over secondary sites.
However, because it was unclear which neurons were activated to evoke motor
responses, the precise effect of polarity on thresholds for evoked motor responses could
not be predicted. Although monopolar anodi ¢ and cathodic thresholds over the primary
site were not significantly different, this does not necessarily contradict model results.
Instead, the lack of preferred polarity indicates that there was no significant net effecof

varying polarity on threshol ds.
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The results of the presentexperimental study cannot be explained by only direct
activation of cortical neurons, and this presents an opportunity for further development
of the model. The inverse relationships between thresholds and NP and f strongly
suggest that the evoked EMGs were a result of indirect effects.This inverse relationship
was the reason behind delivering trains of stimulation pulses versus single pulses,
which allowed thresholds to be achieved below the maximum amplitude at a greater
number of secondary sites. The effects oNP and f were not tested in the model because
there were no synapses at which temporal summation could occur, and thresholds from
stimulation with multiple pulses and single pulses would have been equal. Also, in vivo
comparisons of bipolar thresholds to monopolar thresholds indicated the presence of
indirect effects, particularly in the analysis of concurrent and interleaved bipolar
stimulation. Again, these effects were not observed in the model because of the laclof
synaptic connections among neurons. The predictive abilities of the computational
models of ECS would be greatly enhanced with networks of synaptically connected
neurons, and such a model would help clarify the precise mechanisms of the present

results and contribute to understanding optimization of ECS .
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5.2 Future Directions
5.2.1 Continued development of computational model

Although the computational model constructed in Chapter 2 was useful as a tool
to analyze distributions of current density and a ctivating function, its real value was in
its adaptability, enabling new opportunities to analyze ECS in greater depth in
subsequent aims. In Chapter 3, the computational model was coupled to compartmental
models of cortical neurons, enabling direct quanti fication of neural activation during
ECSrather than inferences based on the activating function. Because the model
geometry and electrical properties were adjustable, the effects of anatomical and
electrode properties during ECS could be readily analyzed. The model was even altered
to simulate subdural and intracortical stimulation (Chapter 3) , and the results of these
models matched well with experimental data . The use of the model in these different
situations demonstrates its capacity to serve as a fourdation for further improvements,
which will enable the continued study of ECS.

Several simplifications were made during the construction and implementation
of the computational models, and increasing the complexity of these models would
improve the accuracy of predictions of thresholds for excitation of cortical neurons . The
human motor cortex and surrounding anatomy were modeled as a three -dimensional
(3D) extruded slab, and each anatomical layer was assigned a fixed value of electrical

conductivity. The a ccuracy of the geometrical and electrical properties of this model
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could be improved using data from magnetic resonance imaging (MRI). The geometries
of previous computational models of the human brain were constructed using MRI data,
generating realistic 3D representations of the gyri and sulci of the cortex (Wolters et al.
2006; Butsonet al.2007;Datta et al.2009). The same approach can be used to reconstruct
the present model, and this would allow patient -specific modeling of ECS. MRI can be
used to improve the accuracy of not only the model geometry, but also its electrical
properties. Diffusion tensor MRI (DT -MRI) is a technigue that measures the flow of
water in human tissue, which can be correlated to the electrical anisotropy of the tissue
(Tuch & al. 200)). Rather than fixing the electrical conductivity of the entire layer, local
inhomogeneities within an anatomical layer can be modeled. The improvements that
MRI data can provide to the ECS model are important because distributions of potential
and thresholds for excitation of cortical neurons are sensitiveto the geometry and
electrical properties of the model (Chapter 2 and 3). However, it remains to be seen if the
improved accuracy would justify the increased complexity, and therefore increased
computation time, of MRI -based models.

Improvements could also be made to the models of cortical neurons, specifically
increasing the number and diversity of neurons, as well as introducing synaptic
connections amongthe neurons. Only a small number of th e myriad types of cortical
neurons were modeled, and the anatomical accuracy of the ECS model would be

improved with a better representation of the actual population of cortical neurons. Also,
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the neurons in the present model were independent and non-communicating,
precluding the study of indirect activation of cortical neurons via excitatory postsy naptic
potentials or modulation of cortical excitability. ECS of cat motor cortex demonstrateda
substantial role of indirect effects on thresholds for evoked mo tor responses.As well,
clinical epidural stimulation of the motor cortex is almost always delivered subthreshold
for motor activation, and the therapeutic outcome is often frequency -dependent
(Nguyen et al.1998 Canaveroet al.2002 Katayama et al.2002 Franzini et al.2003 Pagni
et al.2003 and persists beyond the duration of stimulation (Tsubokawa et al.1991;
Rascheet al.2006;Brown et al 2003; Levyet al 2008 Velascoet al.2009. This suggests
that indirect effects play an important role in therapeutic ECS. The present ECS model
could incorporate existing neuronal models, such as those of the Blue Column, a
biologically -accurate network model of a single cortical column from rat somatosensory
cortex (Markram 2006). The Blue Column, part of the Blue Brain Project, is composed of
the ~10,000 synaptically-connected neurons, including pyramidal cells located in layer s
2-6 and >30 unique types of local interneurons. The properties of the synaptic
connections are modeled after physiological data, and are capable of exhibiting synaptic
plasticity. Because the Blue Column was constructed in NEURON, it can be coupled to
potentials calculated from the present model to simulate extracellular stimulation using

the methodology of this work .
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Subsequently, these improved models could be used to further our
understanding of the therapeutic effects of ECS and optimize stimulation parameters,
electrode geometry, and lead positioning. The investigation of the effects of stimulation
parameters was limited in the computational model because of the lack of
interconnections among neurons. In particular, this analysis did not include the effects
of stimulation frequency, which influences neuronal excitability during repetitive
stimulation (PascualLeone et al.1994;Hess and Donoghue 1996,Chen et al.1997;
Berardelli et al.1998; Maedaet al.2000 and the degree oftemporal summation of post
synaptic potentials. Because clinical outcomes of ECS depend greatly on stimulation
frequency (Nguyen et al.1998; Canaveroetal. 2002 Katayama et al.2002 Franzini et al.
2003 Pagni et al.2003, an analysis of the effects of stimulation frequency in the
improved model would be valuable for the continued development of therapeutic ECS

The improved models could also be used to develop a system to optimize the
implantation and programming of ECS systems, much in the same way as
computational models have been used for DBS (Frankemolle et al.2010) The first step
for optimization is to identify which neurons should be targeted during ECS, at what
rate/temporal pattern these neurons should be activated, and how this varies with
neurological disorder . The improved model could be used to simulate the exact
stimulation parameters, electrode geometry, and lead positioning used in cli nical studies

of ECS. The output of these simulations would reveal the specific cortical areas and
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neurons targeted in each case, and a comparison of the results across cases may reveal
common mechanisms for the therapeutic actions of ECS as well as cause®r side effects.
The model canthen be used to optimize the stimulation parameters, electrode
geometry, and lead positioning to stimulate the identified cortical areas and neurons
most selectively and efficiently. Optimization could be used to establish broad
guidelines on the parameters that will provide therapeutic benefit and minimize side
effectsfor all patients. As well, patient -specific models of ECS can be used for each
individual that take into account variations in the dimensions of the anatomy to select
stimulation parameters for selective excitation of the target neurons. Optimization could
be achieved through a genetic algorithm (GA), which was demonstrated to be successful
in generating energy-optimal stimulation waveforms for peripheral nerv e stimulation
(Appendix B). The cost function for the GA would take into consideration the generation
of the desired output (e.g, activation of specific neurons at a certain rate), undesired
output ( e.g.,activation of other types of neurons or cortical areas), and efficiency of
stimulation ( e.g.,charge and energy efficiency; Appendix A and B). The GA could also
be used to produce novel stimulation waveforms and electrode geometries that could
generate the desired output more selectively and efficiently t han possible with currently

available ECS systems.
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5.2.2 Experimental evaluation of model results

To identify the cortical targets of stimulation and validate the model, model
predictions can be testedusing in vivo animal experiments and evaluated through both
optical imaging and electrical recording of neural activity. Both methods can be used to
determine the location of neural activity in the cortex, and each method has distinct
advantages over the other. Optical imaging measures intrinsic changes in the spectral
properties of the cortex during neural activity ( Haglund et al 1993 or changes in
spectral properties generated by compounds designed to emit or absorb light in
response to neural activity, such as voltage-sensitive dyes (Blasdel ard Salama 186) and
calcium indicators (Yuste and Katz 1991) With o ptical imaging , neural activity canbe
monitored over a large area of the cortex all at once This can also be accomplished
through multiunit recordings using microelectrodes in the cortex. However, multiple
electrodes would be needed to monitor neural activity over a large area of the cortex
since microelectrodes only record from a limited volume of tissue surrounding the
electrode pU E E D U U w @Guovek andBuchwalad 1970; Gray et al 1995) On the other
hand, the temporal resolution of microelectrode recordings is much better than the
temporal resolution of optical imaging methods, which is on the order of milliseconds
and typically require averaging of several trials to improve signal -to-noise ratios

(Zochowski et al.2000; Cossartet al.2005. As well, microelectrodes canrecord neural
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signals on the banks deep in the sulcus (Cusicket al 1989, which is not possible with
optical imaging .

Both optical imaging and microelectrode recording can beused to determine the
effects of stimulation amplitude and electrode montage on the pattern and spatial extent
of activation du ring ECS. Clinical ECS of the motor cortex is almost always delivered at
amplitudes subthreshold for evoking responses, and in t he case of ECS fothe treatment
of stroke, amplitudes are set at 50% of motor threshold (Levy et al.2008).An analysis
comparing the area of cortex activated atamplitudes threshold and subthreshold for
evoking motor responses would improve our understan ding of how amplitude
influences the spatial extent of activation. In particular, microelectrode recordings of the
banks deep in the sulcus would reveal if neurons are activated in this region, which is a
common target for ECS for the treatment of stroke (Yousry et al.1997; Brownet al.2006)
As well, several different electrode montages have been used in clinical studies of ECS,
including monopolar, bipolar, and equipolar stimulation. An analysis of the effects of
electrode montage on the spatial extentof activation could determine if bipolar
stimulation limits the spatial extent of activation to the region of cortex beneath the lead
more effectively than monopolar or equipolar stimulation, as commonly believed . Also,
there is no consensus on how to postion the electrodes during bipolar ECS. One of the
electrodes can be placed above the targeted cortical areaq.g.,Lefaucheur et al.2009) or

the anode and cathode can straddle the cortical target €.g9.,Brown et al.2006). Analyzing
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the patterns of neural activation during bipolar stimulation could determine where
neural activation occurs at the lowest thresholds: beneath the electrodes, between the
electrodes, or atsome other cortical location. These experimental studieswould be
important for understan ding and optimizing ECS, and the results could be compared to

computational results to test the validity of the ECS model

5.3 Conclusions

ECS is a promising therapy for neurological disorders, but the mechanisms of the
therapeutic effects are unclear. The consequences of this uncertainty are highlighted by
the dissolution in 2009 of Northstar Neuroscience after failing to meet the primary
endpoint of their pivotal FDA clinical trial for ECS as an adjunct to stroke rehabilitation.
This failure was attribut ed to the lack of activation of the targeted cortical region due to
some combination of improperly positioned electrodes and inappropriate stimulation
parameters. Since then, there has beeress interestin the medical device industry to
develop ECS further. Computational model ing O w$ " 2 wuPbUwbOx OUUEOU wi U wU
continued development because these models serveas tools to research ECS rapidly,
cheaply, and safely. Careful analysis of these models may reveal improved methods for
delivering ECS and lead to more consistent and successful results, ultimately leading to

renewed interest in ECS as a method of delivering localized stimulation to the cortex.
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Appendix A : Efficiency Analysis of Waveform Shape for
Electrical Excitation of Nerve Fibers

This appendix has been previously published and is used with permission

(Wongsarnpigoon et al 2010).

A.1 Introduction

Implantable neural stimulators assist thousands of individuals with neurological
disorders. The stimulation parameters of these devices are selectd and programmed by
physicians to treat the target condition and to minimize side effects. However, it is also
important to consider the impact of stimulus parameter selection on the efficiency of
stimulation. The charge delivered during a stimulus pulse ( charge efficiency) contributes
to the risk of tissue damage (Yuenet al.1981; McCreeryet al.1990) the instantaneous
power of a stimulus pulse (power efficiency) is important since the maximum power
that can be delivered is directly proportional to the size of the battery; and the energy
consumed per stimulus pulse (energy efficiency) determines the lifetime of battery -
powered implanted pulse generators, which, when depleted, must be replaced through
an expensive and invasive procedure. We analyzed the dfects of waveform shape and
duration on the charge-, power-, and energy-efficiency of neural stimulation using
computational modeling and in vivo measurements.

Stimulation efficiency is dependent on the duration (pulse width; PW) and shape

of the stimulus waveform. Analysis of the strength -duration relationship for rectangular
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waveforms as defined by Lapicque (1907)or Weiss (1901)shows that shorter PWs result
in greater charge efficiency, longer PWs result in greater power efficiency, and PW equal
to chronaxie optimizes energy efficiency (Kroll 1993). Similar conclusions regarding the
relationships between PW and efficiency have been reached experimentally (Mortimer et
al. 1970; Cragoet al.1974) The effects of waveform shape on stimulation efficiency have
also been examined previously. In computational models of an unmyelinated Hodgkin -
Huxley fiber, a rectangular waveform was more charge -efficient than waveforms that
resembled post-synaptic potentials, and the energy-duration curves varied with
waveform shape (Dimitrova and Dimitrov 1992) . A recent study using a computational
model of a myelinated mammalian axon concluded that each waveform shape produced
unique energy-duration and charge -duration curves, demonstrating that waveform
shape greatly influences stimulation efficiency (Sahin and Tie 2007)

One waveform shape in particular | the rising exponential| has been found to be
energy-optimal. Offner (1946)determined analytically that to reach threshold during
neural stimulation, the waveform shape that g enerated the least amount of heat,i.e,
required the least amount of energy, was the rising exponential. Using analytical and
numerical optimization techniques, Kajimoto et al (2002, 2004plso concluded that a
rising exponential was the energy-optimal w aveform shape, and Fishler (2000)and
Jezernik and Morari (2005)reached the same conclusion. However, the rising

exponential may not be energy-optimal because optimality was determined using a
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linear (passive) model of the membrane. The passive model is wseful for estimating
subthreshold behavior, but ignores many important traits of excitable cells including
accommodation| the increase in the threshold voltage during extended subthreshold
stimulation. When models with non -linear (active) membrane conductances are
considered, the rising exponential may not be energy-optimal and may be inefficient in
terms of power and charge. Therefore, we re-analyzed the efficiency of the rising
exponential using non -linear models and in vivo measurements.

There were two goals for this study: 1) to test the hypothesis that the rising
exponential waveform is energy -optimal for electrical stimulation of nerve fibers, and 2)
to improve the understanding of the effects of waveform shape and duration on
stimulation efficiency. Us ing computational models of mammalian myelinated axons as
well as experiments on cat sciatic nerve, we measured the energy efficiency, charge
efficiency, and power efficiency for rising exponential, decaying exponential, linearly
rising (ramp), and rectangular (square) waveforms. The results refute the hypothesis
that the rising exponential waveform is energy -optimal. As well, no single waveform
was simultaneously energy-, charge, and power-optimal. These results will help guide

the design and programming of stimulators that can deliver more efficient stimulation.
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A.2 Methods

The energy, charge, and power efficiencies of extracellular stimulation with
various waveform shapes were quantified in computational models and in vivo

experiments.

A.2.1 Stimulation Waveforms

Four different waveform shapes were analyzed: rectangular (square), rising
ramp, rising exponential, and decaying exponential. For all shapes, stimulation was
applied at t = 0 and turned off at t = pulse width (PW). The equation for the stimulus
current with the square waveform was

laim(t) = K *[u(®) - ut- PW)] (1)
where Ksis the current amplitude, tis time, and u(t) is the unit step function (Figure
A.1a). The equation for the stimulus current of the ramp was

|Lam(® =K, *t4[U®) - ut- PW)]  (2)
where K is the slope of the ramp (Figure A.1b). The equation for the rising exponential

waveform, as described by Fishler (2000)and Jezernik and Morari (2005) was

%t

ViirOm c
Istim(t) = em * [U(t) - U(t - PW)] (3)
sinh(gm:W)

m

where Vrr is the transmembrane voltage threshold, gn is the specific membrane

cn/gm. Equation (3) assumes thatVtir and gm are constants, and Jezernik and Morari
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(2005)usedcnd wl w4 %y GG BLUMESEMAMcNeal 19760 wUT UUOUD G wb Ows wé
on the dynamics of the ion channels, which vary with time and transmembrane voltage
(Vm), and Vur depends strongly on pulse duration (Warman et al.1992) SinceVr and
gm could not be determined a priori at every instant in the present computational
simulations or experiments, (3) could not be applied, and the variables were lumped
together into constants to produce a new equation,
| im(®) = K€" *[u(t) - u(t - PW)] (4)

The constantKein the equation was the amplitude of the stimulus current at t = 0 (Figure
A.1c). To examine the sensitivity of the stimulation efficiency to 3, we tested five
different values of 3| 32.9ns, 65.8ns, 132ns, 263ns, and 526ns.

Decaying exponential waveforms are delivered by thousands of currently -used

implanted stimulators (Butson and Mclintyre 2007). These waveforms are described by
| gim(®) = K€ *[u(t) - ut- PW)]  (5)

where the constant Ka was the amplitude of the stimulus current at t = PW, and we

Ul U0l EwETl EEaDOT wi Rx OO0 OnnblEW4awlba@&uy |l i Ow gigone B OE w & W

A.2.2 Measures of Efficiency

The different waveform shapes were compared using three measures of

efficiency: maximum instantaneous power required (power efficiency), charge delivered
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(charge efficiency), and energy consumed (energy efficiency) to reach threshold. The
instantaneous power across any electrical component,P(t), is
PO =1®)*V({) (6

where | is the current through the component and V is the voltage across the component.
In the computational models, we used the quasi-static approximation (Bossettiet al.
2008) and peak power (Ppea Was reached when the current amplitude was at its peak. In
the in vivo experiments, Preakwas determined for each stimulus pulse by measuring the
current through and the voltage across the working and return electrodes, multiplying
the two waveforms, and determining the maximu m of the product.

In the computational models and in vivo, the amount of charge delivered during

a stimulus pulse was determined by integrating the current waveform over time:

PW

Q= I'E‘)'] [ im()dt. (7
The energy in a stimulus pulse was determined by in tegrating the power of the stimulus

waveform over time:

W

P(t)dt =

W

E= L(O)*V(D)dt. (8)

Dy
Dy

In the computational models, the power was proportional to  1(t):

E° & 12 dt
A . 9)

stim
In the in vivo experiments, E was determined by measuring both I(t) and V(t) during

stimulation and integrating their product.
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A.2.3 Computational Models

We conducted computational simulations of extracellular stimulation of a
population of myelinated axons. All simulations were run in NEURON  (Hines and
Carnevale 1997)with a time step of 0.001 ms using BackwardEuler integration. The
axons were modeled with the MRG model, which represented a myelinated mammalian
peripheral axon as a double cable model with a finite impedance myelin sheath and
explicit representation of the nodes of Ranvier, paranodal sections, and internodal
segments(Mcintyre et al.2002) AxoO U wepEDE O1 Ul Uwél whihud k ws OAwbi Ul wU
uniformly distributed within a 3 -mm diameter cylinder and were aligned parallel to the
EaOPOEI UzUWERDUGw, OOOxT EUPEWEEUT OEPEWUUDOUOEUD
source located at the center of the cylDET UwbBDUT wi RUUEET OOU®RBUWEODBEUI
(McNeal 1976). To simulate extracellular stimulation, the potentials generated by the
source along the length of each axon were calculated and were applied to the outside of
the axon.
The input-output proper ties generated by each of the waveform shapes were
compared across a wide range ofPWs (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 ms)
through the following procedure. First, for each PW that was tested, 10 individual
populations of 100 axons with varyin g nodal positions were generated. Next, for each
waveform shape, recruitment (input -output) curves were constructed for each of the 10

populations by stimulating with increasing amplitude ( i.e, incrementing Kin (1), (2), (4),
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and (5)) until all 100 axonsin the population were activated. At each increment, E, Q,
and Ppeakwere calculated, and the number of activated axons was recorded. These data
were used to construct 3 recruitment curves: an E recruitment curve (i.e, number of
axons activated vs. E), aQ recruitment curve, and a Ppearecruitment curve. From these
recruitment curves, the values of E, Q, and Preakrequired to activate 25%, 50%, and 75%
of each population were calculated, and the means and standard errors of these values
across the 10 poplations were computed.

A single fiber model (MRG axon, 11.5-4 QWEDE Ol Ul UAwWPEUwUUT EwUOWE
effects of waveform shape on membrane gating parameters. The electrode was
positioned 1 mm directly above the center node of Ranvier, and extracellular stimul ation
was delivered using each waveform shape across a wide range ofPWs at threshold
amplitude. Parameters were analyzed at the node beneath the electrode and included
Vm, the gating variables of the sodium channel (m, h, and meh), and the sodium current
density (ina).

A.2.4 In vivo Experiments

A.2.4.1 Surgical preparation

All animal care and experimental procedures were approved by the Institutional
Animal Care and Use Committees of Duke University and were followed according to
The Guide to the Care anise of Laboratory Animald.996 Edition, National Research

Council. Experiments were performed on adult cats (n=6). Sedation was induced with
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acepromazine (Vedco Inc., 0.3 mg/kg; S.Q.), and anesthesia was induced with ketamine

HCI (Ketaset 35 mg/kg; IM) EOE wOEDOUEDOI EwEUUD Ol-ahlbréldsaul B x1 UDO
(Sigma-Aldrich, Inc., initial 65 mg/kg supplemented at 15 mg/kg; 1.V.). The cat was

intubated, and respiration was controlled to maintain end tidal CO2 at 3 -4%. Core

temperature was monitored and maint ained at ~39°C. Fluid levels were maintained with

saline solution and lactated ringers delivered through the cephalic vein (15 ml/kg/hr,

I.V.). Blood pressure was monitored using a catheter inserted into the carotid artery.

The sciatic nerve was accessed ia an incision on the medial surface of the upper
hindlimb. A monopolar cuff electrode, composed of a platinum contact embedded in a
silicone substrate, was placed around the nerve and secured with a suture around the
outside of the electrode. The return electrode was a subcutaneous needle. Two stainless
steel wire electrodes were inserted into the medial gastrocnemius muscle to measure the
electromyogram (EMG) evoked by stimulation of the sciatic nerve. The evoked EMG
signal was amplified, filtered (1 Hz -3000 Hz), recorded at 500 kHz, rectified, and
integrated to quantify the response (EMG integral) ( Figure A.2).

Stimulation and recording were controlled using Labview (DAQ: PCI -MIO -16E
1) (National Instruments, Austin, TX). Voltage -regulated stimulation was delivered at a
rate of 1 Msamples/s to a linear voltage-to-current converter (bp isolator, FHC, Bowdoin,
ME or 2200 Analog Stimulus Isolator, A-M Systems, Inc., Sequim, WA) and delivered

through the cuff electrode. The voltage across and current through the cuff electrode and
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return electrode were amplified (SR560, Stanford Research Systems, Sunnyvale, CA) and

recorded (fsampe= 500 kHZz).

A.2.4.2 Input -output Curves

Recruitment curves of the EMG integral as a function of stimulation amplitude
were measured for every combination of waveform shape and PW in two sets of
experiments. In the first set (n=3), the square, rising ramp, and rising exponential
PEYI I OUOUwps wh wt | § NOwt k 6 WORWHOIOD ailEDIBEte + + ws UK wb
second set (n=3)the SUE UT QwUDPUDOT wi Rx OO OUPEQw®s wl wht | Owl
I RxOO0I OUPEOQWPEYI I OUOU wps wi whit PWC-01024 L BwlE OE wk | + w4y
both sets, stimulation was delivered as single (stimulation frequency < 1.4 Hz)
monophasic cathodic pulses, and the order in which the combinations were presented
was randomized. E, Q, and Ppeakrecruitment curves were generated using a similar
method as in the computational models: stimulus amplitude was incremented, 3
stimulation pulses were delivered at each increment, and the average values ofE, Q,
Preay and EMG integral were recorded. Periodically during each experiment, we
stimulated with the square waveform at a fixed PW to monitor shifts in threshold, and
the values of E, Q, and Pyeakwere scaled to account for these shifts. Changes in threshold
over the course of an experiment were never greater than 37% of the initial threshold.
From each recruitment curve, the values of E, Q, and Ppeakrequired to generate 50% of

the maximal EMG were calculated (Figure A.2), and the minima of these values across
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PWs for the square waveform were set as baseline values. Subsequently, all values oE,
Q, and Preakfrom within an experiment were normalized to their respective baseline
value, and the means and standarderrors across the experiments were calculated.

After log -transformation of the data, the effects of waveform shape on each
measure of efficiency were analyzed. The two sets of experiments were compared to one
another by examining the results for stimulati on with parameters that were used in both
sets:sQEEUT WEOE wUDPUDPOT wi BRxOO01 OUPE OwbPRVY+d.000 &) wps wa wl
We performed an ANOVA for each measure of efficiency with E, Q, or Ppeakas the
dependent variable and waveform shape, PW, and experimental set as the independent
variables. The outcome of the ANOVAS revealed that experimental set had no
significant effect on the results, and the interactions between experimental set and the
other independent variables were not significant (p > 0.29). Therefore, data from both
sets were combine for plots of in vivo measurements, but each set was analyzed
separately to permit analysis using repeated measures ANOVA. A two -way repeated
measures ANOVA was performed for each measure of efficiency; the dependent
variable was E, Q, or Ppeay and the independent variables were waveform shape, PW
(within -subjects factors), and cat (subject). Where interactions between waveform shape
and PW were found to be significant (p < 0.05), the data were subdivided by PW for one-
way repeated measures ANOVA. Again, the dependent variable was E, Q, or Ppeas and

the independent variables were waveform shape (within -subjects factor) and cat
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(subject). For tests which revealed significant differences among waveforms (p < 0.05),
post hoc analyses were performed using Fid 1 Uz Uwx UOUIT EUI EwOl EU0wUDIT OF
(FPLSD). Although data were log-transformed for analysis, data were plotted as average

percent difference with respect to the square waveform.

A.3 Results
A.3.1 Computational Simulations

In the model of excitation of a population of myelinated nerve fibers, trends in
the relationships between the measures of efficiency and the duration (PW) and shape of
the waveform were consistent for activation of 25%, 50%, and 75% of the axons in the
population, and results f or 50%-activation are presented. Also, the same trends were
observed for activation of a single axon with the electrode positioned 1 mm above the
center node. In addition, the energy-, charge-, and power-efficiencies of the decaying
exponential waveforms d iffered from those of the rising exponentials with
corresponding 3 wephut | OQwl + + OWEOE wk | + wy UAWEa wOl UUwUT EOQuwk
stimulation efficiency with the square and ramp waveforms were approximately the
same for both the rising and decaying waveforms.

No waveform shape was energy-optimal across all PWs, but rather, the
differences in energy efficiency among waveform shapes varied with PW. In contrast to
previous predictions that the rising exponential waveform was energy -optimal across all

PWs, the square waveform was at least as energyefficient as the rising exponential
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waveforms for PWA wY 8 IFiguéeA18apb). However, the rising exponential waveforms
were more energy-efficient than the square waveform for all but one combination of PW
EOCOE wPwWh @Y duk wO UNs, whileuBidcf@dsead with PW for the square and ramp
waveforms, the energy-duration curve for the exponential waveforms leveled off ( Figure
A.3a), and the exponential waveforms were substantially more energy-efficient than the
square and ramp waveforms for PWa wl wOU3 w$ Y1 O w U idddiidnicuwvesiol wi O1 UT 2
both the square and ramp waveforms were concave up, the two waveform shapes were
not equally energy -efficient. For PWA wyY 8 hwOU w01 T wUGUEUT whpEYT I OUOQwb
efficient than the ramp waveform, but for PWa wy 6 Kk wOU wUT T wUEOx wbhEYI | OU(
energy-efficient (Figure A.3b).
As with energy efficiency, the differences in charge efficiency among waveform
shapes were dependent onPW, and no waveform shape was chargeoptimal across all
PWs. ForPWAwY 8 Yk wOUOwUT 1 wUDPUDPOT wEOEWET EEaADOT wi Rx00
charge-efficient as the square waveform (Figure A.3c). However, asPW increased the
exponential waveforms became increasingly more charge-efficient than the square and
ramp waveforms. While the charge -duration curves of both the square and ramp
waveforms increased monotonically, the charge-duration curves of the exponential
waveforms leveled off at long PWSs; both the Q and the PW at which the charge-duration

EOUYI UwOl YI Ol EwOIi 1 wki UliFiguieBABH)B-UrtDer, dne tddpx OUUD OOE Ow
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waveform was more charge-efficient than the square waveform for all PWs, and for PW

AwY8Y!l wOUOWUT 1T wUE Ox wp E Y-kfficiént Wauefolnsnape | wOOUUWET E

Although none of the waveform shapes was energy-optimal or charge -optimal
across allPWs, the square waveform was power-optimal. The power -duration curves for
all waveform shapes resembled typical strength-duration curves: Ppeakdecreased
monotonically as PW increased for short PWs and leveled off at long PWs (Figure A.3e).
However, the power -duration curves of the rising and decaying exponential waveforms
leveled off at shorter PWs than those of the square and ramp waveforms. As a result,
although the differences in power efficiency between square and the exponential
waveforms were small at short PWs, the differences increased a$*W increased (Figure
A.3f). On the log-scale, the power-duration curves of the square and ramp waveforms
were approximately parallel, i.e, the percentdifference in power efficiency between the

square and ramp waveforms was roughly constant across PWs.

A.3.2 In vivo measurements

Trends in the relationships between the measures of efficiency and
PW/waveform shape were consistent for generation of 25%, 50%, and 75% of the
maximum EMG responses, and only the results for generation of 50% of the maximum
EMG are presented. Two-way repeated measures ANOVA for each measure of

efficiency revealed significant interactions between PW and waveform shape (p <
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0.0001). Thus, in each set the data were subdivided byPW and analyzed using one-way
repeated measures ANOVA for each PW.
As in the computational simulations, energy efficiency varied with waveform
shape and did not vary m onotonically with PW. The energy-duration curves were
similar to those generated in the computational model: for the square and ramp
waveforms, the energy-duration curves were concave up, whereas for the exponential
waveforms, E decreased with PW for short PW and did not change substantially for long
PW (Figure A.4a). ForPWA wY 6 hwOUOwoOOOT woOi wlOi i whEYI I OUOwWUT E:
more energy-efficient than the square waveform (repeated measures ANOVA, p > 0.05;
or FPLSD, p > 0.07) Figure A.4b). However, for PWa wY 6 k wOUwUT 1| wUGUEUI whPEY
significantly less energy-efficient than all other waveforms shapes (FPLSD; p < 0.05) for
all but one combination of waveform shape and PW. One noticeable difference between
the computational simulations and the experimental measurements was the difference
in energy efficiency between the rising and decaying exponential waveforms with the
UEOI wsdw6l 1 Ul EUwPOWUT 1 wUPOUOGEUDPOOUWUOT 1 Ul wEDI 11
experimental results showed that the decaying exponentials were significantly more
energy-efficient (< 35%; FPLSD; p < 0.05for PWa wyY 6 hwOU wi OUwOOUUWEOOEDOE
PW.
As in the computational simulations, charge -duration curves increased

monotonically with PW for the square and ramp waveforms, as well as for the
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exponential waveforms for short PWs (Figure A.4c). ForPWa wyY 8 hwOUOwUT 1T wUGUE U
waveform was generally less charge-efficient than the other waveform shapes (Figure

A.4d). ForPWAwY 8 Y ! wOUOwUT T wUE Ox wb Eeffidieht@handha baadteu O O UT wE |
waveform (FPLSD; p < 0.05), but asPW increased, the exponentialwaveforms were

generally the most charge-efficient waveform shapes. As for energy efficiency, the

measurements of charge efficiency showed significant differences between the rising

and decaying exponential waveforms. Specifically, for PWa wyY 6 hwO Wind) T 1T wEl EE
exponential was significantly more charge -efficient (<18%; FPLSD; p < 0.05) for most

EOOEDOE UD O BW mds, just as i hE computational model, no waveform
shape was chargeoptimal across PWs.
For all waveform shapes, Ppeakdecreased monotorically with PW for short PWs
and leveled off for long PWs (Figure A.4e), as was observed in the computational
simulations. For PWA wY 8 k wOUOwUT | wUEOx whEYI1 | OU&ficienE UwUDT OB
than the square (FPLSD; p < 0.05), but foPW & w huw O Unerg hd sigrificant
differences between the two waveforms (FPLSD; p > 0.1) Figure A.4f). The square
waveform was generally more power -efficient than the other waveform shapes across
al PWUG w' OP1 YI UOwUT 1 wEl EEaDOT wl B x O0Iificddty EQwpbP DUT ws
power -efficient than the square waveform (FPLSD; p > 0.46), and in contrast to the

computational simulations the decaying exponential was more power -efficient than the

square waveform for PW =1 ms (FPLSD; p < 0.04). Also contradicting the amputational
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simulations, the decaying exponential waveforms were significantly more power -
efficient than the rising exponential waveforms (< 59%; FPLSD; p < 0.05) across alPWs

for all but one combination of PWE OE w3 6

A.3.3 Exponential waveforms atlong PWs

Both the computational models and in vivo results indicated that for long PWs
the exponential waveforms| both rising and decaying| were much more energy- and
charge-efficient and much less power-efficient than the square and ramp waveforms.
However, at long PWs the efficiencies of the exponential waveforms had plateaued. To
determine the cause of this behavior, rising exponential waveforms were plotted with
PW between 0.02 and 2 ms and amplitude equal to threshod in the single axon model
(Figure A.5a). For short PWs, the shape of the exponential waveforms varied with PW,
but for longer PWs, the shapes of the waveforms were insensitive toPW. While the
length of the initial segment increased with PW, because of i very low amplitude this
had no effect on excitation, and the main part of the exponential waveform remained the
same asPW increased, thus eliciting the same neuronal response. The shape of the
decaying exponentials behaved similarly as PW increased, with the length of the final
segment increasing with no effect on the neuronal response.

We approximated the PW at which rising exponential waveforms ceased to
change by calculating the time required to deliver the last 95% (i.e., all but the first 5%)

of the charge (Figure A.5b):
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T(PW,¢) = PW- ¢ In(0.05™™" +0.95) (10)
For a given PW E O E TualsO calculated the time required to deliver the first 95% of the
charge for decaying exponentials. After a certain PW (PWk) T leveled off, indicating that
the exponential waveform s delivered almost all of their charge within the same amount
of time, and beyond PWEe the shapes of the exponential waveforms were no longer
uniqgue. PWePEUWEDPUIT EUOCaAa wx UOx OUUDPOOEOWUOwWs OWEDE wi R x O
had a shorter range of PW over which they were unique in shape.

A.4 Discussion

Computational simulations and in vivo experiments were used to quantify the
energy, charge, and power efficiencies of square, ramp, rising exponential, and decaying
exponential waveforms for extracellular st imulation. Contrary to previous studies that
used passive membrane models, our results showed that rising exponential waveforms
were not always more energy-efficient than the square waveform. For stimulation with
short PWs (< 0.05 ms), there was little diference in efficiency between the square and the
exponential waveforms, while the ramp was the least energy -efficient (computational
model only), most charge-efficient, and least power-efficient waveform. For long PWU wpa w
0.5 ms), the square waveform was mae power-efficient than most waveform shapes but
was less charge and energy-efficient. No waveform was simultaneously energy -,

charge-, and power-optimal. Consistent with previous studies, the measures of
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efficiency were dependent on PW: all waveform shapes were chargeoptimal at short

PWs, power-optimal at long PWs, and energy-optimal at intermediate PWSs.

A.4.1 Comparison of waveform shapes

Rising exponential waveforms did not provide any practical gains in efficiency
over the other waveform shapes. Previously with a passive model of the membrane,
rising exponential waveforms at any PW were predicted to be more energy-efficient than
any other waveform shape with equivalent PW, and the difference in energy efficiency
with the square waveform was predicted t o increase with PW (Jezernik and Morari
2005) In contrast, the current results show that for short PWSs the energy efficiency of the
rising exponential was less than or not significantly different from the energy efficiency
of the square, and for long PWs the difference in energy efficiency (<100%) was less than
previously predicted (300-1400%). In addition, for short PWs the charge and power
efficiencies of the rising exponential waveforms were less than or not significantly
different from those of the squ are waveform. For long PWs the rising exponential
waveforms appeared to be much more energy- and charge-efficient than the square and
ramp waveforms. However, these results were misleading because for long PWs the
rising exponential waveforms did not chang e asPW increased (Figure A.5). Further, in
the experimental measurements the decaying exponential waveforms were generally
more energy-, charge-, and power-efficient when compared to rising exponentials with
U7l wWUOEOT wsdw OUT OUT T wdeSedanthis Btydy, the rEsOIts hivé mcd | ws wp i U

205



DOEPEEUDPOOWUT EUwWUT T Ul whOUOEWET wEOAWYEOUI UwlOi ws
energy, charge, or power efficiencies of the rising exponential waveforms.

The energy required by the circuitry of the stimulato r should be considered to
assess accurately the energy efficiency in an implantable device. Certain waveform
shapes may require additional circuitry for their generation, which would consume
additional energy. As a result, the most energy-efficient wavefor m shapes may turn out
to be those that can be generated with the simplest circuits. For example, certain
stimulators and pacemakers deliver stimulation using a discharging capacitor, a very
energy-efficient process, and the stimulation waveforms resemble decaying
exponentials. Therefore, the decaying exponentials may be highly energy-efficient in
actual implantable devices, despite exhibiting the same limited range of unique PWs as
the rising exponentials.

The charge and energy efficiencies of many different stimulation waveform
shapes, including the shapes analyzed in the present study, were determined previously
(Sahin and Tie 2007)in a computational model of a single mammalian axon (Sweeneyet
al. 1987) The present study extended this approach to a population model composed of
mammalian myelinated axons that more accurately reproduced the excitation properties
of mammalian axons (Mclintyre et al.2002)than the previous model. As well, we
measured stimulation waveform efficiencies in vivo. Both the previous and current

results showed that Q increased monotonically with PW for short to intermediate PWs
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for all waveforms, the square waveform was the least charge-efficient waveform of the
waveforms tested, and energy-duration curves for the ramp and square w aveforms
were concave up.

Unlike in the population model, the diameters of peripheral nerves and nerve
fibers are non-uniform, and the conductivity of the extracellular medium is
inhomogeneous and anisotropic (Geddes and Baker 1967)To determine the senstivity
of the results to these parameters, we conducted additional simulations in the
populatD OO WO OET OWEOEWYEUDI EwUT T wi PET UWEDEOI Ul Uwpk ¢
the cylinder (6 mm). As well, we also modeled anisotropic extracellular conductivity
Pl to fivers & W hU Mr@ndittily o fibers ) USING @ coordinate transformation (Nich olson 1967)

Thresholds were sensitive to changes in these model parameters, and as a result, the
absolute values of energy, charge, and power efficiencies varied. Although there were
slight changes in the relative differences in efficiency among waveform shapes, which
may explain the disparities between the computational and experimental models, the
overall conclusions were unchanged. These alterations to the population model
primarily influenced the spatialeffects of stimulation: the positions of the nod es of
Ranvier relative to the electrode, the dimensions of the fibers, and the spatial

distribution of extracellular potential. On the other hand, waveform shape varied the

temporaleffects of stimulation, i.e, the dynamics of membrane ion channels. Thus,it was
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not surprising that varying the geometric properties had little effect on the influence of
waveform shape on stimulation efficiency.

Even though stimulus waveforms are traditionally characterized by PW, PW may
not be the most appropriate parameter by which to group waveforms of different shapes
for comparison. For example, the exponential waveforms were only unique over a
limited range of PW, and comparing the square and ramp waveforms to exponentials at
long PWs produced misleading results. An alte rnative method of comparing the
stimulation efficiency of waveform shapes is to use the measures of efficiency as the
bases of comparison.Figure A.6 shows plots of Evs. Q, Evs. P, and Q vs. P from the
population model, and this presentation provides a c learer perspective on the
efficiencies across waveforms. While charge efficiency and energy efficiency varied
greatly with waveform shape when compared across PW, the curves of E vs. Q for all
shapes overlapped substantially. The data from the rising exponentials at long PWs are
represented by overlapping points, illustrating that these stimuli have the same
stimulation effect. Regardless of whether a square, ramp, or exponential waveform was
used, for a given amount of charge, the energy delivered was equivalent. Although the
curves of E vs. Q for different waveform shapes overlapped, the curves of Evs. Pand Q
vs. P did not. Thus, the analysis of stimulation efficiency of waveform shapes is

dependent on the method of comparison.
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A.4.2 Different paths to a ctivation

Previous claims that the rising exponential was the energy-optimal waveform
shape were based upon models with fixed threshold voltages (Vmr). The assumption of
a fixed Vrhr is inaccurate because it fails to account for the dynamics of the ion clannels,
which are dependent on the stimulus waveform. For example, subthreshold stimulation
for an extended duration will inactivate the sodium channels and increase V tr (Grill
and Mortimer 1995). We measured membrane parameters (\h, sodium current density
[ina], and sodium gating parameters [m, h]) in the single fiber model during stimulation
with different waveforms. The rates at which the membrane parameters changed varied
with both PW and waveform shape, as did the threshold (i.e.,, at the end of the pulse)
values of these parameters Figure A.7). Instead of a fixed threshold voltage, there was a
wide range of threshold stateswhich were defined by varying levels of Vm, m, and h.

The activity of the membrane parameters during stimulation did not explain
what made one waveform shape more energy-, charge-, or power-efficient than another.
Different stimulus waveforms change the values of the membrane parameters at
different rates, taking different paths to reach a threshold state (Figure A.7). Further, two
different waveforms can have much different effects on the membrane parameters and
still have similar stimulation efficiencies. For example, the rising and decaying
exponentials changed the membrane parameters at much different rates for both PW =

0.2 and1 ms (Figure A.7). Yet, their energy, charge, and power efficiencies differed by

209



less than 5.4%. Thus, it does not appear that the stimulation efficiency of a stimulating

waveform can be predicted by its effects on the membrane parameters.

A.4.3 Clinical Implications

Although the current study examined stimulation efficiency in peripheral nerves,
the results may also be applicable to the stimulation of other parts of the nervous
system. During spinal cord stimulation, the targets of stimulation are long ax ons, and
the current findings would likely be relevant. As well, our results would be valid for
muscular stimulation, where the targets of stimulation are motor nerve axons, not the
muscle itself. The current results may also be relevant for stimulation of the brain
because in both cortical stimulation (Nowak and Bullier 1998) and deep brain
stimulation (Mclntyre and Grill 1999), the targets of stimulation are thought to be axons.

Clinical stimulation typically uses biphasic waveforms, and in an efficiency -
analysis of biphasic waveforms E, Q, and Ppeakof both pulses would have to be
calculated. In addition, the threshold of the primary pulse can be affected by the charge
recovery pulse (van den Honert and Mortimer 1979), and it is unclear if changes in
threshold are dependent on the waveform shape of the primary pulse. Further study is
needed to analyze how waveform shape affects the stimulation efficiency of biphasic
waveforms. Nonetheless, the current results are still important for understanding the

effects of PW and waveform shape on stimulation efficiency.
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Stimulation efficiency should be a major consideration in the design and programming
of implantable stimulators. Energy efficiency is important to minimize the costs and

risks associated with battery replacement surgery; charge efficiency is important to
minimize tissue damage and electrode corrosion; and power efficiency is important to
limit battery size. Most often, implantable stimulators deliver square waveforms or
decaying exponential waveforms (Butson and Mcintyre 2007). Alternative waveform
shapes should also be considered since they may be more energy charge-, or power -
efficient. When programming the stimulation parameters, clinicians should consider the
stimulation efficiency alongside clini cal efficacy. Although clinicians have no control
over waveform shape, they still program the amplitude, PW, and frequency of
stimulation. Most clinicians choose stimulation parameters based only on how well
symptoms are alleviated and side effects are cornrolled. However, physicians may not
be wise simply to set stimulation parameters based on these two criteria if only minimal
benefit is gained at the cost of large increases in energy consumption or charge delivery.
Unfortunately, the optimal stimulation parameters may not be obvious since no
waveform was simultaneously energy -, charge-, and power-optimal, and there was no
overall optimal PW. As suggested by Dean and Lawrence(1985) the selection of
stimulation parameters could be guided by a cost functio n. Expanding upon their idea,
we suggest that a cost function could be used that considers the measures of efficiency,

therapeutic benefit of stimulation, and side effects.
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Figure A.1: Stimulation waveform shapes . a) Square waveform. b) Rising ramp

waveform. c) Rising exponential waveform. d) Decaying exponential waveform. Values

Of w*wbpl Ul wYEUDPT EWUOOWEENUUUOWEOXxOPUUET wOI wUUDOUO
the shape of exponential waveforms.
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Figure A.2:Invivo stimulation of cat sciatic nerve . Stimulation was delivered to the
sciatic nerve, and evoked electromyogram (EMG) was recorded from the medial
gastrocnemius. EMG was rectified and integrated (EMG integral) to quantify the evok ed
response. Recruitment curves were generated for each waveform shape at eacPW and
were generated by measuring the EMG integral over a wide range of stimulation
amplitudes. For each recruitment curve the energy, charge, and peak power required to
activate 50% of the maximal EMG integral was recorded.
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