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ABS TR ACT

This thesis describes extensive develocpment, and
validation by experiment, of theoretical methods for the
bioengineering analysis of electrical stimulation of
spinal cord.

Two-dimensional finite element methods are used to
survey certain crucial geocmetrical and tissue property
aspects, but +the stimulus field analyses are centred on
full three-dimensional representations.

The +three-dimensional models are validated by
comparing results with published data from the monkey, and
ocriginal work with both patients and cadaver material. A
definitive finite element mocdel is presented.

An existing computer simulation of +the myelinated
nerve fibre, especially suitable for use with finite
element field solutions, is tested experimentally using an
in-vitrc preparation from the chick. Further developments
for branched and bending fibres, and stimulus field
interaction with normal ongoing nerve impulses are
examined theoretically.

The two essential aspects, field analysis and neural
modelling, are shown to be sufficiently well-developed to
allow confident application in spinal cecrd stimulaticn

studies.



ACKNOWLEDGEMENTS

I wish to express my gratitude to Dr B Coburn for his
invaluable guidance and encouragement throughout the work.
At Brunel, I wish to thank Dr R C Elliott, Lecturer
in Applied Biolegy, Mr R C Pank, Senior programmer,and Dr
AL Yettram, Reader in Mechanical Engineering, for their
assistance in their respective areas of expertise.

Special thanks go to Dr E M Sedgwick, Consultant in
Clinical Neurophysiology, and Mr R Hunt, Chief Technician
at the Wessex Neurclogical Centre,for much help throughout
the work.

I am also grateful to Neuromed, 5000A Oakes Road.
Fort Lauderdale, Florida for financial and technical
support. Part of the work was carried out during a visit
to the Institute for Rehabilitation and Research, Texas
Medical Centre, Houston, and I wish +to +thank Dr A M
Sherwood, Directorof Research at that establishment, fcr

considerable hospitality and kind provision of facilities.



CHAPTER 1

1.4.1
1.4.2

1.4.3

CHAPTER 2

CONTENTS

ABS TR ACT
ACKNOWLEDGEA ENTS
CONTENTS

NOMENCLATURE

THNTRODUCTION

CLINICAL BACKGROUND

THEOR ETICAL BACKGROUND
PRINCIPAL PROBLEMS AND AIMS
GUIDE TO THE THESIS

Ccnt ent layout

Omissicn of materials

A note on sign convention

FIELD ANALYSIS USING FINITE ELEMENT METHOD

METHOD OF FIELD SOLUTION

Finite element method

Analysis software

FINITE ELEMENT MODELS OF HUMAN THOR AX
Thrze-dimensional model cf human thorax
Anatomy

Electrical properties of tissues

EFFECTS OF SURFACE INDIFFERENT POSITIONS
A MONOPOLAR STUDIES

THR EE-DIMENSIONAL FIELD SOLUTIONS FOR
MULTI-SITE ELECTRODES

Page No.

14
16

17

19
21
22

25
25

27
32
56

39

48



CHAPTER 3 EFFECTS OF VARTATIONS IN TISSUE PROPEITIES
AND ANATOMICAL FACTORS : A TWO-DIMENSIONAL
STUDY
3.1 INTRODUCTION 52
3.2 DESCRIPTION OF THE TWO-DIMENSIONAL MODEL 53
3.3 RESULTS
3.3.1 Standard solutisn 58
3.3%.2 Effects of dura mater resistivity 58
3.3%3.3 Effects cf bone resistivity 60
3.3%.4 Effects of epidural and subarachncid
spaces 60
3.4 DISCUSSION 64
CHAPTER 4 VALIDATION STUDY OF FINITE ELEMENT MODEL
COM PARISON WITH PUBLISHED LITERATURE
4.1 INTRODUCTION 70
4.2 FINITE ELEMENT MODEL 73
4.3 RESULTS 78
4.4 DISCUSSION 85
CHAPTER 5 VALI DATION STUDY OF FINITE ELEMENT MODEL
FIELD MEASURFEMENT IN HUMAN SUBJECTS
5.1 INTRODUCTION 87
5.2 BASIC SCHEME OF FIELD MEASUREAENT 88
5.3 CLINICAL MEASUREMENTS
5.3%.1 Bpidural reccrding of ®DS-M field S4
5.%3.2 Epidural recording of EDS-B field 98
5.3%3.3 Dersal surface recording cof EDS-M field 100



5.4.2

5.4.3%

CHAPTER 6

6.3.1

6.3.2

SFFECTIVE RESISTIVITY OF CADAVER SPINE
Basic scheme

Equipment

Cadaver materials

Procedures

Computer model

Results

COMPARSION OF COMPUTZR SOLUTIONS WITH
CLINICAL MEASUREBE1IENTS

Computer mcdel
Compariscn

VARTATIONS OF POTENTIAL ALONG VERTICAL
FIBRES IN THR SPINYAL CORD

FINAL DEVELOPENT OF THREE-DIMENSIONAL

FINITE ELEMENT YMESH

REQUIREMENTS OF A NEW 3-D FINITE
ELEMENT MODEL

DESCRI PTION OF MODEL MODIFICATIONS
Changes in mcdel discretization
Mocdifications in anatomical structures
Numbering system in the mesh

MODEL TESTING

Homogenecus volume conductor test

Yencpoclar epidural test

102

106
136
1907
108
108

114

114

121

126

128
128

134

148
151



-6-

CHAPTER 7 THEOR ETICAL ANALYSIS OF MYELINATED NYERVE
FIBRE f0DEL
7.1 INTRODUCTION 153
7.2 QUALTITATIVE DESCRIPTION OF FIBRE MODEL
7.2.1 Fundamental formulation of mcdel 157
7.2.2 Subthareshcld steady-state analysis 158
7.2.3 Analysis inveclving active membrane 159
7.2.-4 3Becundary ccnditicns of the model 160
7-3 THEOR ETICAL ASPECTS OF FIBRE MODEL
7.3.1 Total length of mocdel 16l
7.%3.2 Omissicn of external pathways 163
7.-3.3 Effective driving functisn and fibre
diameter 164
T.4 FURTHER APPLICATIONS OF THE ¥MODEL
7.4.1 Fibre bending 170
7.4.2 Fibre branching 177
CHAPTER 8 VALIDATION STUDIES OF MYELINATED
FI3BRE MODEL
8.1 EXISTING PUBLISHED LITERATURT FOR
: COM PARISON 183
8.2 ELECTRICAL STIMULATION OF CHICK

BIVENTER CERVICIS NERVE-MUSCLE (BVC)
PR EPAR ATT ON

8.2.1 BVC preparation 186
8.2.2 Basic experimental scheme 187.
8.2.3 Experimental procedures 189
8.2.4 Experimental results 192
8.3 HISTOLOGY OF BVC IN THE NERVE/TENDON
SECTION 196
8.4 DIGITAL SIMULATION OF MYELINATED FIBRE
8 4.1 Descripticn of fibre model 201
8.4.2 Simulaticn results 2073
8.5 COM PARISON BETWEEN ZXPERIMENTAL RESULTS

AND COY PUTER PREDICTIONS 223



CHA PTER

FIELD DISTORTION ANALYSIS -
Testing schenme

Results of field distortisn analysis
RELATIONSHIPS BETWSEN THR &@SHOLD

PREDICTION AND SHARPNESS OF APPLIED
FIELD

FURTHER THEORETICAL ANALYSES OF
M YELINATED FIBRZ MODEL

NETWORX MODEL DEVELOPMENT : MODEL A.
INCLUDING LONGITUDINAL CONXNDUCTION IN
THE EXTRACELLULAR FLUID

Mcdel definition

External conducting path

System equaticns

Analysis ccnditions

Computing method

Results

Comparisons with cther workers
NETWORX MODEL DEVELOPMENT MODEL B
INCLUDING THE EFFECTS OF =ZXTERNAL
APPLIED FIELD ON ACTION POTENTIALS
Mcdel descriptiecn

System equations

St eady-state analysis - effects of Gs/Ge

Action pctential wavefcra - effects
of Gs/Ge with zerc applied field

Propagating velocity : effects of Gs/Ge
with zeroc applied field

A final ccmment on Gs/Ge ratio
Examples c¢f effects due to external

applied fields from point source
2mm distant from fibre

224
226

231

234

234
236

237
237

238
244

245

© 247

248

250

251
258

260



CHAPTER 10O GENEI AL DISCUSSION AND RECOMMENDATIONS
10.1 THEOR ETICAL A3 PECTS OF FIELD SOLUTION
USING FINITE ELEMENT M ETHODS
10.1.1 Pineness c¢cf finite element mesh
10 1.2 ¥cdelling ocf epidural electrades
12.1.3% Usefulness sf 2-D mocdel
10.2 VALIDATION STUDY OF FINITE ELEMENT MODEL
10.2.1 General comments
10.2.2 Experimental wocrk with cadaver materials
10.2.3 Compariscn with clinical measuremnents
10.2.4 Compariscns with SWIONTEK et al (1976)
experiment
10.3 ANALYSIS OF STIMULUS FIELD GENERATED
BY SPIDURAL ELECTRODE
10.3.1 The definition ¢f stimulus strength
10.3.2 Field analysis
10.4 THEOR ETICAL ASPECTS OF AXON MODEL
'10.4.1 Driving functiocn as the stimulus
parameter
10.4.2 Bffect of branching
10.4.3 Effects of temperature on conduction
velocity
10.4.4 Development of fibre model to
include extracellular conducticn
and external applied fields
10.5 VALI DATION STUDY OF ¥cNEAL (1976) NERVE
FIBR 5 "MODEL
10.6 INTEX PRETATION OF THEOREZTICAL FIELDS

10.7

4ITH MYELINATED NBERVE MODEL

R ECOMM ENDATIONS

266
267
270

271
271
272

274

276
276

278
280

281

283%

285

287
290



CONCLUDING R ¥4 ARKS 292

REFER ENCES 294



-10-

APPENDICES

Numbering cocnventicn of 1980J multi-site electrode
Conductivity cell feor resistivity measurement

Derivations of McNEAL mcdel for straight and branching
fibre

3.1 Straight fibre
3.2 Fibre with branch
3.3 Fibre parameters for fibre model (from McNEAL,.1976)

Types of terminals for fibre models

1 “erc depclarisaticn
2 Z7erc internal axial current
3 Actual “ibre terminals

4.
4 *
4
Ef fective diameter of stimulating electrcde used in the
BVC experiment

Histecgrams of fibre diameter cf each BVC preparation

Programming aspects of digital simulation program for
threshold prediction

Field distortion analysis -- description of finite
element model

503
304

305
307
309

310
312

313

514

316

320



10

L

12

13

8.1 Descript

Derivatisns

Derivations

10.1 Definition of

-11-

ion of “inite element mcdel
8.2 Testing scheme

of system =quatisns “cr

fibre molel A

of system equaticn fer fibre model B

symbols

10.2 Mathematical description of Ve
10.3 Formulaticn of system a2quations

Types cf terminals

1 Left ha
1

Examples of

fer fibre model B

nd end - symmetry above ncde 1
depolarisation

ef fects

1.1
1.2 Right hand end - zerc

cf

di “ferent applied fields c¢n

prcpagating actiocn potential

Equations
compcnents

describing

individual

ionic

current

324
325

330

331
331
332

336
338

340

355



[a]

An

x3e

Em

Ge

Gm

Gs

-12-

NOMENCLATURE

square matrix

area of tissue n

tendon wall thickness
tendecn wall thickness
terminal capacitance
lumped nocdal capacitance

axecn diameter
(internal myelin diameter)

fibre diameter
(external myelin diameter)

membrane depolarisaticn

rate of membrane depclarisaticn

menbrane pctential
Vi-Ve

resting poctential

terminal conductance

axial interncdal ccnductance
external cocndutance

ncdal membrane ccnductance
external conductance
ccnducticn velccity

icnic current

tctal icnic current vectocr
stimulus curra=nt

thr=shecld current

current at cne ncde cf element

current density vector



[L].[m].[N].[P]

Ll

-1%-

stiffness matrix for element e
ncdal gap width

myelinated interncdal spacing

equivalent characteristic length

for myelinated fibre

square matrices

toctal number of node of Ranvier

total number <cf finite element nocdes

impedance of tissue n
axoplasm resistivity

specific resistivity cf
external medium

specificresistivity in x-,
y- and z- directiocn

specific resistivity of tissue
bending angle

temperature

ccnstant

square matrix

pctential

extracellular pctential
external potential vector
intracellular potential

pctential at ncde of
element e

stimulater voltage
measur=d distance
electrcde distance from fibre

lumped impedance



-14 -

CHAPTER 1 INTRODUCTION

1.1 CLINICAL BACKGROUND

Electrical stimulation of spinal cord continues to attract
widespread interest since the report by SHEALY et 13l
(1967) on the relief of intractable pain. The technique
has , since then, been used for the treatment of many
neurclogical disorders, including mwmultiple sclerocsis
(ILLIS et al1,198%), spinal cord injury (C AM POS et
al,1978), peripheral vascular disease (ROSEN and
BARSOUM ,1979), cerebral palsy (WALTZ and PANI,1978) and
spasmodic torticollis (GILDENBERG, 1977) .

Historically, the ©practice was called dorsal column
stimulation as stimulating electrodes were placed 1in
'direct’ contact with the dorsal surface of spinal cord,
separated only by one or two membranes (pia and
arachnoid). The method was later modified, with a great
ijncrease in surgical safety and simplicity, by inserting
electrodes into the epidural space percutaneously, using
local anaesthesia (ILLIS et al,1976). Figure 1.1 shows
the use of a multi-pole electrode. Electrical stimulation
may be <carried out with equipment connected via the
percutanecus leads. Unless otherwise stated, the analysis
in the thesis is related to electrical stimulation by such
epidural electrodes (EDS). If satisfactory clinical

results are obtained during an assessment period (ILLIS et
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FIGURE 1 .1 ANTERIOR -POSTERIOR X-RAY SHOWING POSITION OF A

MULTI -SITE ELECTRODE (4 POLES) IN EPIDURAL S PACE
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al, 1980), then permanent implantation 1is carried out.
Electronic aspects of the stimulating system can be found
in JOBLING et al (1980), but typical stimulating
parameters are 10mA square pulses of 0.2ms duration at 33
Hz.

Stylised computer models indicating the location of
electrodes in the epidural space, and the general anatomy

of the region may be seen in Figures 2.1-2.3.

1.2 THEORETICAL BACKGROUND

A theoretical analysis of spinal cord stimulaticn
needs to draw on different disciplines, from biophysics
and engineering sciences. A first step 1is tﬁe finite
element technique for the numerical solutions of potential
field distributions . Formulation of potential field
theory is well catered for in standard texts ( for example
JEANS, 19253 SMYTHE, 1968). By treating the human body as
a volume conductor, the analysis can equally be applied in
electrophysiological problems (e.g., PLONSEY, 1969;
HERINGA et al, 1982).

Essentially, the equation governing the electric

potential, V, in a three-dimensional domain is

—— -

d L 2aV > (| VoY
(Px ax)+33 4 ag) 62 P2 62)
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where Px, Py, Pz are corresponding specific resistivities
in the direction of the principal coordinates.

A second topic concerns the physiological properties
of excitable nerve membrane of nerve fibre. The vocltage
clamp studies on squid giant axon by HODGKIN and HUXLEY
(1952) formed a starting ©point for modelling octher
excitable membranes. The work that is directly relevant to

~this +thesis 1is the modelling of node of Ranvier by

FRANKENHABUSER and HUXLEY (1964); the model by HODGKIN and
HUXLEY (1952) being modified +to describe +the nodal
membrane behaviocur of myelinated axon of frog.

The third aspect is the representation of the whole
myelinated nerve fibre, including the internodal sections,
in terms of electrical networks. A profusion ' of work
exists in this area, but the apprcach by McNEAL (1976) is
especially useful when wused in conjuction with finite

element analyses of stimulus fields.

1.3 PRINCI PAL PROBLEMS AND AIMS

In spite of +the <clinical +trials cited above, the
complete mechanism underlying the success of spinal cord
stimulation remains unknown. Activation of nerve cells in
the cord is the obvious <central phenomenon. The Gate
Theory (MELZACK and WALL, 1965) can be used to explain
inhibition of pain due toc the excitation of 1large fibres
in the dorsal column, and hypotheses <concerning +the

‘mechanisms of long-term motor improvement in other
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disorders alsc exist (ILLIS et al, 1976). The intention
of this work is to provide a biophysical contribution and
it must suffice toc say that purely <clinical and
neurophysioclogical theories are agreed to be 1inadequate.

The idea of electrical stimulation 1is to set up
electrical fields, or apply current, within +the spinal
cord so as to affect the neurophysiclogical state of
neuron structures. From the analytical veiwpoint, relevant
data on the strength and orientation of these fields are
surprisingly rare. The only published data available are
the current density measurements made in vive with monkey
and in fresh human <cadaver spinal cord (SWIONTEK et
al,1976). Theoretical studies of these fields has also
been carried out in a two-dimensional * approach
(COBURN,1980) , which was later extended to
three-dimensional studies (COBURN, 1981).

On +the other hand, estimation of these fields within
the neuron structure is only the first stage. The mnext

step is to 1investigate the immediate effects cf these

fields with biophysical neuron models. This two-stage
approach allows, in principle, the ©predictions of the
theoretical threshold of any mwmyelinated nerve fibre

system, as first demonstrated by COBURN (1981).

The primary aim of this present work was to further
develop and rigorously validate +the &essential field
analysis methods and biophysical models +to provide a
reliable and routine set of 'tool' for the analysis of

spinal cord stimulation.
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First, +the problems with the finite element mocdel do
not lie on the techniques of numerical sclution . In fact,
with the availability of software ©packages, numerical
solution using the finite element method has become fairly
standard. The problems are the poorly-defined anatomical
structures of the human bcdy and the electrical properties
of certain biclogical tissues. Many assumptions are made
and a rigorous validation on +the model is required.
Second, in parallel with the finite element model
verification, +there 1is also the need for a searching
validation of the mathematical model of McNeal nerve fibre
to which field solution will be applied. In this case, the
area to be wvalidated is 1its ability toc predict fibre

threshold for a given applied field.

1.4 GUIDE TO THE THESIS

1.4.1 Content Layout

As the format of the +thesis 1is not entirely
conventional, it is worth describing the layocut of the

content. The reason for this unusual presentation is that

a number of disciplines are drawn upon and each of thenm
requires separate Dbackground introduction. For the ease

of reference these 1introductory materials are Dbetter

distribut ed in the thesis closest tc the relevant
subjects. Thus many chapters will ©begin with a section

describing some background information. 1In addition, any
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short discussion which is of direct relevance to the work
will be presented in the same chapter.

The thesis can be considered in twoc main sections.
Chapters 2-6 are concerned with potential field analysis
at a macroscopic level. An introduction tc finite element
method and models used 1in this thesis are presented in
Chapter 2. Some interesting field sclutions completed 1in
the wearly stage of the work will alsoc be included. As
mentioned Dbefore, anatomical factors and electrical
properties are two major difficulties encountered in
finite element modelling, and Chapter % investigates these
aspects using a two-dimensional model.

Chapter 4 is the first part of the three-dimensicnal
model validation, comparing data from existing literature
with computer-generated solutions. Chapter 5 is the seccnd
part of the 3-D validation : the main issue being the use
of clinical measurements to provide some verifications of
the computed solutions for electrode fields.

The final development of a finite element model from
the original cne 1is ©presented in Chapter 6. Mcdified
features include finer meshing in the vertebral canal, a
better geometrical approximation and a change in node and
element numbering systems. 1In additicn, the mesh in the
spinal cord 1is specially re-desizned for further
theoretical studies.

The second part of the thesis extends from Chapter 7
to 9 and deals with studies on myelinated mnerve fibre

models at +the single <cell level. Chapter 7 covers the
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fundamental formulation of +the fibre model and also
considers two possible applications of the model. Chapter
8 is a validation study of the model by comparing
experimental data on chicks with theoretical predictions.
A further theoretical study of +the fibre model 1is
presented in Chapter 9. This involves development of the
model to study the effects of external fields on already
excited fibres.

Finally, the whole work -ends with a general

discussion and recommendation in Chapter 10.

1.4.2 Omission of Materials

Many relevant and background materials used in this
thesis have been omitted. First, the general anatomy ‘and
neurophysiology are left +to standard texts (for example
WARWICK and WILLIAMS,1973; KATZ,1966; TALBOT and GESSNER,
1973). Full comprehensive anatomical data concerned can
alsc be found in COBURN (1981).

Second, practical aspects of data preparations for
the computer packages will not be presented here, and the
information must alsoc be left to the appropriate user's
manuals (HENSHELL,1978; KOHNKE,1979).

Third, although computer programming is indispensable
tc the modelling of myelinated fibre, these programs ( at
least five have been used) will not be listed. Instead,
the programming aspects of these programs are given in the

apprcpriate sections.
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1«4.3 A Note on Sign Convention

In clinical and neurophysiological practices,
cathodic field generators and the subsequent electrical
potentials are often presented in terms of ©positive
values, while anocdic sources are taken as negative.

On the other hand, finite =element analyses of
potential fields in Chapters 2-6 use the usual
mathematical ©practices, where the absolute valuesof fields
are presented together with the polarity sign. An upright
ordinate in a graph would therefore represent a positive
(anodic) source.

When these +two disciplines are brought'together,
confusion concerning the sign notationmn may occur. One
example is the graphically presentation of
strength-duration and strength-distance relationships. 1In
the former practices, the ordinate representing the
cathodic current 1is drawn upright showing only the
absoclute values. The mathematical practice would imply
that the current is an anocde.

In this thesis, the mathematical practice will be
used.

Another sign convention is that of the direction of
current , presented as an arrow in drawings. The practice
adopted here is that a point cathode will have an arrow
indicating the flow of positive charge being extracted

from the medium at that point.
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CHAPTER 2 FIELD ANALYSIS USING FINITE ELEMENT METHOD

2.1 METHOD OF FIELD SOLUTION

2.1.1 FPinite Element Method

Numerical analysis of potential field problems 1in
physioclogy has arocused a lot of interest. The concepts are
used widely, from general field analyses (for example,
KINNEN,1966; GUHA et al,1973; KIM et al1l,1981; HERINGA et
al, 1982) +to specialised areas like electrocardiographic
pot entials (SILVESTER and TYMCHYSHYN,1974; HORACEK,1974;
MILLER and GESELOWITZ, 1978). The most relevant work
here, of course, is the analyses cf , potential
distributions within human body due to epidural
stimulating electrodes (COBURN,1980; RUSINKO et al, 1981).

As mentioned in Chapter 1, the equation to be solved
in order to obtain the three— dimensiocnal potential

distribution is

1 2V 13V 1 dV
2 (== 2 (—=)- o (2.1)
X ' B X Y pnd 22 @, O

subjected to certain boundary conditions.
A full description of the finite element t echnique 1is
now textbcok material (ZIENKIEWICZ,1977), but the overall

concept can be summarised in the following seven steps.
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Note that some of +the accepted terms arise from the
original application of the method in stress analysis.

(1) select element and node representations of the
structure

(2) define material properties used in the structure

(3) define boundary conditions

(4) derive element "stiffness" matrices [K]e based on
element type, geometry, material properties and assumed
polynomial function. For each element, the solution to

equation (2.1) may be expressed as

(1}° - [« (vt (2.2)

e
wvhere {I‘e and {V} are the currents and potent;als at the

nodes of element ‘e’ respectively.

(5) assemble system "stiffness" matrix [K] for the

entire structure where
e
(k] = X {x} (2.3)

so that a complete set of n linear equations is formed by
suitable combination of eqn. (2.2) from every element,

i.e.

(1} = [x] {v) (2.4)
(6) formulate "load" vector {I} from boundary
conditions. External applied electrode currents determine

some of the elements in (I}, but most will be zero. Such
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specified values of current correspond to unknocwn Values

of potenial V. On the other hand, when nodal potentials

are specified as boundary conditions, the corresponding

currents are unknown.
(7) calculate unknowns by sclving {I} = [x]{v}.

It must be pointed cut that the above procedures are
only a general guide to finite element method. The use of
frontal technique (IRONS, 1970) in the equation-solving
process, for example, means that +the complete set of

equations {IY=[K]{V) will never be formed.

2.1.2 Analysis Software

Two commercial suites of programs were used
throughout the study : PAFEC 75 (HENSHELL, '1978) and
ANSYS (KOHNKE,1979). PAFEC 75, based in University of

London Computer Centre (ULCC) , was wused extensively in

this thesis and the work by COBURN (1980,1981). ANSYS, on
the other hand , was mainly used for the model wvalidation
study to be described in Chapter 4. A few general aspects
of field distributions are alsoc studied using ANSYS, these
being part cof +the present chapter. Both packages,
incidentally, were run on CDC7600 computers. PAFEC 75 has
alsc begun to be run on a CRAY-15S which has just revlaced
the CDC machine in ULCC during the closing stage of the
work. Data file preparation and post-processing fecr
PAFEC was accomplished 1locally on a HONEYWELL MULTICS
system.

Each package has 1its strong and weak features. The
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ma jor weak point 1in PAFEC 75 is the output plotting
routine, where +the classical isopotential plots are
restricted to two-dimensional (2-D) solution. In other
words, soclutions from three-dimensional (3%-D) domain
cannot be presented graphically in PAFEC. Nevertheless,the
strong point of the package is the ability tc generate
small elements within a pre-defined element . This
feature, <called PAFBLOCK, is particular useful for
generating 'localised' fine elements in the neighbourhocod
of, say, applied current source, where the voltage
gradient will be steep.

The useful feature of ANSYS lies on the graphics
facility, where contour plots on defined surfaces through
3-D meshes <can be produced. Other wuseful facilities
include direct computation of current density at element
centroids, extented range c¢f boundary conditions enabling
better modelling of electrode currents.

With the availability of these packages, sclving any
field problem is straightforward. The 'user' cnly need to
carry out steps (1) -(3) mentioned in the last section,
these being called data preparation. Steps (4)-(7) are
then performed automatically by prcgrams in the packages.

The solution printout from an execution run consists

of calculated potentials at each node, which can be used

for further analysis.
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2.2 FINITE ELEMENT MODELS OF HUMAN THOR AX

This section describes the general and common features of
finite element models wused in the thesis. Detailed
descriptions of particular features wused for solving a

specified problem will be presented in +the relevant

chapter.

2.2.1 Three-dimensional Model of Human Thorax

Figure 2.1 shows the outline of the 3-D model
relative to the global <coordinated system used in this
thesis, where the concept of symmetry is also illustrated.
Sections of transverse plane (X-Y) at z=Omm are shown 1in
Figures 2.2-2.3%, and the whole model is built
prismatically from the transverse plane. Thus the
structure consists of rectangular bricks and triangular
wedges, and element heights are therefore equal within any
layer. Owing to the fact that symnmetry has been
exploited, only electrode arrays symmetrical about the
mid-sagittal plane can be studied.

Figure 2.1(a) illustrates a bipolar case, where the
transverse plane at z=0Omm may be set at zeroc potential due
to electrical symmetry. Moreover, the electrical field
generated fron mid-line electrodes will also be
symmetrical about the mid-sagittal plane (x=0Omn plane). It

is only necessary to apply an electrode current of Is/2 to
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the single-sided representation. In other words, the solid
boundary drawing in Figure 2.1(a) represents one-quarter
of the effective model of thoracic region. The nature of
the known symmetry for the monopclar case, shown in Fig.
2.1(b), is slightly different, however. Here no current
flows across the z=0 plane, a condition automatically
catered for by the model bounda ry. Note that the applied
current iﬁ this case needs to be Is/4 where Is is the
current applied in the real case.

On the other hand, the model in Figure 2.1(c)
represents one-half of the thorax, where the model is no
longer symmetrical about the transverse (z=0.0mm) plane.
This feature is introduced so that a single 'remote'’
indifferent can be modelled; it is the 1least desirable
case from the point of view of computing economy.

Figure 2.1(a) alsc illustrates that the 3-D model has
different element heights. First, element heights have to
be small at levels near that of the electrode, where the
vocltage gradient would be steep. On the other hand, the
total height of the model (in other words total volume)
must also be large enough sc that the ultimate truncation
does not significantly influence the électrical fields in
the operating region of the =electrodes. One way 1s ‘to
increase the height of successive layers at increasing
distance from the electrode to represent a reasonable
volume of thorax.

The 3-D model wused 1n PAFEC 75 consists of eight

layers, a total of 760 elements and absut 2500 nodes.



-29-

ST]TE49p J0J 3X93} 88§
*3U8J9JJTPUT ©0BJANS ,930W8d, Y3TIM 8poJdjdoele Twanplde awiodouow (9)
*qUeJ9JJTPUT 80BJAINS T[BIJUSA Y3TM 8poJ30eTs TeanpTde asrodouocu (q)

*J1ey aoddn 38 8pOY3®BO Y3TM s£8p0JI308[e TwaAnptde awvrodtiq (®)

STHCOW LNHEWHTH HLINIL TYNOISNE WIC-HI¥HL A0 HWKIHOS TV UENED b *2 HdN01d

(o) - (a) (e)

~

/
/
7

»f —/. .
\ ( by =\
\ B L _j.vA\ mcm_ao =2
\ by Vo) "\_\ /
/17 _ I | i .‘_ ) .
~Ma— e — ™ | i g P /
- " Ly c
4 _ _ BT
\\.\wl- _\ i H

—
A

7

Z.
(4

A/
V%

7/ LSS S

KT
([ [ L7

2
f’

O=A: 9p0J}09ld Judldljipul 1B




10mm

A

\

‘a

s
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epidural electrode

FIGURE 2.3 FINITE ELEMENT MESH OF TRANSVERSE SECTION THROUGH

VERTEBR AL CANAL (PAFEC MODEL)

See Table 2.1 for abbreviations.
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The 3-D ANSYS models had a similar structure,
although straight-sided elements ( 8-noded brick and

6-noded wedge) were used, as shown in Figures 2.4-2.6.

2.2.2 Anatomy

Many assumptions have to be made in modelling +the
human +thorax, partly because the degree of mesh fineness
is restricted by computer memory size, and partly because
the anatomy of many body +tissues, from an engineering
veiwpoint, are poorly defined. A glance at Figures 2.1 and
2.3 reveals that there are nine different tissues 1in the
%3-D model, five of them are within the vertebral canal. It
goes without saying that the boundaries between 'tissues in
the model are exceedingly well-defined and stylised in
relation toc the bioclogical reality.

While the geometry of the outer thorax and vertebrae
can be developed from socurces like computer tomography and
standard texts (MORTON et al,1941), tissues within the
vertebral canal present difficulties. In this model, the
sizes of spinal cord, epidural and subarachnoid spaces in
the vertebral canal were approximated from serial sections
of fresh human spinal column (COBURN, 1980). Nevertheless,
the dimensions of grey matter and spinal roots still had
to be estimated. Variations of tissue gecmetry in the
vertical (z-axis) direction are also neglected, since the
model is a prismatic structure. Features like the

curvatures of vertebral column are, necessarily,

neglected.
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3mm

FIGURE 2.5 FINITE ELEMENT MESH OF TR ANSVSRSE SECTION THROUGH

COLUMN (ANS Y5 M ODEL)
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VERTEBRAL CANAL (ANS YS MODEL)
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In general, the whole model consists of four main
gsections : general thorax, dorsal skeletal muscle ,
vertebral column and canal. Inhomogeneities in the general
thorax such as lungs, ribs, sternun, blocd masses and
subcutanecus fat are all omitted; instead the region 1is
represented by a single homogeneous tissue.

The vertebral column is also simplified by a single
homogeneous material representing the bony body,
intervertebral discs, ligaments and the like.

In the vertebral canal, the three membranes
(meninges) are all omitted. The pairs of spinal roots are
modelled, although they are also running vertically along
the subarachnoid space, dividing it into three

compartments.

2.2.3 Electrical Properties of Tissues

Table 2.1 contains the values of specific
resistivities (a nd abbreviations) assumed for the
tissues. These values, with +the exception of metal

electrocde, are based on the compendium of GEDDES and BAKER
(1967), and have been used in the wearly work (COBURN,
1980,1981) , the work in this chapter and validation study
to be described in Chapter 4. This set of values will be

referred in the future as 'standard' or 'mominal'.
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TABLE 2.1
Assumed
Material Abbreviation resistivity
(ohm-cm)
Grey matter gm 400
White matter, wnt 1211
t ransverse
White matter, wml 138
longitudunal
Cerebrospinal csf 60
fluid
Fat in epidural edf 2000
space
Vertebral vb 4000
column .
General thorax gt 400
Skeletal muscle sm 950
Spinal roots sr 675
Fillers f 1066

Metal electrode

The value of bone, vb, 1is uncertain, although a general

range of 2000-6000 ochm-cm

B AKER (1967).

A survey

was suggested Dby GEDDES and

of texts on subjects 1like
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"electrical impedance measurement of physiological
systems" (NYOBER,1959; ALLISON,1970; MARKOVICH, 1970) and
"electrical propetties of bone" (BRIGHTON et al, 1979;
ERIKSSON, 1976) failed tc reveal any measurements made on
bones. Barly investigators (BURGER and VAN MILAAN, 1943;
SCHWAN and vKAY, 1957) even suggested that bone could be
considered as a non-conductor. Recently, CHAKKALAKAL et
al (1980) and. ROSTERICH et al (1983) experimentally
determined the properties of fluid-saturated bone, and the
range of vaiues were 4000-160000 chm-cm !

Owing‘to such a wide range of resistivity values, a
ﬁominai véiﬁékof’4000 ohm-cmvwas chosen initally (COBURN,
1980).

Anisoctropic properties of some tissues alsc present
difficulties 1in the modelling. Spinal roots and skeletal
muscle are two examples, as the orientation of these
fibrous tissues lie in mneither sagittal nor transverse
planes. Average values have to be used.

A value cof 1’ohm—cm has to be used fo represent the
resistivity of metal electrode. It is aépreciated that
this wvalue is 106 times higher than platinunm, but unless
the mesh 1is exceptionally fine, numerical inaccuracy
arises due to the great difference in values Dbetween the
metal and the surrounding tissues. A check of computer
solution on the electrode itself showed, nevertheless,
that there was a constant pot ential within the region.
Note that only ANSYS models used finite size electrode.

Point sources were used for all other 3-D models .
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2.3 EFFECTS OF SURFACE INDIFFERENT POSITIONS : A

MONOPOLAR STUDIES

The significance of surface stimulating indifferent
positions on field solutions arocused interest during the
development of the finite element model.

The investigation was conducted by a 3-D ANSYS model,
where the stimulating condition was a monopolar epidural
electrode, similar to the one shown in Figure 2.1(b).

Figure 2.7 shows contour plots on a transverse
kseCfion thrcugh the thorax at the level of a monopolar
epidural cathode. Electrode current, Is, in each case 1s a
nominal 1 mA.

Three positions of surface indifferent electrode are
shown : dorsal, lateral and anterior. It should be not ed
that in the lateral case the symmetrical (mirror-image)
modelling technique implies *two lateral indifferent
electrodes electrically common at zero voltage, one on
each side.

The general field shapes are as expected with the
zerc voltage indifferent in each case distorting the field
contours in 1its locality. However, although the thorax
fields vary in outer regions, when moving in towards the
epidural electrode and reaching the boundary cf the
vertebra, the differences between the plets Dbecome cnly
slight. Although not shown on the figure, the positions at

which the minimum potentials occur have the values varying
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between -59 mV to -72 mV

Figure 2.8 shows the field within the vertebra which
was corresponding to TFigure 2.7(b). Other ~cases for
Figures 2.7(a) and (c) will not be shown as the pattern
are virtually indistinguishable. A further 'enlargement'
of the solution within +the vertebral canal is shown in
Figure 2.9. Another illustration of +the same monopolar
field is given in Figure 2.10, showing the field in the
mid-sagittal ©plane. Note +that +the plot is slightly
(0.1mm) off +the mid-plane, as the graphics routine would
not permit plotting at the element boundaries.

The model gave a better results when viewed on the
sagittal plane, mainly because the mesh was built up in
relatively fine vertically-stacked layers. Reasons for
this stacking technique have already been explained in
Section 2.2.1. ‘In the transverse plane, however, the
disadvantage of straight-sided elements shows up.
Nevertheless, the plots within the spinal cord are not
disappointing, with only a few cbvious
solution-discontinuities near the electrode being evident.

The major 1issue is, of course, the effects on
potential distribution within the spinal cord due tc the
alternative placements of surface indifferents. The
mid-line potentials, forward from the electrocde through
the spinal cord, have been plotted for the three cases and
are illustrated in Figure 2.11. There are ten data points
in each curve, corresponding tc the nodal points shcwn 1n

Figure 2.6 (ncde 49 to nocde 50). Although the absoclute
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values of the potentials vary slightly, the general shapes

cf these profiles, clearly shown here by using
point-to-pocint drawing technique, are essentially the
same.

Another illustration shown in TFigure 2.12 1is the
potential variations vertically along the white matter
(along node number 133% in figure 2.6). These profiles of
potential, which again have similar shapes, can be
considered to coincide with the pathway of a fibre running

vertically in the dorsal column.
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1mA
(-1190mV)

FIGURE 2.8 VERTEBRAL ISOPOTENTIAL FOR MONOPOLAR CATHODE

WITH LATER AL SURFACE INDIFFERENT (TWO).

Contour spacing 20mV. Other remarks as Fig. 2.7.
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(-1190mV)

FIGURE 2.9 ISOPOTENTIAL THROUGH THE VERTEBR AL CANAL WITH

LATER AL SURFACE INDIFFIZRENT (TWO) .

Aantanr spacing 10mV. Other remarks as Fizgure 2.7.
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FIGURE 2-.-10 WMID-SAGITTAL ISOPOTENTIAL IN THE VERTEBRAL

CANAL FOR LATERAL SURFACE INDIFFERENT

Upper half of fields shown. Peak current density also indicated.
Electrode potential bracketed
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and at the same level.
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FIGURE 2.12
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VARTI ATION OF POTENTI AL ALONG PATH REPRESENTING

DORSAL COLUMN FIBRE.

Potential plott

ed vertically along ncde 133 shown in Figure 2.6
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2.4 THREE-DIMENSIONAL FIELD SOLUTIONS FOR MULTI-SITE

ELECTRODE

This section presents the field characteristics from
different electrode configurations. Owing to the wuse of
mirror-image modelling, only electrode <configurations
symmetrical about the transverse and mid-sagittal planes
can be modelled. Using the numbering notation (given in
Appendix 1) for a mnmulti-site electrode, they are 0-3
(bipolar), 1-20 and 12-30 (multi-poles) configurations.
FPigure 2.13% relates to the configuration O0-%3, and shows
the upper half of +the field. Note the important point
that the peak dorsal column current density for the
bipolar configuration of Figures 2.13 1is similar to that
for the moncpolar field of Figure 2.10. The assumption
that equivalent current densify implies equivalent
neurostimulation, however, should not be made.

Turning finally to configurations 1-20 and 12-30,
Figures 2.14 and 2.15 unfortunately show the limitations
of the ANSYS model. The <choices of contour values do
especially highlight solution discontinuities near
electrodes. The solutions within the spinal cord, which
ancther set of contours would Dbetter demonstrate, are
quite smooth and certainly acceptable for wuse 1in the

required biophysical analysis of nerve thresholds.
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FIGURE 2.13 MID-SAGITTAL ISOPOTENTIAL IN THE VER TEBR AL

CANAL : ELECTRODE CONFIGURATION 0-3

contcur spacing 5mV. Other remarks as Figure 2.10
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FIGURE 2.14 MID-SAGITTAL ISOPOTENTIAL IN THE VERTEBRAL

CANAL : ELECTRODE CONFIGURATION 12-30

Poles 1 & 2 sharing 1mA (cathode), Poles 3 & O sharing 1mA (ancde)
Other remarks as Figure 2.10
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FIGURE 2.15 MID-SAGITTAL ISOPOTENTIAL IN THE VERTEBRAL

CANAL : ELECTRODE CONFIGURATION 1-20

7erc potential omitted. Poles O & 2 sharing 1mA (anode)
Other remarks as Figure 2.10
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CHAPTER 3 EFFECTS OF VARIATIONS IN TISSUE PROPERTIES AND

ANATOMICAL FACTORS : A TWO-DIMENSIONAL STUDY

3.1 INTRODUCTION

Thecretical insights of stimulus fields generated by
epidural electrode were presented 1in the last chapter.
Central tc the problem of sclving for the field 1is
 }specifying thgv_electrigalAproperties of the human mcdel.

AT

Moreover, the geémetry of the human thorax 1is another
important factor affecting the current flow. For the
present work to be described, current density J within the
spinal‘ cord will be of interest; Sensitivity of
theoretical soclutions +to variations in assumed tissue
properties is a vital issue. For example, this has Dbeen

the subject of research in electrocardiography for many
years (BAYLEY et al, 1969; RUDY et al,1979; RUDY and
PLONSEY, 1980; GULRANJANI and MAILLOUX, 198%). A more
relevant work 1is that of RUSINKO et al (1981), who
suggested that dura mater, through which current must pass
from an epidural electrode to reach the spinal canal,
might haﬁe a crucial influence on the effective stimulus
intensity.

This chapter therefore explores the effects cof tissue
properties and basic anatomical factors using a simple
two-dimensicnal finite element model. BEssentially, the

study includes comparisons of current densities due to
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variations in

(1) dura mater resistivity ,

(2) vertebral bone resistivity and

(3) geometrical factors of epidural and subarachnoid
spaces.

Although proper field analysis requires
three-dimensional modelling, soclutions from 2-D domains
are still of considerable importance. Computer storage on
even the CDCT7600 machine is a problem for 3-D models,
restricting the number of elements being used.

Two-dimensional approaches, on the contrary, permit a
high degree of mesh.finéness. In addition, isopotential

contours from 2-D model soclut ions can indicate some

qualitative differences among different field

distributions.

3.2 DESCRI PTION OF THE TWO-DIMENSIONAL MODEL

The simple representation in Figure 3.1 has Dbeen
derived from one of the models described by COBURN (1980).
Finite element computation was, as before, accomplished

using PAFEC 75 on a CDC7600 computer.

Finer meshing of the spinal cord, especially in the
region of an electrode, is the further development here.
Details are given in Figure 3.2. Bight groups of elements
( ABCDWZX YZ), four posterior and four anterior, have
beenk used in various combinaticns to represent the

epidural fat (edf), the electrode and the subarachnoid
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space containing cerebrospinal fluid (esf).

Although not the arrangement shown in Figure 3.2, the
mesh also enabled element groups BY and/or CX to be
specified with resistivity values intended +to represent
the dura mater separating regions of edf and csf. Body
tissues were, as before, idealised intoc distinct groups
with isotropoic properties. Unless stated here,
assumptions are as described by COBURN (1980). Values of
resistivity chosen for the model <can also be found in
Table 2.1. Relevant low-frequency resistivity measurements
on dura mater do not seem to be in the literature and, 1in
any case, one of the present aims was to cassess the

 sensitivity of results to the assumed resistivity of +this

material. To vgive the study direct practical relevance,
electrode size and spacing relate to a commercially
availableﬁmulti-site electrode system. In fact the bipolar
configuration chosen, i.e. ifmm diameter <cylindrical
electrodes of length 4 mm, spaced 20 mm between centres,
is typical of clinical practice even when Dbipolar
stimulation is accomplished using two separately inserted,
single-pole electrodes.

Electrical symmetry of bipolar fields has alsc been
exploited, with only the upper half of each field Dbeing
determined. This point 1is illustrated by the soclution
shown in Figure 3.3. It must be emphasised that the model
is +two dimensiocnal in concept. No current flows at right

angles to the plane of the section, which is taken to Dbe

of unit (1mm) thickness.
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FIGURE 3.1 GUIDE TO FINITE ELEMENT RECTANGULAR MESH USED FOR

MID-SAGITTAL SECTION THROUGH HUMAN THOR AX.

Numerals indicate number cf element divisions per side
Abbreviation defined in Table 2.1. Dura mater is noct
shown. MN at zero potential.
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FIGURE 3.2 DETAILED RESOLUTION OF THE FINITE ELEMENT MESH

USED FOR MID-SAGITTAL SECTION THROUGH THE SPINAL CANAL IN

THE REGION OF AN ELECTRODE.

Combinations in the choice of resistivities for layers
A B CD.WZX YZ permit dura mater to be represented
between edf and csf. Other remarks as Figure 3.1
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FIGURE 3.3 GENER AL PATTERN OF ISOPOTENTIALS IN MID-SAGITTAL PLANE

Contour spacing 0.26V. minimum (inner) -1.6V.
Artifical boundary condition ¢f zero potential is on line MN.

Electrode spacing 20mm between centres.
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3.3 RESULTS

3+3.1 Standard Solution

The general distribution of the potential created by
the bipolar epidural electrodes may be seen in Figure 3.3.
An applied stimulus current of 1mA is used throughout this
study. Greater detail relating to +the spinal canal,
generated from the same computer cutput data, is shown in
Figure %.4, The maximum current density within the <cord
has also been indicated.

This field solution 1is similar +to one of those
presented by COBURN (1980), —with the wexception of +the
changes in electrode size and spacing. It is included
here, for convenience, as it will be taken as the
'standard' sclution with which other results in this study
will be compared. Although the iscpotential contour plots
give a useful visual picture of +the field, comparisons
will be made also in terms of current density, which is

widely assumed +to Dbe the fundamental parameter that

depolarises nerve fibres.

3.%3.2 Effects of Dura Mater»Resistivity

Element groups B and Y in Figure 3.2 were, in this
case, regarded as dura mater separating the epidural and
subarachnocid spaces. Effects have been explored over a
wide range, 60-10000 ochm-cm, of assuned resistivity values
for the dura. PField distributions and maximum current

density vectors for differing dura resistivities in this
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FIGURE 3.4 DETAILS OF ISOPOTENTIALS AND MAXIMUM CURRENT

DENSITY FOR THE SOLUTION OF FIG. 3.3 WITHIN THE SPINAL CANAL

Upper half of field shown (5 contours) with cathodic
current 1mA.

resistivity of groups B and Y
contour spacing = 0.26V
minimun contour (h) = -1.6V

2000 ochm-cm
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range are shown in Figure 3.5, The soclution of Figure 3.4

is also relevant , since it could Dbe considered tc

represent a dura mater with 2000 ohm-cu resistivity.

Maximum current density values may be seen plotted against

dura resistivity in Figure 3.6.

53.%3 Effects of Bone Resistivity

Apart from dura mater, ©bone is anocther biological
material having highly uncertain resistivity, as described

in Section 2.2.4. A range of 1000-8000 chm-cm for bone is

examined din this study. In the same manner as described
above for dura mater, tﬁe variation of curregt density
with bone resistivity is shown in Figure 3.6. While the
properties of the bone were varied, the resistivity of the
element groups B and Y were held at the nominal standard

cf 2000 ohm-~cnm.

3.3.4 Effects of Epidural and Subarachnocid Spaces

The effects of geometric <changes 1in +the dorsal
epidural and subarachnoid spaces have been studied by
varying the +tissue properties of element groups A, B, C
and D. Isopotential <contour plots and current density
vectors need not be shown as their shapes and orientations
are similar to those shcocwn 1in Figure 3.5. Instead, a
diagrammatic summary of all the geometric configurations
and the corresponding maximum current densities within the
cord is given in Figure 3.7.

Figure 3.7(a) illustrates the effect of subarachnoid
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FIGURE 3.5 ISOPOTENTIALS AND MAXIMUM CURRENT DENSITIES

WITHIN THE SPINAL CANAL FOR DIFFERENT DURA RESISTIVITIES

Upper half of fields shown (5 contours) with cathodic
current 1mA. Electrode potentials are half the stimulator
voltage Vs plotted in Figure 3.8(a)
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FIGURE 3.6 VARI ATION OF MAXIMUM CURRENT DENSITY J IN THE

S PINAL CORD AS FUNCTION OF ASSUMED SPECIFIED RESISTIVITY

FOR DURA MATER AND BONE

(a) dura varied with bone constant at 4000 chm-cm
(b) bone varied with dura constant at 2000 chm-cm
A1l other resistivities are as Table 2.1
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space (in other words c¢sf) thickness on the current
density for a fixed electrode position. It may be seen

that the maximum csf thickness was three element layers

In each case, a reduction in c¢sf thickness has been
assumed to be accompanied by an increase of epidural fat.

Figure 3.7(b) serves the same purpose as Figure
3.7(a) but the electrode is one layer closer towards the
dorsal surface of the cord.

The influence of a 2000 ohm-cm epidural fat barrier
separating the electrocde and c¢sf 1is shown in PFigure
3.7(c). The subarachnoid space (csf) was maintained at a

constant thickness.

3.4 DISCUSSION

I+t must be emphasised again that the results from
this two-dimensional study are useful only for comparative
purposes. The 1limitation of two-dimensional analyses,
fully discussed in the earlier paper (COBURN,1980), make
it quite inappropriate to take, for example, the absolute
values of current density to be at all representative of
values likely to be encountered clinically.

The series of results shown in Figs. 3.4 and 3.5,
where the assuned resistivity of dura mater was varied
over a wide range, shows surprising uniformity in the
patterns and magnitudes of isopotentials generated within
the spinal cord. Figure 3,6 shows clearly that it is only

for the extreme, somewhat academic, values of dura
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resistivity of 60 and 10000 ohm-cm that reductions in
spinal cord current densities in the order of 304 were
achieved. The lower value of 60 chm-cm is equivalent to
that for csf so that, in effect, the dura is not present;
the upper value is 2.5 times higher than +the resistivity
assumed for vertebral bone in Table 2.1.

The reductions of stimulus intensity for both high
and low values of dura resistivity need to Dbe explained.
It is to be expected that, for sufficiently high values of
assumed resistivity, +the dura might form an effective
insulator around the spinal cord. At the other extreme, a
highly conductive dura would provide a direct shunt path
for current between the electrodes.

The importance of data on the 1likely influence of
bone resistivity is not due simply to uncertainty in the
resistivity value itself; it arises also from the
geometrical complexity of the spinal vertebrae. It is
hard to see how any theoretical model could take full
account of the complex anatomy of the bony st ructures of
the spine, not to mention the labyrinthine possibilities
for current leakage through foramina and intervertebral
connective tissue. Thus, even if an accurate resistivity
va lue for vertebral bone were available, any model would
probably need to be based on a simplified anatomy and an
effective overall resistivity for the combinations of

structures and tissue type forming the column. A step 1n

assessing the extent to which such simplifications can

continue to be justified is to assess the sensitivity of
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results to the general insulating effect of an idealised
spinal column. Bearing in mind the earlier remarks on the
effect of the resistivity assumed for the +thin dura
membrane, Figure 3.6 indicates unexpectedly that variation
in the resistivity of vertebral bone, with its far greater
volume, has only the same order of effect. No special
significance can be proposed for the discontinuities. The
general indications are that current 1leakage through
spaces in the bony structures would need to be
sufficiently great to reduce the effective resistivity of

the spinal column ‘to below 1000 ohm-cm before current

densities in the cord fell significantly.

Turning now to the results of Figure 3.7, it will  be
noted +that +the dura does not appear explicitly in the
various configurations which are shown. Results already
described, however, would Jjustify the assumption of a
nominal resistivity for dura of 2000 ohm-cm. This would be
the same as that specified for fat. Hence <configurations
in Figure 3.7 specifying a layer of fat between the
electrode and the cord would, if so desired, reasonably be
taken to approximate alsc to the presence cf a dura

membrane. TFigures 3.7(a) and (b) illustrate the effect of

csf thickness. When the width of subarachnoid space 1is

decreased, current shunting through the csf is reduced,

with the result that current penetration into the cord 1is

increased. It is notably that this increase in spinal cord

current density occurs in spite of the widening layer of

insulating fat ( or dura) between the electrode and the
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cord. The point 1is explored further in Figure 3.7(c) |,
where it may be seen that the thickness of high resistance
material separating +the electrode and c¢sf has 1little
influence on the current density. This last set of results
involves the assumption that the csf thickness remains
constant, with anode and <cathode remained vertically
aligned. The slight increase of current density from top
to bottom of Figure 3.7(c) is attributable tc the decrease
of electrode distance from the cord.

ITn view of the above results, it appears that high
resistance materials such as bone and fat are not the
ma jor parameters influencing the current density within
the cord, although they are surrounding it. Note that
this is not the case when absclute pot ential is
considered, as shown in the 3-D validation work of Chapter
5. Instead, the crucial factor is highly conductive
material such as the csf surrounding the electrode.
Unless +the +tough dura has an unlikely conductivity,
outside the range of other biomaterials, then including
the membrane in finite element models does noct seem
necessary.

Finally it is important to consider the implications
of the work having been based upon constant current
stimulation. This approach has the overwhelming advantage
of making 1t unnecessary to model polarisation effects
jocal to an electrocde. However, one disadvantage @3y come
intc question with respect to practical jmplanted devic=23.

To emphasise the point the voltage Vs, representins
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the stimulator cutput , anode to cathode, has been plotted

in Figure 3.8 for +the same range of dura mater and

vertebral ©bone resistivities as in Figure 3.6. As may be

seen, the stimulator voltage Vs required +to provide the

1mA nominal current source, 1in effect the tissue
impedance, rises markedly as higher values of resistivity
are assumed for the dura membrane. Figure %.8 has not been
presented simply in terms of tissue impedance because the
values are not at all representative o¢f actual 1in vivo
measurements (JOBLING et al, 1980). The limitations of a
two-dimensional study need to be held in mind. The
resistivity assumed for vertebral ©bone seems to have
little influence on the required electrode voltage for 1mA
current except at values ©below 2000 ohm-cm, Dbut the
possibility cannoct be ruled out that leakage paths may
reduce the effective resistivity of the vertebral column
far below that generally assumed for bone. Experimental

work on cadaver material is needed to resclve this issue,

and this will be described in Chapter 5.
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FIGURE %.8 VARI ATION OF STIMULATOR VOLTAGE Vs AS A FUNCTION OF

ASSUMED SPECIFIC RESISTIVITY FOR DURA MATER AND BONE

4000 ohm-cm

(a) dura varied with bone constant =2t
2000 ochm-cnm

(b) bone varied with dura constant at

A1l other resistivities as Table 2.1.
Stimulator current 1mA (2-dimensiocnal model)
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CHAPTER 4 VALIDATION STUDY OF FINITE ELEMENT MODEL

COM PARISON WITH PUBLISHED LITERATURE

4.1 INTRODUCTI ON

Opportunities for a validation on the finite element model
using published data are rare. The most important
relevant experimental work, actually measuring fields,
remains that of SWIONTEK et al (1976). ©No comparable work
is known and the data of Swiontek, restricted as they are,
has been vitally important to this study. '

Full detail must be left to the authors' published
report (SWIONTEK et al,1976), but the essential feature of
the work was in-vivo measurement of spinal cord current
density in monkey. Human cadaver material was also used
but it was felt that the full thoracic anatomy was necded
for a validation exercise.

An laminectomy was performed on the monkey, remaining
open for the course of the work, and the dura was incised
to expose the cord. Saline bath was applied to the exposed
region to keep the cord warm and moisture. Applied
electrode poles, connected as shown in Fig 4.1(a), were
brought in contact with the cord. A measuring probe,
| 0.3 mm cubic tip, was inserted into the cord

having a

between the poles to measure current density. Ncte that
measurements were restricted to a directicn parallel to

the axis of the cord and were for one plane only. The
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SPINAL ELECTRODE CONFIGURATIONS

BOTTOM\iIEW SIDEVIEW

5 ELECTRODE ——
SYSTEM

(o) 4 ELECTRODE [ e,
SYSTEM | ™

3 ELECTRODE
sysTem |l W B |=——=

S ELECTRODE SYSTEM

4 ELECTRODE SYSTEM

(o)

FIGURE 4.1 CURRENT DENSITY PLOTS IN MONKEY

Reproduced from SWIONTEK et al (1976) .

Measured currents were orthogonal to the spinal cecrd
section shown and are stated in mA.cm .Ccntours were
hand drawn by the originators.

Upper diagram indicates the electrode systems.

Note the different scales of electrode diagram and contcur
plots. Small dots (i) indicate position where current
probe was inserted.
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dotted 1line shown in Fig. 4.1(a) represents the plane in

which current density was measured.

The reported measurements for different electrode
configurations are reproduced in Fig 4.1(b). Another
presentation of these data are graphs showing variation of
current density with (a) depth below dorsal surface of the
cord on the mid-line and (b) distance, measured fronm
dorsal mid-line, moving laterally around the cord 'just'
below the surface. These data are reproduced in Fig. 4.2

and will be wused to compare with computer-generated

results.

(b) (a)

----- 3 ELECTRODE
.8 SYSTEM

e 4 ELECTRODE

CLURRENT SYSTEM

.6 e 8 E_EZTRODE
SYSTEM

DENS:ITY

s

...,
2 -
“--"w--

-~ . > 3 o] t 2 3 4

P -~ ST s >
LATER2L C01STanNlE SEETR uw
$ELCw  TENTERL «E
FROM CTENTEAL ME (!

FIGURE 4.2 CURRENT FROM IN VIVO MONKEY SPINAL CORD

from SWIONTEK et al(1976). (a) depth below
e mid-sagittal plane, (b) distance
along the surface of the

Reproduced

the dorsal surface ig th
lateral to mid-sagittal plane

cord
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4.2 FINITE ELEMENT MODEL

The 3-D model used to duplicate the results was based
upon that shown in Figures 2.4-2.6 in Chapter 2, using the
ANSYS package on a CDC7600. Special modifications,
nevertheless, were required to represent the laminectomy
feature in the Swiontek work.

Figure 4.3 illustrates the approcach for the ocuter
thorax mesh. Essentially, dorsal elements in the model
were removed to represent +the laminectomy. Removal of
elements in the vertebra and spinal canal meshes followed
the same pattern down to the dorsal surface of the cord,
as shown in Figures 4.4 and 4.5. In a similar manner to
that described in Chapter 2, symmmetry was explocited so

that only one quarter of +the structure needed to be

modelled. The arachnoid and pia mater were ignored in the
modelling so that the electrode poles were having direct
contact with the dorsal surface of the cord. The finite
elements had been arranged in such a way that, by
defining appropriate material properties in regions A, B,
¢ and D shown in Figure 4.5, the three different electrode
systems could be represented within the single mesh
design. The spaces between electrodes were specified with
saline whose thickness could be varied in different
computer runs. Fine meshing, as shown 1in Figure 4.5, had
alsc been applied in the dorsal column regicn immediately

under the electrode where the field gradients were likely
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to be steep.
Six-noded and eight-noded straight-sided 3-D soclid

elements were used. The 3-D model consisted of 15 layers

and represented a height of 80Omm. The effective numbers
of =elements and nodal points in the whole model were 1845
and 1648 respectively. The standard set of material
properties, as given in Table 2.1, was used.
Computer output were mainly in twc forms ; a listing
of electrical potential at each nodal point, and contour
plots of isopotentials on defined surfaces. The latter was

particularly useful as current densities along the cord

could then be calculated from

J = -gradient V / resistivity of wml
z z

where gradient Vz were approximated directly from the

plots.
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FIGURE 4.3 R OVAL OF DORSAL ELEMENTS IN THE FINITE

ELEMENT MESH OF THORAX TO REPRESENT A LAMINECTOMY

See text 4.2 for details
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FIGURE 4.4 REMOVAL OF DORSAL ELEMENTS IN THE FINITE

ELEMENT MESH OF VERTEBRA TO REPRESENT A LAMINECTOM Y

See text 4.2 for details
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See text 4.2 for details
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4.3 RESULTS

The isopotentials of +the 3-electrode system in the
mid-sagittal plane are shown in Fig. 4.6. The electrode

array is also indicated schematically, and the dotted line

between the pairs of electrode poles indicated the plane

within which measurement probe was inserted 1in the
experiment of Swiontek et al. This plot is used to
evaluate current density 'just' ©below the <cord 1in the

z-direction . Similar plots for the 4- and 5-electrode
arrays are shown in Figures 4.7 and 4.8 respectively.

Plots in other sagittal planes were also produced
from the solutions to evaluate current densitj variation
against lateral distance.

The calculated results are produced as dotted 1lines
in Figure 4.9. Fine, intermediate and coarse dotted lines
are computed results for no saline, O0.5mm depth of saline
and 1.0nm depth of saline respectively. Swiontek et al
results are also reproduced here as the full-line curves

for comparison purposes.
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FIGURE 4.6 COM PUTED MID-SAGITTAL SPINAL CORD ISOPOTENTIALS

CORRESPONDING TO THE EXPERIMENTAL SCHEMES OF SWIONTEK et al

3-electrode array.

1/3.

gscale of

Contour spacing 2mV.
Plan sketches of electrocde array is drawn tc a relative
Further details in text 4.3

Total current 250PA’



=80~

+C3 : .
8 & |
i ST
spinal cord /
ventral csf / I
_— /

FIGURE 4.7 COM PUTED MID-SAGITTAL SPINAL CORD TSOPOTENTIALS

CORRES PONDING TO THE EXPERIMENTAL SCHEMES OF SWIONTEK et al

4-electrode array. Contour spacing 1.5nv
Other remarks as Figure 4.6
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FIGURE 4.8 CcOM PUTED MID-SAGITTAL SPINAL CORD ISOPOTENTI ALS

CORRES PONDING TO THE EXPERIMENTAL SCHEMES OF SWIONTEK et al

5-electrode array.

Contcur spacing 1mV.

Other remarks as Figure 4.6
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(1) 3-electrode

FIGURE 4.9 COM PARISONS OF SPINAL CORD CURRENT DENSITY

MEASURED IN MONKEY WITH cOM PUTED RESULTS FROM FINITE

ELEMENT MODEL.

ata from SWIONTEK et al (1976)
dotted lines are computed
pth of saline and 1mm depth

Full lines are experimental d

Fine, intermediate and coarse

results fcr no saline,0.5mm de

of saline. respectively, as described in text,

m.t=1. anmrant for each electrode array is 250pA.
(i) 4-electrode (iii) S5-electrode
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FIGURE 4.9(ii)
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b mm

5-electrode

FIGURE 4.9(iii)
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4.4 DISCUSSION

Bach of the graphs in Figure 4.9 shows axial current

density comput ed from the finite element model

corresponding to the Swiontek's measurements. The reascn

why two or three sets of computed data are given 1in each
case arises from a fundamental uncertainty in respect of
the Swiontek work which <concerns the depth of saline
solution applied to replace the lost cerebrospinal fluid

The monkey was assumed to be in the prone position in
the experiment. The dorsal surface of the cord was, of
course, upwards and electrodes were brought down to touch
the cord. Although electrode configurations wére similar
to those shown in Figure 4.1(a), each pole, attached ¢to
the end of a copper rod, was applied individually
(SWIONTEK, 1975). This was necessary to wenable the
current density probe to be inserted between electrodes.
With the electrodes in place, saline was added to form a
shallow pool around the electrodes, and the depth of this
pool was subject to uncertainty.

Comparisons of the graphs in Figure 4.9 , hcwever,
show +that current density values predicted by the model
are in the same order of magnitude as the experimental
Values for the %Z_.electrode and 4-electrode

measurememnts.

systems are lower than measurements, attributable to

current shunting by the surrounding 1ow-impedance csf.

Examination of Figure 4.1 reveals the comparatively large

poles in the 3- and 4-electrode systems, and it 1is quite
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clear +that the integrity of contacts between the cord and

the poles were likely to be sensitive to technique.

On the other hand, in the 5-electrode system, the
model predicts a higher current density distribution. Zero
mm saline thickness was also modelled, which represented
the extreme situation where the entire current had to be
entering the cord. Results in Figure 4.9 indicate that the
required saline Dbath thickness in order to match the
experiment was between zero and O.5mm. It should be
mentioned +that +the Swiontek data in this case ccntained
only 4 points.

The major difference between the model and the monkey
work is the physical size, the former ©being based upon
human body. It may be argued, however, that current flow
is mainly confined within the cord and the surrounding
saline due to the presence of nearby opposite poles. The
physical size, in particular the general thorax, does not
significantly affect the current distributiocn.
Fortunately, this is bormne out by the very similar results

by SWIONTEK et al in an isclated human cadaver ccrd.
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CHAPTER 5 VALIDATION STUDY OF FINITE ELEMENT MODEL

FIELD MEASUREMENT IN HUMAN SUBJECTS

5.1 INTRODUCTION

The use of relevant published data for model validation
described in Chapter 4 is only an 'indirect' method. The

most useful and direct way is to measure the fields in

human subjects and compare with finite element solutions,
and the implanted electrodes in epidural space provide an

excellent opportunity for such a wvalidation.

This chapter, therefore, 1is concerned with ‘validation
involving measurements in humans. The first section of the

chapter describes the equipment and the general scheme

involved , while +the actual measurements conducted in
patients are presented in the second section. The third

part , however, is not concerned with patients but in vitro

field measurements inside the canal of human vertebral

colunne. The intention 1is *to evaluate 2an effective

resistivity focr the spinal column which appears to be a

crucial issue affecting the field distribution.

Comparison of clinical measurements with computer

solutions involving different programmed tissue

resistivities, are given in Section 5.5.



-88~

5.2 BASIC SCHEME OF FIELD MEASUREMENT

Figure 5.1 show a general scheme of field
measurements conducted in patients, where the electrode
system 1in the figure is arbitrarily shown as a multi-site

electrode. Constant current pulses are delivered at one

cf +the ©poles, and the stimulated fields (artifacts) are
measured at other sites. The stimulating indifferent is in
a remote position, usually in one of the extremities while
the recording indifferent is on the other extremity. The
duration and the sign of +the current pulses 1s not
important; they may also be at very low frequency or even
single-shot, and may be Dbelow sensory threshold of tne
patient. Stimulus current is monitored by 2 1-ohm
resistor connected in series with the stimulating circuit
as shown, and the instantaneous current 1is displayed as
potential difference across the resistor. Note that all
potentials are measured with a differential oscillsoscope.

When the electrode 1s 2 multi-site system in the
epidural space, the voltage profile along the epidural
space can be measured at three points (10, 20 and 30 mm

from the stimulating electrode) simply by connecting the

oscilloscope to each of the remaining electrsde poles in

turn. A note of the satimulus current and the three

resulting potentials is all tnat is required.

It is felt that having a large separaticns anong the

i . er i3 the mocst
two indifferents and the eclectrode system 1 S

suitable practice. There are two reasons for this.
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FIGURE 5.1 EXPERIMENTAL SCHEME FOE MEASURING EPIDURAL FIELDS

Details see text 5.2
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First, when a large stimulating indifferent ( say

50X40 mmz) on the dorsal skin surface regiocn 1is not
exactly above +the stimulating epidural electrode, the
resulting field will not be symmetrical.

Theoretical studies in Section 2.3 show that the
position of stimulating indifferent arcund the body at the
level o¢f the stimulating pole 1is immaterial; in fact
placing an indifferent on the dorsal skin is an 1ideal
arrangement as this results in a constant potential

distribution on most of the model surface, and this

potential will ©be the reference potential for recording.
In practice , the stimulating indifferent can never Dbe

positioned exactly at the 1level of the stimulating

electrode as the precise 1location of the <electrode 1is
unknown. This 1is exactly what was happening in some of
the measurements with patient R, where the measured
epidural potential, affected by a mnearby stimulating
indifferent , were half of the measurements from patient

PW using a remoted indifferent.

Second, as all pot entials are neasured relative to
the recording ijndifferent, the 'absclute' potential at
this recording indifferent, in turn, is also critical.

When it is either close to the stimulating electrode or to

stimulating indifferent where, in both cases, the

potential gradients are 1ikely to be steep, a small change

of the recording indifferent position will change its

absolute potential substantially. This, in turn, will

markedly change the recorded fields which will Dbe
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difficult to compare with theoretical sclutions. On the
other hand, when the recording indifferent is close toc a
recording pole, there will be very 1little

potential

difference between them for measurement.

In the.early work, the same indifferent was used for
the sfimulating and recording purpcses, and results were
highly wunsatisfactory : polarisation ophenonemon at the
indifferent/tissue interface distorted the rectangular
shape of +the recorded signal. Polarisation cannot be
satisfactory modelled in the context of this particular
ére'a"of' the work, and it was crucial to ensure that the
recorded signals followed the same pulse shape as the
stimulating current.

Before the availability of multi-site electrodes,
epidural measurements had to rely on two or more
individual electrode poles with separate percutaneous
leads. The major difficulty then involved was the exact
position of the recording electrode in relation to the
active pole. X-ray pictures had to be taken from patients

to locate these electrodes, and vertical misalignment was

alsc common among the poles 1in the epidural space. A

multi-site electrode, with fixed pole separation,

eliminates the problem of relative position, and vertical

misalignment 1is also reduced. In fact, the electrode

system is SO advantagecus that it was also used for the

Fi t i i cadaver spinal cclumn,
in vitro fields measurements inside P

t o be described in Section 5.4.

Early yalidation work (COBURN, 1981) has tried
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different types of electrode combinatiocns for
stimulating/recording, mostly because there were only two
implanted electrocdes. Figure 5.2 shows

three ideal

arrangements, but 1in practice, the recordings were fcund

to be very sensitive to +the relative positions of the

indifferents and electrodes.

An important point concerned with this study is the
'absolute' potential at the recording indifferent. This
absolute wvalue is an unknown during clinical measurements
as 1t can never be measured relative to 'earth'. Recall
that every measured potential is relative tc this
reference potential, the absolute potential in the domain
of interest, in particular the epidural space, remalilns
unknown. The actual problem arises. when the measured
potentials due to a monopclar implant are used to compare
with the theoretical solutions which are 121l 1in absclute
form. The way of getting round this problem, similar to
the clinical measurements inveclving differential
measurement, is to subtract the theoretical results by a
datum pctential taken from a remote position on the mcdel
surface. This datum potential represents the absolute

pot ential at the recording indifferent. This is also the

reason Wwhy in the clinical measurements, the recording
’

indifferent 1is 1ocated on the extrenity where the

variation of 'absolute’ potential is assumed tc Dbe

negligible.
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5.3 CLINICAL MEASUREM ENTS

Three different kinds of stimulating/recording
combinations are involved in the clinical scheme
(a) epidural recording of monopclar epidural stimulation
(EDS-M) field
(b) epidural recording of bipolar epidural stimulation
(EDS-B) field

(c) dorsal surface recording of EDS-M field

Five adult patients contributed to this validation

study, and unless stated, the sessions were conducted Dby

medical staff 1in Wessex Neurological Centre, Socuthampton

General Hospital.

5.3.1 Epidural Recording of EDS-M Field

Four patients were involved in this scheme , two of
them had implanted multi-site electrodes. A schematic
diagram for the stimulating/recording combinations 1is
shown in Figure 5.3(a), where each of the four poles was
employed as a stimulating pole in turn, and the remaining
three recorded the subsequent epidural potentials. The
results are plotted as (x) and (+) in Figure 5.4. 1%
should be note that the results ‘of patient R was

incomplete, as poles 2 and 3 were found *to Dbe shorted
internally; and therefore only the measurement taken from

pole 1 was useful.

Measurements with the octher two patients ( CM and E )
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FICURE 5.3 ACTUAL EXPERIMENTAL STIMULATING/RECORDING SCHEME

For details see text 5.3.1
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FIGURE 5.4 CLINICAL MEASUREMENTS OF EPIDURAL POTENTIAL

Measurements shown as individual points. Solid curve is

computer prediction (run no.(1) in Table 5.1)
cathode at Omm level. Other details see text 5.3.1
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were conducted during a visit to Texas Institute for

Rehabilitation and Research in Houston.

Each of +the patients had +two separated monopolar
electrodes which were about 50mm apart in the epidural
space. These electrodes were +to Dbe taken cut after an
assessment period, and field measurements were actually
taken during the process of withdrawal.

The session with one of the patient (E) was conducted
under continuous X-ray screening and the following
procedures were involved

procedure 1 : the lower electrode (A) was chosen as

stimulating pocle while the upper one (B) was the recording

electrode (Figure 5.3(b)). The recording one was pulled

gradually along the epidural space towards the stimulating
pole in steps of 0.5-1.0em , and in each step potential

was simultaneocusly recorded . The procedure continued

until the recording electrode was 50 mm past the
stimulating one. The results are shown as diamond points
in Figure 5.4; where the positive distances represented
the positions of the recording electrode before it passed

the stimulating one.

procedure 2 : circuit connections to the two electrcdes

were then interchanged so that the upper electrode ( the
stimulating pocle in procedure 1 ) became the recording one
(Fig. 5-3(c)). Recording procedures was ‘the same as
procedure 1 and the results are shown 1in Figure 5.4 as
t riangular pcints.

Measurements with the other patient (cM) followed a
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Similar pattern, with the exception that X-ray screening
was not employed. The distances of electrode movement were
therefore estimated by the length of lead being pulled out

from the patient. The implanted electrodes were alsc too

close to the 'exit' point to carry out procedure 2 ; and

the single set of results is shown in Figure 5.4 as

squares.

The soclid curve secen above all the measurements is a
computer solution from PAFEC using nominal +tissue
resistivities given in Table 2.1. Note +the important
point +that all wvalues 1in +the <curve are relative to a

remote position on the model surface.

5.3.2 Epidural Recording of EDS-B Field

The 1980J multi-site electrode also provides
opportunities for bipolar epidural stimulation with
different pole separations. The general
stimulating/recording procedures are similar tc those
described in Section 5.2, with exception that two of +the

four poles are needed to act as stimulating electrodes.
Flectrcde combinations and the corresponding results are
shown in the schematic diagram of Figure 5.5, where three
pole separations and six combinations were used

a) 1-0 and 2-3 for 10 mm separation,

b) 2-0 and t-3 for 20 mm separation,

¢) 3-0 and 0-3 for 30 mnn separation. Usual electrode

nomenclature described in Appendix 1 applied.
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5.3.3 Dorsal Surface Recording of EDS-M Field

This was a measurement session with a patient (AP)

with +two separated implanted electrodes. First, the
position of one of the electrodes,

to be used for the

stimulating electrode, was estimated fronm X-ray screening.
A recording probe with bare metallic tip reccrded +the
potential on +the dorsal surface relative +to a remote
indifferent on the arm. Figure 5.6(a) shows the results of
surface potential along the backbone, while Figure 5.6(b)
shows results measured 1laterally on Dboth sides of the

stimulating electrode. A theoretical sclution from PAFEC

is also included for comparison tc be discussed below.



..159l

—-186,

-101-

z Cmm)

150, 288,

)\ ‘ A ——— PAFEC 1
measured
- Surface
—28 potential
{(mV/mA>
(a)
x {mmd
-138, -186; -5,
S
o
L 0g

A

(b)

~20

Surface
potential
(mV/mA>

CLINICAL MEASUREMENTS OF DORSAL SURFACE POTENTIAL

.6
PIGURE 5

~

“jent. See text 5.3.3 for details



-102-

5.4 EFFECTIVE RESISTIVITY OF CADAVER SPINE

The preliminary comparisons in last section showed that
theoretical solutions were at least two times higher than

| those qbserved clinically. The implication is that certain
programmed tissue resisfivities might be tco high. The one
with the most uncertainity value relates, of course, to
the bony structures of the vertebral column (spine).

As mentioned in Chapter 3, even 1if an accurate

resistivity value for the bone was available, any model

kwbuid §f6baB1§wneéd to be based on an gffective overall

resistivity for the whole structure. This section

therefore describes experimental work with Thuman cadaver

spine to estimate such an effective resistivity value.

5.4.1 Basic Scheme

The general experimental scheme can be seen in Figure
5.7 , the intention being to clamp fresh cadaver spines

vertically in an anatomically correct position within an

electrolytic tank. The surrounding space was filled with

normal saline whose resistivity was measured separately.
gtimulating/recording procedures were conducted with

a multi-site electrode inside the vertebral fcramen.

On the assumption that only cne unknown, the spine,

. g involved, its resistivity could be determined simply by
1 ’

djusting the programmed resistivity value in a finite
a S

Jement model until the predicted field matched the
eler :

experiment.
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ad justable
beam

FIGURE 5.7 GENERAL VIEW OF EXPERIMENTAL ASSEMBLY RELATING

THE EFFECTIVE RESISTIVITY OF VERTEBR AL COLUMN

See text 5.4 for full descripticn. The co d wires

L
appeared on the ventral side serve nc purp

e
S
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FIGURE 5.8 FRONTAL VIEW OF THE EXPERIMENTAL ASSEMBLY

The twc wococden spikes (arrowed) were inserted intoc the
vertebral canal to stabilise the spine
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FIGURE 5.9 LATERAL VIEW OF THE EXPERIMENTAL ASSEMBLY
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5.4.2 Equipment

The main feature of the equipment was a perspex tank
shaped to match the anthropometric average dimensions of
adult male mid-thorax. The essential features of the
assembly can alsoc be seen in Figures 5.7-5.9.

A thin perspex plate, hardly visible in the figure,
was constructed as a 'false bottom'. The idea is to fix
the cadaver spine ontoc the plate before 1lowering the
assembly into the +tank. It has an area slightly smaller
than the cross-sections of the tank so that +the assembly
can slip into the tank without any difficulty. Sixteen
holes were drilled on the plate in a region where the
spine was to be attached. The holes, of diameter 2.9mn
each, were ocna 4 X 4 grid of spacing 10 mm.

The adjustable beam above the tank included two holes
in the central region clamping two short wooden spikes

which were used to stabilize the spine by passing intoc the

body of the upper vertebra, as shown in Figure 5.7.

5.4.3 Cadaver Materials

Two spines, 180 mm each long, were used. They were
taken from the upper-thoracic region ( between C4 and T6 )
not more than 24 hours after death and kept at 4° C in a
damped saline cloth for 12 hours.

The spinal cord and the three meninges were removed,
while the spinal rocts and tissues were left, filling the

intervertebral foramen. The bottom‘of each specimen was
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alsc trimmed flat for ease of mounting onto the 'false

bottom'.

5.4.4 Procedures

The spine was erected onto the 'false bottom' in an
anatomically correct position so that the flattened caudal
end was above the 16-holes grid. Three small woocd screws
then fastened the spine onto the plate from the other
side.

The multi-site electrode, previously passed down the

vertebral canal from the top, was fixed ocnto the 'false
bottom' by a cotton thread so that pole O was midway down
the <canal. The insulating sleeve may be seen‘as a white
wire in Figures 5.7-5.9. The electrode was later clamped
at the top ontoc the adjustable beanm.

The whole assembly was placed in the tank and two

wooden spikes were inserted into the Dbody of the tocp
vertebra. Note the important ©point that the specimen

contained 1ligament and collagan, filling the spaces

between vertebrae.

The surrounding space and the vertebral canal were
then filled with 0.85% normal saline such that the spine
was just immersed under the saline surface.

The ccnnected circuit was similar to that shown in

Figure 5.1; using the 1-chn resistor tc¢ monitor the

"stimulating current"”. Constant current ©pulses were
delivered through a monopolar electrode ( pole O ). The

exception is that a silver/silver-chloride (Ag-AgCl) cup
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indifferent electrode was emplcyed at the dorsal mid-line

of the tank.
Field potentials within the canal were recorded from

the other +three poles ( 1,2,3 ) with respect to another

Ag-AgCl indifferent at the ventral mid-line. The

measurements were repeated at intervals during the 4-hour

session.
Finally a sample of saline sclution was taken from

the tank for accurate resistivity measurement ( Appendix

2).

5.4.5 Computer Model

The finite element model, using the PAFEC package,
was based wupon the one described in Chapter 2 (Figure
2.1(b)). Two changes were made in order to match +the
experiments. First, +the model contained two materials
only : the saline solution and the spine. Second, the
physical size of ocuter thorax was adjusted to that of the

tank. The finite sizes of the electrode poles and

indifferents were idealised to single pocints.

5.4.6 Results

Bach of the two experiments was carried out at rcom
temperature on different days.

Post -experiment measurements of the saline
resigtivity showed values of 70 ochm-cm and 100 ohm-cm for
the +two <cases. These differing values were taken into

account during subsequent computer modelling.



-109-

The measured fields, which remained constant cver a
period of approximately 4 hours, are shown in Figure 510
and 5.11 as diamond points. They have been normalized to
an applied current of 1 mA. The theoretical solutiocns,
using different resistivity for the spine, are alsc shown
in the figures. In both cases, the programmed value 1600
ohm-cm for effective spine resistivity give +the Dbest
match.

A sensitivity +test of the saline resistivity on the
field was also carried using the computer model. While the
spine was held constant at 1600 ohm-cm, saline resistivity
was varied * 30% between the measured values. The results,
shown in Figures 5.12 and 5.13, suggest that' a x 30%
variation in saline resistivity do not significantly

affect the fields.
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FIGURE 5.10 COMPUTER PREDICTIONS OF POTENTIAL WITHIN

THE VERTEBR AL CANAL

Cathode at Omm level. See text 5.4.6 for details
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FIGURE 5.11 COMPUTER PREDICTIONS OF POTENTIAL WITHIN

THE VERTEBR AL CANAL

Cathcde at Omm level. See text 5.4.6 for details
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FIGURE 5.12 SENSITIVITY TEST OF SALINE RESISTIVITY

Bone maintained at 1600 chm-cnm. S51id curve and diamond
pocints correspond to that in Figure 5.10
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FIGURE 5.13 SENSITIVITY TEST OF SALINE RESISTIVITY

Bope maintained at 1600 chm-cm. Sclid curve and diamond
points correspond toc that in Figure 5.11
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5.5 COM PARISON OF COMPUTER SOLUTIONS WITH CLINICAL

MEASUREMENTS

A preliminary comparison between clinical measurements and
comput er sclutions has been presented in Section 5.3. This
section shows in detail how the programmed tissue

resistivities are adjusted in order tc match the solutions

with clinical measurements.

5.5.1 Computer Model

With the exception of one single run (bipclar), PAFEC
was used for the tests. The 3-D mcdel for monopclar case (

run numbers (1)-(5) ) used the configuration described 1in

Figure 2.1(c) to represent a single 'remote' indifferent.

As the model represents only one-half of the +thoracic

domain, the total height of the model is increased to
500mm to reduce truncation errors. The stimulating
indifferent is at the ventral side of one end , while the

'recording indifferent' is assumed on the other end.

5.5.2 Comparison

A toctal of eight computer solutions were generated,

and Table 5.1 summarises the set of resistivities used in

each run.
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TABLE 5.1
Tissue resistivities (ohm-cm)
run
number gm wml wnt c¢csf edf vb gt sm sr f
(1) 400 138 1211 60 2000 4000 400 950 675 1066
(2) " " " " " 1600 " " " "
(3) " " " " " 1600 260 " " 260
(4) " " goo " " 1600 260 " " 260
(5) " " 800 " 60 1600 260 " 60 260
(6) 400 138 1211 60 2000 4000 400 950 675 675
(7) " " " " " 1600 " " " 1066
(8) " " 800 ) 60 1600 260 " 60 260
‘(1)-(5) are EDS-M, (6)-(8) are EDS-B with 10mm separation.

runs except (6) used PAFEC 75, (6) used ANSYS package.
Refer to Table 2.1 for tissue abbreviation.

Figure 5.14 compares the results for EDS-M, where the
computer solutions are plotted as full and dotted curves.
The numbers in the brackets correspond tc the number
shown 1in Table 5.1. Clinical measurements in Figure 5.4

are alsoc reproduced in Figure 5.14 as individual ©points,

using the ordinate 2s symmetry line, to amalgamate "left"

All
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Standard values
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Thorax 268,
Filler 260,
others as (2)

Roots 60,
Fat 608,wmt 800
others as (3)

FIGURE 5.14 COMPARISON OF COM PUTER PREDICTIONS OF

EPIDURAL POTENTIAL WITH CLINICLAL MEASUREMENTS

Monopclar cathocde at Omm level.

See Table 5.1 for details

of tissue resistivities used for the curves.

Other details see text 5.5.2
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and "right" results by reflection.

Curve (2) was obtained by wusing 1600 ohm-cm for
vertebral column compared with curve (1). The resultant
epidural potential is markedly reduced, by at least 359%,
although 1in general it is still higher than the clinical
measurements.

The next step was to reduce the resistivity of the
general thorax , as it constitute§ more than 85% in volume
cof the model. A value of 400 ohm-cm is normally used, but
recent ly MEI JER et al (1982) determined the 1lowest value
of human thorax +to be 290 ohm-cm. As circumferential
stimulating/ recording electrode strips were used in their
experiments, 290 chm-cm actually represented an overall
value of +torso including dorsal skeletal muscle and
vertebral column.

If different tissue components in the +torso are
represented by parallel ‘'conductor rods' of different
resistivities, then the overall impedance (Ro) is given by

1 1 1 1 1 1

+
Ro Rgt Rsm Rvb Rwn Rgm

+ oees )

As the three components (gt, sm and vb) occcupy more than
99% of the total cross-sectional area of the finite
element model, wm, gm and the like may be neglected.

Hence we may write

Ao Agt Asm Avb

BE G Bm €

(5.1)
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where An is the c¢cross-sectional area of the tissue

identified by symbol n,

pn is the corresponding resistivity,

Ao is the total area, being the sum of individual

tissue area An,

L is the length of 'conductor rod'

esm
Fvb

By counting the areas from a cross-sectional finite

950 chm-cm

1600 ohm-cm

element mesh and substituting into expression (5.1), +the
appropriate resistivity for the general thorax of the
model is found to be 260 ochm-cm.

The finite element model is alsc simplified Dby
assuming filler (1066 ochm-cm in Table 2.1) to be part of
the general thorax and having a value of 260 chm-cm.

The computer soclution with these changes is plotted
as curve (3) in Figure 5.14. The striking point is that
the result is not greatly affected by these twoc changes.

It 1is alsoc evident from the curves that their slopes
are in general steeper than the measured data. The
implication may be that there is some highly conductive
path in the vicinity of the epidural stimulating
electrode. Accordingly, the resistivity of white matter
measured in the transverse plane is reduced to 800 ochm-cm
(TAREN and DAVIES,1970), but the sclutions, nct shown in
Figure 5.14, are only 24 lower than that of run (3).

The next targets for scrutiny are the spinal roots
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within the subarachnoid space and the epidural fat. As
already mentiocned in Section 2.2.2, the ©pairs of spinal
rocots are modelled by two prismatic-running columns so
that +the subarachnoid space 1is divided into three
compartments by a relgtively high resistivity tissue (675
ohm-cm). Anatomically, these pairs of roots spring out
from the sides of the cord cnly at intervals along the
cord's length, and the spaces between successive pairs of
roots are still filled with cerebrospinal fluid. That is
to say the presence of these roots should not markedly
alter the flow of +the current within the subarachnoid
space. A programmed resistivity of 60 ohm-cm, equivalent
to csf, is therefore assigned to the spinal roo%s.

The epidural space 1is another region where the
effective resistivity is in doubt. The space so far has
been represented wholly by fat of 2000 ohm-cm resistivity.
In fact, the space contains areclar tissues and plexus of
veins in addition to the loose fat, and it could arguably
be considered as merely a potential space mcistened by
serous fluid. For these reasons, the lowest resistivity
va lue (60 ohm-cm) may again be a justificable assumption
for the epidural space. The resulting computer scluticn is
shown in Figure 5.14 as the dotted curve (5) and the
notably feature is a significant drop of epidural
potential at distances close to the stimulating electrode
( ¢ 20 mm ).

Figure 5.15 compares bipolar results for 10 mm ©pole

separation. Although there are only two measured values,
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Vertical distance along

epidural space (mm)
19 20, 39 40, 50

FIGURE 5.15 COMPARISON OF COMPUTER PREDICTIONS OF

EPI DURAL POTENTIAL WITH CLINICAL MEASUREMENTS

Bipclar configuration O-1 with 10mnm separation. Cathcde
at S5mm level. See Table 5.1 for details cf tissue
resistivities for the curves. See text 5.5.2 for details
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the results fit neatly with curve (8) whose set of
programmed resistivity is the same as curve (5) in Figure
5.14. Theoretical solutions for 20 mm and 30 mm ©pole
separations, wusing the same set of resistivity, were not
attempted, but the results are expected to show similar

t rends.

For +the <comparison of dorsal surface recordings,
Figure 5.16 shows +the +two cases. In bcth cases,
theoretical solutions did not agree with the measured ones
( diamond points ) : the model predicted that potential
should fall faster with distance from the axis of
stimulation. They also showed that a drop of bone
resistivity from 4000 ohm-cm to 1600 ohm-cm does not
affect the dorsal surface potential significantly, as

shown by the bottom two curves in each figure.

5.6 VARI ATIONS OF POTENTIAL ALONG VERTICAL FIBRES IN THE

S PINAL CORD

The potential fields mentioned so far are either in
the epidural space or on the dorsal skin surface, but in
fact the main region of interest concerned in electrical
epidural stimulation is the mnerve cells in the spinal
cord. An important model of myelinated fibres in
relation to remot ely~generated electrical field
(McNEAL,1976) suggests that the ~variationms of potential
along an axon is a significant factor in fibre excitation.

Figure 5.17 ‘therefore plots the theoretical 'absolute’
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FIGURE 5.16 COMPARISONS OF COM PUTER PREDICTION OF

DORS AL SURFACE POTENTIALS WITH CLINCIAL MEASUREMENTS

Epi dural monopolar cathcde at Omm lJevel. See Table 5.1
and text 5.5.2 for details

(a) along the backbone

(b) lateral recording
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FPIGURE 5.17 VARIATION OF POTENTIAL AS A

FUNCTION OF

VERTICAL POSITION IN THE DORSAL SPINAL CORD FOR

BPI DUR AL MONOPOLAR ELECTRODE

Distance represent axon track vertically
in Pigure 2.3- Level of cathcde at Omm.

for details

through node
See Table 5.1

102
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potentials within the cord along one vertical line in the
finite element mesh (node 102 4in Figure 2.3). All the
curves and the associated numbers in the figure correspond
toc the potential plots already described 1in Figures
5.14-5.16. The comparisons are between computer soclutions

of different programmed tissue resistivities , and the

notable feature is that the shapes of the plots are very

similar toc each other.
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CHAPTER © FINAL DEVELOPMENT OF THREE-DIMENSIONAL FINITE

ELEMENT MESH

6.1 REQUIRMENTS OF A NEW 3-D FINITE ELEMENT WODEL

Although a 3-D finite element model has Dbeen us ed
extensively in the last few chapters, a few modificatiocns
are still required before the generated field solutions
can be wused for proper neurolsgical analysis. This model
was originally designed and developed from a 2-D model
(COBURN,1980) %o be run on the CDC7600. For this reason,
the numbering system in the model is not systematic and
the mesh resolution is also restrictéd by computer memcry
size. As the CDC7600 in ULCC has just been replaced by a
CRAY-1S/1000, making available at least four times working
core-store available for finite element analysis, a 3-D
model with TDbetter rescluticn is possible. Morecver,
previous work in Chapters 2,4 and 5 accunulate information

that should be incorporated in a final 3-D mcdel.

The most desirable feature is a fine mesh within the
spinal cord to take account of principal neuro-anatsmical
divisions. TFor example, the mesh should model fibre
t racts and have sufficient nodes to define fibre pathways.

The size of grey matter shoculd alsc be 311lcwed to vary

according to the level of stimulatiocn.

The second point 1is that thecretical sclutisns within

the spinal cord will be used for further analysis. These
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solutions can be used directly with single neuron mnodels,
such as (i) the straight long myelinated fibres 4in the
dorsal columns or (ii) afferent fibres 1in the dorsal
roots. On the other hand, when the neuron mocdel 1is more
complex, like a fibre system containing branches with
different orientations, the mesh within the cord may still
not be fine enough. One way of overcoming the problem is
to extract the solutions within the cord and use them as
boundary conditicons for a second run wusing a restricted
model with a finer mesh. In this second case, the whole
domain need ©be only the spinal cord and relatively fine
meshing is feasible. The third point is the need for
additional element layers for more precise representation

of clinical work. In general, the number of layers in the

present 3-D model is restricted to eight on the CDCT7600.
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6.2 DESCRI PTION OF MODEL MODIFICATIONS

6.2.1 Changes in Model Discretization

Figures 6.1-6.2 show the transverse sections of the
modified meshes, while Figure 6.3 shows +the types of
'standard' +tissues represented in the model. The 3-D
model is still prismatically built with gradual increases
in element height upwards, away from the region of
electrodes. Although the feature of idealised ©boundaries
is retained, the overall resolution is finer; and there
are 117 elements in one layer compared with only 76 in the
original one used on the CDC7600.

In the vertebral canal, as seen in Figure 6.2, the
mesh is especially fine in two areas. The first is in the

dorsal area surrounding a semi-circular region which «can

be an finite size electrode. The second is within the
spinal cord where different kinds of idealised fibre
t racts can be modelled ( Figure 6.4). Variations in the

grey matter size , according to the level of the cord, can

be represented too (Figure 6.5).

6.2.2 Modifications in Anatomical Structures

In addition to changes 1in mesh fineness, the

anatomical structure cf the 3-D mcdel is modified.

The first change 1s in the outer boundary of the

. . . o
thorax where the shapes and dimensions are modified from

two kinds cf socurces. The first cne 1s computer
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FIGURE 6.3 IDEALISED BOUNDARIES BETWEEN DIFFEXENT TISSUES

IN THE MODEL

See Table 2.1 for tissus abbreviations
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FIGURE 6.4 IDEALISED FIBRE TR ACTS IN THE SPINAL CORD
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tomography (CT) scans. (%) The other scurces ars
anthropometric data (DAM ON and STOUDT,1963;
HASLEGR AVE,1979,1980; STOUAT,1981; WHITE,1979). CT scans
have also ©been used tc determine the shapes , dimensions
and relative positions of vertebral column, vertebral
canal and the spinal cord.

Note +that all dimensions are the average values of
male and female. CT scans show that, in general, there 1is
no significant differences concerning the sizes of
vertebral column and spinal cord. The differences lie 1in
the dimensions and shape(!) of the ocuter thorax which can
easily be adjusted if required.

The second change is that the orientations of the

spinal roots are moved back to a lateral position.

6.2.3%3 Numbering System in the Mesh

There are 1287 solid elements and eleven element
layers in the structure, and the total number of nodes
including mid-side and mid-plane nodes are 5172.

As there are eleven layers in the prismatic model,
the numbers of transverse (X-Y) planes are 12. A detailed
nocde numbering scheme of the first plane is shown in
Figures 6.6-6.11. The scheme is to assign node numbers to
2ll corner mnodes within one plane befcre defining the
mid-side nodes. Thus node numbers 1 tc 108 refer tc corner

points, while 109 to 3%2 represent mid-side nodes. The

(*) 8 male and 7 female. Northwick Park Hospital, Watford
Road, Harrow, Middlesex, England.
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next step 1is to define the 'mid-plane' nodes which are
mid-way between the corner nodes of the present plane and
that of +the next plane. As the total numbers cf these
mid-plane nodes are the same as the corner nodes, the node
numbers are from 333 to 440. The numbering scheme of the

whole model can be found in Table 6.1.
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TABLE 6.1
element X-Y corner mid-size mid-plane element
layer plane nodes nodes nodes numbers
1 1st 1-108 109-332
333-440 1-117
2 2nd 441-548 549-772
773-880 118-234
3 3rd 881-988 989-1212
1213-1320 235-351
4 4th 1321-1428 1429-1652
1653-1760 352-468
5 5t h 1761-1868 1869-2092 :
2093-2200 469-585
6 6th 2201-2308 2309-2532
2533%-2640 586-T702
7 Tth 2641-2748 2749-2972
2973%-3080 703-819
8 8th 3081-%3188 3189-3412
3413-3520 820-936
21-3628 3629-3852
’ en > ’ 3853-3960 937-1053
¥ 61-4068 4069-4292
"o roes 79 * 429%-4400 1054-1170
01-4508 4509-4732
" e e 473%-4840 1171-1287
12 12th 4841-4948 4949-5172
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Note +that there is a constant of 440 between adjacent

nodes in the same z axis. Similarly, there is a constant,

117, between element number in adjacent layers.

The element numbering scheme of the first layer, as
shown in Figures 6.12-6.14, contains element numbers 1 to
117. The figures are slightly mis-leading, as the element
numbers actually refer to 3-D solid elements, instead of
2-D planes. Nevertheless, using a similar procedure as
for the mnocde numbers, the element number for the second
layer are,therefore, from 118 to 23%34, 235 to 351 for the
third layer and sc oOn. This scheme is alsc listed in
Table 6.1. The node numbering scheme is intended for ease
of extracting a computer sclution from an executicn run
priocr to further analysis; while the element numbering
Scheme is 'indirectly' related to the requirement of core
memory during a rull.

PAFEC 75 and ANSYS both ultilize the 'frontal
soclution' algorithm (IRONS, 1970) in the solution routine
for solving large problems. The overall computatiocnal
efficiency of this algorithm, in particular core store
requirement, is related to the element data input sequence
presented for the solution routine. Details of how the

element order 1is related tc memory size must be left for
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standard texts (HINTON and OWEN, 1977; CHEUNG and YEO,
1979). It must alsc be noted that the software packages
have pre-processing programs which <can be <called to
resequence these element order so as to reduce storage
requirements at +the later processing stage. In general,
element ordering generated by these pre-processors has a

significant improvement over the original element order.

The modified thoracic model has been tried on PAFEC
75 with automatic re-ordering, but the subsequent element
order was surprisingly unsatisfactory. Instead , a minimum
storage achieved so far is to arrange the elements to Dbe
read 'layer by layer' during the solution algorithm. With

the numbering system as shown, only an explicit statement

is required in the datafile to 'feed' the =elements into
the solution programs, regardless of the actual order of

the elements appearing in the datafile.
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86 FIGURE 6.8 NUMBERING SCHEME OF CORNER NODES
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FIGURE 6-9 NUMBERING SCHEME OF MID-SIDE NODES

OF VERTEBRAL CANAL

Remarks as Figure 6.6
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FIGURE 6.13 NUMBERING SCHEME OF ELEMENTS IN

VERTEBR AL COLUMN
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6.3 MODEL TESTING

6.3.1 Homogeneous Volume Conductor Test

The modified model is fully verified against any
errors in the datafile. The first full test was a bipolar
electrode study (20mm separation) with the entire medium
gspecified as homogeneous. Mirror-image technique as
described in Figure 2.1(a) applies, and the height of the
model was 110mm. The predicted results are then compared
with the theoretical infinite field (exact) solution

el l |

v(ir) = ( - ) where r1 and r2 are the distances
41 i ra2

of point r from electrodes 1 and 2 respectively.

The diamond points in Figure 6.15 are the predicted
results plotted along the line on the mid-sagittal plane

at the same level of the electrode ( in other words, along
the y axis at x=Omm and z=10mm). The solid curve 1is the
exact solution. As the source 1is at y=14.562mm, the
theoretical field there tends to infinity. The figure
shows that the finite element solution near the electrode
is hardly distinguishable from the theoretical soclution.
It is only within + 1mm from the point source that
discontinuities are evident.

Ancther similar check 1is a plot of potentials
vertically ( z values) through nocde 52. The results, as
shown in Figure 6.16, are in very good agreement with the

exact solution (solid line). Errors due to truncation are

alsc insignificant in the vicinity of the electrode ( less
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than 40mm on the figure, say), although at the top

boundary (100mm), these errors are just visibdle.

6.3.2 Monopoclar Epidural Test

The next check was to model monopclar epidural
stimulation using the full set of different tissue
resistivities. A total of three jobs were run, and the
tissue values corresponded to run numbers (1), (2) and (5)
in Table 5.1. The model configuration was the same as the
one shown in Figure 2.1(b), representing one-quarter of
the whole domain. Cathodic current was applied at a single
point in the epidural space (node 59), while the
stimulating indifferent was on the ventral surf;ce at the
same level as the cathode.

The epidural potentials through ncde 59 are plotted
in Figure 6.17 as sclid curves. A1l potentials are
relative to a value at the top boundary, regarding as the
recording indifferent. The three curves exhibit smooth
characteristics , despite the‘ fact that the feature of
PAFBLOCK for localised finer meshing in PAFEC was not
used. The three dotted <curves are the <corresponding
computer sclutions from the earlier mesh reproduced fron

Figures 5.16 for comparison.
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FIGURE 6.17 COM PARISONS OF THEORETICAL SOLUTIONS WITH

ORIGINAL 3-D PAFEC MODEL

For details see text 65.%.2
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CHAPTER 7

THEOR ETICAL ANALYSIS OF MYELINATED NERVE FIBRE MODEL

7.1 TINTRODUCTION

The finite element analyses described in Chapters 2-6 are
cnly a means of evaluating stimulus fields in the domain
of interest. The biophysical interpretation of these
fields still depends on the mcdelling of neuronal elements
concerned in the spinal <cord. This chapter 1is the
analysis, by modelling, <¢f ©cne such element : the
myelinat=d nerve fibre proposed by McNEAL (1976).

The first part of +the chapter describes the
formulation of +the fibre model and the methods of
sclution. It is then follcwed by a theoretical analysis of
the model . and the chapter ends with analyses cf tweo
possible applications of the model.

The myelinated axon, with its localised nodes cf

active membrane, lends itself well to lumped circuit
models. Figure 7.1 shews a few examples cf axcn
representations The behavicur of the fibre in somes cases

can be solved analytically (R ASHEVSKY,1960; PICKARD,1966;
BELL,1981). With the development of digital computer and
the need of realistic field mcodelling. nunerical methods
now seem tc be inevitable.

A straightforward modelling of the fibre 1is ¢t

Q
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FIGURE 7.1 ELECTRICAL CIRCUIT MODELS OF MYELINATED AXON

(a) HH indicates HODGKIN-HUXLEY membrane mcdel at ncde

cf Ranvier (FITZHUGH.1962)
(b) Zm is impedance of node of Ranvier (BeMENT & R ANCK,1969b)
(¢) Z3 is ncdal membrane impedance (McNEAL,1976)



-155-

consider the myelin sheath as a linear distributed leaky
cable. represented by the <cable differential equations.
The excitable membranes at the nodes cof Ranvier can be
described by the HODGKIN and HUXLEY (1952) set of crdinary
differential equations. This mocdel, shown 1in Figure
7.1(a), was adopted by TFITZHUGH (1962) to study the
procpagation of action potentials. This approach has
procved very popular (GOLDM AN and ALBUS ,1968; KOLES and
RASMINSKY,1972; BRILL et al,1977) although a further set
of equations by FRANKENHAEUSER and HUXLEY (1964) were used
by +those groups to represent the excitable membranes. A
ma jor drawback of the model, however, is that stimulus
current has to be applied directly at the nodes to
initiate action potential. In regard to the type ¢cf
electrical stimulation involved by epidural electrodes, a
model that can take account of remote stimulaticn 1is
desirable. Ancther drawback is that the mcdelling cf leaky
sheath involves a high demand on computer time.

BeMENT and RANCK (1969b) and BEAN ( in the appendix
sf ABZUG et al ,1974) simplified the axon by assuming the
myelin as perfect insulator (Figure 7.1(b)). The
relationship of threshold current -electrcde positicn was
derived by the latter author. The soclutiocns, hcwever, were
limited to current pulses of infinite duraticn.

An even more simplified model propesed by McNEAL
(1976) can be used for predicting threshsld current cf a
fibre subjected to any knocwn stimulus field and duraticn

time. As shown in Figure 7.1(c), the external network 1is
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omitted: instead the external potentials. Ve, at the ncdes
of Ranvier are now determined solely by the stimulus
field. That is to say, ¢the stimulus field ©becomes ‘the
system input , which may be a function of both the
electrode <configurations and time. This approcach is
particular useful as a stimulus field to be applied can be
first determined from finite =element analysis. The
requirement for the model is to define the path taken by
the fibre of interest through a field and toc ncte the
potentials at intervals alcng that path corresponding +to

the internodal spacing.
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7.2 QUALITATIVE DESCRIPTION OF FIBRE MODEL

7.2.1 Fundamental Formulation of Mcocdel

The netwcrk representaticn has been illustrated in
Fig. 7-1(c). BEssentially. the myelin is assumed to Dbe 2
perfect insulator. The diameter of the axon is cocnsidered
to be so small that the external potential, Ve.j, arocund
any node j is constant. Lumped impedance Zj described the
excitable membrane at each ncde, while a linear
conductance, Ga, represents each interncdal axcplasm.

Following the general wmethod of COBURN (1981). the
system equations governing the rate of change ¢f membrane

depolarisation, E., can be written in conventicnal matrix

state-variable nctation

TE = [a]E~
2 Ga

[u]zs + [Fl¥e (7-1)

where 7= column vector of membrane depclarisation,
Ii= column vector of membrane current
Ve= column vector comprising the pot entials
in the external medium,
Cm
T =
2 Ga

[A], [U] & [F] are square matrices. Their appropriate
values and the derivation o¢f equatisn 7.1 are given in

Appendix 3.
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T7.2.2 Subthreshold Steady-state Analysis

For subthreshold treatment on the whole mcdel, Gm, )]
at node j is a constant. The membrane current Ii.j at that
node can then be described by Ii,j=Gm,j*Ej. Assuming Gm is

the same for all the nodes, Egn.(7.1) becomes

T B = [AlE

[u]E + [Fl¥e
2 Ga

The system can further be simplified into

~ & = [c]g + [Flve where (7.2)
2
Gm .
[C] = [A] + [U] , called the system matrix
Ga '

and [F] is the distribution matrix.
For a step input of Ve, the steady-state solution of

E is given by

-1
E = -[c] [F]ye (7.3)
t 200

By taking 15mV as the threshold criterion, threshold
current for any specified fibre system subjected to an

applied field of infinite duration can be predicted.
The simplicity of Eqn.(7-3) is worthwhile as ocnly
simple matrix manipulaticns are involved. The single
mathematical expressicn (7.3) contains all the system

information

a) crientatiocn and type of fibre
b) stimulating field from any electrode

configuraticn and
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c) fibre terminals

Another advantage of the steady-state analysis 1is
that the sites of &excitation on the fibre can be found
without a full fibre simulation. These sites are trivial
only for straight myelinated fibre subjected to simple
stimulating field. When complicated electrcde systems are
involved or/and the fibre systems have bends or branches
in their paths, these sites will be difficult to tell just
by inspection.

Equation (7.3) will be used intensively in Sections
7.3 and T-4. All the subsequent equations were written in

BASIC computer language and run on the local interactive

Honeywell 68 DPS MULTICS system.

T7.2.3 Analysis Involving Active Membrane

For near-threshold analysis, the membrane
conductance at the excitation node, j say, must be allowed
to vary, and accordingly its behavicur is modelled by the
Frankenhaeuser and Huxley's (F-H) set of equations (1964).
A full digital simulation 1is ‘then required, althcugh
simple Euler integration has proved adequate.
Steady-state analysis, along the lines of eqn.(7.3%), is
not available since the system is unstable at threshecld,

by definition. The total ionic current (Ii,j) at nocde ]

ig described by
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Ii,j =4qrdi(d +i +i *i ) (7.4)
Na K L P
where the terms on the right are the individual components
of ionie current. A summary of the F-H equaticns can be
found in Appendix 13.
Consider node j , the governing equations (A3.1) in

Appendix 3 becomes

TE = (E -2E +E )-".‘Q (i +i +i +i  )+(Ve -2Ve +Ve
2j j=1 j 3+ Ga Na X L P j-1 3 3+

Basically, the same format of equation ( 7.1 ) is used for
digital simulation. The difference here being simply the
use of non-linear expressions for the ionic current terms.
Note now that the full simulation permits the field, Ve,
to be a function of time, typically a pulse.

In fact, the values Ve and their duration are the two
essential inputs for the simulaticn process. Ncte that
during the simulation, certain elements in the current
vector Ii can Dbe specified either to be linear or
non-linear. This can speed up the simulatiocn process as
cnly a few mnodes 1n the fibre are active and need to be

specified by non-linear equations.

7.2.4 Boundary Conditions of the Model

The corner elements in the leading diagonal of [A]

and [F] are not covered by expression ( 7.1 ). The values
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of these elements, in fact. depend cocn the types of fibre

endings . Three types of fibre terminals. shown in TFig.

7.2 , are considered

a) zero depoclarisations at the end ncde and at all nodes
beyond the sclution set ( Figure 7.2(a) ). This was
alsoc the approach by McNEAL(1976) in his analysis.

b) zero internal axial current at the end node , shcwn

in Fig. 7.2(b) , and

c) actual fibre terminals ( Fig. 7.2(c) ).

Types (b) and (¢c) are proposed by COBURN (1981). The
mathematical +treatment cf these terminals related toc the

corner elements are given in Appendix 4.,

7.3 THEOR ETICAL ASPECTS OF FIBRE MODEL

7.3.1 Total Length of Model

The artifical fibre endings in Section 7.2.4 in fact
have certain implicatiocons on the behaviocur of the external
applied fields (COBURN .1981). The zerc depclarisatiocn in
case(a) implies that +the axon must extend intc a region
where the axial field -(8Ve/dx) is constant. The zero
axial current in case (b) suggests that there should be a
constant external potential beyocnd the fibre endings. The
usual way to satisfy +the above <conditions is to have
sufficient number cf nodes in the mcdel so that those
terminal effects do not have an influence back along the

fibre into the region of interest. A consideration of
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FIGURE 7.2 FIBRE ENDINGS FOR MYELINATED FIBRE MODEL

(a) zerc depolarisation, E_ =0
(b) zerc internal axial current
(¢c) actual terminal
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cable theory (COBURN,1981) suggested that the boundary
effects might gnerally be neglected at distances greater
than 3 9' from the endings., where

A' = equivalent characteristic length of

a myelinated fibre

Using the neuron parameters given 1in Appendix 3 , the
number of characteristic lengths in a n-node fibre is
0.69(n+1). A model of 19 nodes, say, will have 13.8 A’

Since the results within 3N ' of either end are neglected

‘

, the model is still adequate for monopclar cathodic

stimulation, provided that the electrode is close to the
central node. On the other hand, there are cases when a

lcnger fibre model is required, for example

(a) a remote electrode position resulting a very flat
potential precfile with poor localisation of effect
in the central region of a model fibre length, cr

(b) anodic stimulation where the regiocn of interest
are usually on either side cf the ncde closest to the
electrode extending towards the terminals, or

(c) different electrode configurations where many nodes

may become active simultanecusly.

7.%.2 Omission of External Pathways

The discussicn of the fibre endings is in fact only
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one limitation of +the model, implying a requirement of
minimum fibre length. This can usually be ocvercome by
using a long fibre, although the demand on computer time
will increase. There is a more fundamental limitaticn in
the mocdel : the lack of external pathways 1in the
extracellular fluid.

With reference to Figure 7.1(¢), there 1is no
external network communicating among the nodes c¢f Ranvier,
Local circuits (HODGKIN,1965) therefore do not exist and
consequently, any action potential that would have been
generated cannot propagate. This limitation is Jjustified
when the model is used for subthreshold analysis and. to
some extent. threshold prediction. However,' further
theoretical analysis using the present axon model, for
example the investigations on action potential propagation
and in particular the action of stimulus field on cncoming
acticn potentials will be hindered. Chapter 9 is therefore
devoted to the developments cf models which incorporate

the external conducting path.

7.%3.% Effective Driving Function and Fibre Diameter

Neglecting end ccnditions, the rate of change of
membrane depclarisation, é: in expressiocn (7.1) depends
solely on the vector Xp. In other words,‘é_depends on the
external potential profile seen by the nodes cof the fibre.
Note that E},j in expression (7.4) is alsc a function of
E. Ve, the systen input, will depend on

(a) the track of the axon
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(b) the configuratiocn of electrode system and
(c) the electrode current as a function of time
Consider node j in the model

, the equation

describing the nodal behaviour is recalled from Appendix 3

as

B, = - L -
/TZE'S (Eﬂ-i 2E,3 +E°’+| ) G‘LI('G +(Ve6-| 2Ved +Veé-ﬂ)

It can be seen that Ej is "driven" by ( Ved” —2Veri +Ve°;H
). The latter, arbitrarily called the "effective driving
function", is a discrete approximate to Li( r- A dx* )
where x is the distance measured along the axon path. For

a straight fibre, it is clear that the sharpness of a
yoltage maximum or minimum determine the membrane
behaviour. It 1is also important to note that sharp turns
in the path of the fibre itself can be equally
influential.

With reference tc the coefficients asscciated in
eqn.{(7.1), T, is only a ratio and the fibre diameter terms
are cancelled. The diameter on the Ga term @niz/%4 PLL))
will be cancelled tocc when the proper ionic current terms
are substituted. Matrices [A]. [U] and [F] do not bear any
relation with fibre diameter. It is through the Ve term
that the influence of fibre diameter on membrane behaviour
finally <comes into play. For different fibre diameters,
the interncdal spacing will be different and the driving

function (Ve,j-1 -2Ve.j +Ve.j+1) will be different tooc.

In order tc investigate the significance of driving
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function, a simple subthreshold steady-state analysis was
carried out. The +testing scheme 1is shown in Fig. 7.3.
where a 39-nocde straight fibre was considered to Dbe
immersed in a homogeneocus isotropic infinite medium of 300
chm -cn resistivity. A theoretical pcint electrode
stimulated the fibre at a distance y mm above ncde 20. The
stimuli was a cathodic pulse of infinite duration and 0.1
mA amplitude.

Figure 7.4 shows the variation cof depolarisation at
node 20 with the driving function for +three different
electrode distances. The 1left hand end of each curve
corresponds to the lowest fibre diameter of each range,

approximate 1pm, the right hand end corresponés to ZOpm
fibre diameters. Each curve represents fibres of
different diameters being stimulated by the same field.
The x-axis therefore represents the "driving function"
arising from the same field 'seen' by different fibre
diameters. The y-axis is the corresponding depolarisation
value at node 20 where the driving function 1s greatest.

A different presentation o¢f the same results 1is
shown in Fig. 7.5. Bach curve repreéents the results from
one fibre diameter stimulated by different fields. arising
from a range of electrode distances maugy<S5nm. The left
hand‘ end of weach curve corresponds to the furthest
electrode distance, approximate 5mm, while +the upper
extremes relate to y=1mn.

In general, both figures show that depolarisaticmn 1is

closely related to the driving function. i.e. the product
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FIGURE 7.3 TESTING SCHEME OF EFFECT OF FIBRE DI &M ETER

AND ELECTRODE DISTANCE ON DEPOLARISATION AT NODE 20




¢+¢+) 3X03 o908 STTEISP 104 *eoue3sSIp 9p0Ia40dTd ST £

NOTIONNA HNIAI¥C HIIM OC HAON I¥ NOIIVSI¥VIOLdAd &0 NOILVI¥NYA V-L HEADIL

CYW|*@/AW) uoTydung Butatug
9z 18l <! ) iz} 181 8 <) b Z %

14 124 1€

amgy—




¢-¢-) 4Xo3 oes STTEIOP JI0d

NOILONNd HDNIAIY¥QL HLIM O¢ ACON IV NOILY SIuVTIOdHd J0 NOILVI¥VA &L YN I4

CYW] @ /AW) Uo13duUng Buratyg
182 ¥l 1< 182 8l 181 i T4 91 18 8 4 iC

-169-

wrigz wrig |

(AW 823

1N

I+

[{s)

100




-170-

of the square of the internocdal space., L , and the second

derivative of the external potential along the fibre.

7.4 FURTHER APPLICATIONS OF THE MODEL

7.4.1 Fibre Bending

The analyses so far concentrated only on the long
straight fibre, and the ascending fibres 1in the dorsal
column of +the spinal cord is one obvious ares of
application. The model, in fact, can be used tc represent
cther types of fibres, and one example is the fibres in
the medial bundles of dorsal roots.

After emerging from the rcot, they move across the
funiculus and some of them ©bend wupwards to form the
ascending fibres in the dorsal column. A change 1in the
fibre orientation. caused by the bending. will result a
change in the external pot entials seen Dby the nodes of
Ranvier. This change in Ve, according to the discussicn in
section 7.%3.3%, should affect the fibre depolarisaticn.

The theoretical scheme, seen in Figure 7.6(a). was
intenfed to'investigate the effects of bending angle ﬁ and
electrode distance on depclarisaticn at node 20. The
conditions were the same as the straight fibre in section
7.3.3, with the exception that half of the present fibre
was allowed to 'turn'. Three fibre diameters (5pm, 10pm
and ZOpm) and three electrode pcsiticns (1mm, 3mm and Smm

from the fibre) were chosen and the results are shown in

Figs. 7.6(p)-(4).
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FIGURE 7.6 EFFECT OF FIBRE BENDING ON DEPOLARISATION AT NODE 20

Fibre diameter and electrode distance alsc vary.
Details see text 7 4.1

(a) testing scheme

(b) Spm fibre

(¢) 10pm fibre

(d) 20pm fibre
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It is evident from the results that an increase of
bending angle ﬁ'will increase the membrane depclarisaticn.
Note alsc that the highest curve (y=1mm) in each graph
also exhibits the greatest sensitivity to ©bending angle.

On the other hand, for a given fibre diameter and

electrode distance, if we define

percentage E(g) - E(0)
= X 100%
difference E(0)
where E(ﬁ) = membrane depolarisation of node 20

with a bending angle of # degrees,

‘

then a plot of percentage difference against ﬁ yields the
results in Figure 7.7.

The striking pcint is that, for a given fibre
diameter and bending angle, (for example curves (a),(b)
and (f) for Spm fibre) the percentage difference in the
depolarisation is larger at large electrode distance than
at short distance. The second pcint is that, for the same
electrode distance, (for example curves (a),(c) and (e)
for a S5mm distance) bending angle is more effective to
small diameter.

The bending angle also affects the region of
depolarisation, although the results are nct shown here.
For the case of straight fibre, the number of nodes
depclarised on cither side of node 20 are egqual. For the
fibre shown in Figure 7.6(a). an increase in bending angle

will increase the depolarisation values of the nocdes on
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For details see text T.4.1
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the 'stationary'’ side. But depclarisation on the
opposite, 'bending', side decreased; for large angle. ( >
75° ), some of the nodes which were depolarised for #=0
even become hyperpclarised.

Figures 7.8(a)-(b) are anocther presentation of the
results given in Fig. 7.6. Each picture represents a fixed
electrode distance from the fibre. Fig. 7.8(a) is for a
Smm case, where it can be seen clearly that a SFm fibre
with a 90  sharp bend has about the same depolarisation as
a 10pm straight fibre (0° ). The threshold for a 10pm
fibre with 90° bending is also mnot far from a 20pm
straight fibre. TFig. 7.8(b) is for the 3mm case.

A comparison of TFig. 7.8 (a) and (b) demonstrates
that bending angle is less effective at short electrode
distance. As shown in Fig. 7.8(b), the Spn fibre with a
90" bending has a lower depclarisation than a 10pm
straight fibre, and the 20pm fibre case always remains

well above the 10Pm fibre.

7.4.2 TFibre Branching

In view of the numerous branches and collaterals
present in the course of the nerve fibre in the spinal
cord, the single axon model will no doubt be inadequate to
model these fibre system in the future. One example 1is
again the dorsal root afferent : upcn entering the spinal
cord , many of the fibres will divide intc ascending and
descending branches, and many of these in turn give rise

to numerous ccllateral branches. If the analysis can be
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concentrated only on the main fibre and the major
branches, then the single fibre model can readily be
extended to include certain idealised fibre systems.
Figure 7.9 illustrates a simple Dbranch system
developed by COBURN (1981) to investigate the effect of
branch 1length on depolarisaticon. This system is used here
to study the influence of fibre diameter and electrode
distance on the depclarisation of a 'branching node' (20).
The two assumptions involved are
(2) the branch (node 40 to 55) has the same geometrical
and physiological properties as the main fibre and
(b) the branch and the main fibre are sharing the same

node (number 20) at the junction.

Based wupon these assumptions, +the system equations (
derived in Appendix 3) share many features with the single
fibre system. The deviations are +the wequation governing
the 'branching node' (no. 20) and the complication in node
numbering system. Note that 1in the present simplified
analysis, the bending angle (ﬂﬁ is always 90 and that the
fibre system and electrode are always on the same plane.
Stimulus conditions are the same as those 1in Sections
7.%.3 and 7.4.1, but the results are summarised in Table

7.1 instead.
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TABLE 7.1
electrode fibre depolarisation at ncde 20 percentage
distance diameter difference
straight fibre with
y (mm) (pm) fibre, E(mV) branch, Eb(mV) (%)
20 10 92 13.06 20
15 9.60 11.80 23
1
10 7.54 9.81 30
5 4.3%2 6.45 53
20 1.84 2.60 41
15 1.41 2.15 « 52
3 10 0.91 1.61 77
5 0.39 0.97 148
20 0.67 1.10 64
15 0.48 0.89 85
5
10 0.29 0.66 128
5 0.12 0.42 250
percentage E - Eb
where = _ X 100%
difference E

The implications of the results are the same as the

last section concerning fibre bending. Fcr the same

electrode distance, the 1influence of the branching on
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small fibre 1is of more significance than cn larger one.

For the same fibre diameter, the percentage differences
due ¢to the branch are directly procportioconal +to the
electrode distances from the fibre. For example with

reference toc electrode distances of 3um, the 5Pm branching
system has a higher depolarisatiocn (0.97mV) than a 10Pm
straight fibre (O.91mV). This is alsc the case for the 5mm
distance (0.42mV to 0.29mV). One more interesting point is
that the 5pm branching fibre 5mm away from the electrode
has a higher depolarisation (0.42mV) than a Spm straight
fibre 3mm from the electrcde (0.39mV).

Finally, it must ©be kept in mind that the
quantitative results in the last sections wer; obtained
under certain stimulus conditions. In particular, the

stimulus field and the position of the electrode relative

to the fibre were highly idealised.
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CHAPTER 8

VALIDATION STUDIES OF MYELINATED FIBRE MODEL

8.1 EXISTING PUBLISHED LITERATURE FOR COM PARISON

The McNEAL (1976) model of myelinated axon, which is a

corner-stone of this entire work, required rigorous
examination similar tc¢c the finite element model in
Chapters 4 and 5. An obvious approcach is to compare

theoretical results, i.e. current-duration and, current-
distance relationships obtained by digital simulation,
with expermental data obtained by independent workers.

In a review article on electrical stimulation of
mammalian central nervous system, RANCK (1975) has
collected more than 25 sets of relevant experimental data.
Unfortunately, suitable data which can be used for direct
validation purposes are rare. Firstly. some of these data
involved stimulation of neural elements such as cell
bcdies rather than purely myelinated fibres. Secondly.
cther relationships like voltage/duratiocn or even
current /latency were measured instead of current /duration
and current/electrode-distance. Thirdly., even myelinated
fibres were stimulated, they were mingled with other
neural tissues in such a way that an estimation cf the
stimulus field required for digital stimulation was

difficult.
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One possible source 1is that of BeMENT and RANCK
(1969a), who measured current/duration relationships cf
the dorsal columns of cat, using finite size electrodes in
contact with the cord surface. Using these data for
comparisons. however, requires ancther finite element
model 1like the monkey work 1in Chapter 4 in order to
duplicate the stimulus field in the dorsal column.

McNEAL (1976), on the other hand, showed that +the
theoretical results from his model were ccnsistent with
published experimental data (BeMENT & RANCK, 1969a: CRAGO,
et al, 1974), although he had not confirmed +the fibre
model =experimentally. Later, TEICHER and McNEAL (1978)

calculated the current/distance relationship wusing long
stimulating pulses, and the results were in gocd agreement
with the steady-state predictions by'BEAN in an Appendix
of ABZUG et al (1974).

COBURN (1981) used a 3-D finite -element wawcdel %o
evaluate the stimulus field arising from epidural
stimulation in humans. The fields 1in the dorsal <column
were interpreted by the McNEAL model to generate dorsal
column thresholds. The results, reproduced in Fig. 8.1,
compared favourably with the perceived sensory threshecld
in patients (JOBLING et al , 1980). However, no rizcrous
procf was provided that long straight myelinated fibres of
passage were the primary site of stimulatiocn.

GORM AN and MORTIMER (1983) alsc used the McNEAL model
to represent the nerve fibres supplying the medial

gastrocnemius muscle of the cat. The intentisn was to
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FIGURE 8.1 RELATIONSHIP BETWEEN THRESHOLD CURRENT AND

PULSE DURATION FOR DORSAL COLUMN FIBRES

Reproduced from COBURN(1981). Full lines are model
predictions for 5pm and 10pm fibres. Circled points are
maximum and minimum values of current self-selected by
15 patients in an experiment by JOBLING(1980) .

Dashed line is experimental mean.
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investigate the effects of stimulating parameters cn the
threshold difference between nerve fibres of different

diameters. The investigation was verified by experiments

which showed a similar pattern with the predicted results.

Although it has been possible to cite some validation
work on the McNeal model in the last three paragraphs. a
systematic testing on the model remains highly desirable.
This chapter, therefore, describes an extensive validation
study on the fibre model. The first part of the study was
extracellular electrical stimulation on isclated ©Dbiventer
cervicis nerve-muscle (BVC) preparations from the chick to
establish the current /duraticn and
current /electrode-distance relationships. The second part
was digital simulation wusing the fibre model to predict
these relationships, which were then compared with the
experimental values. The study alsoc involved histoclogy on
the biological preparations and careful analysis of

electrical field distortions,

8.2 ELECTRICAL STIMULATION OF CHICK BIVENTER CERVICIS

NERVE-MUSCLE (BVC) PREPARATION

8.2.1 BVC Preparation

Since the introduction of the preparation by GINSBORG
(1960), the ©preparation has been extensively wused 1in
t eaching and for fundamental work on the pharmacology of
neuromuscular junction.

The BVC system consists of two muscles joined by a
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tendon; it contributes +tc¢c the head-jerking movement =f
the chick. A remarkable feature is that the nerve enters
the first muscle, which some axons innervate, while other
nerve fibres pass through the centre of the +tendon *to
supply the second muscle. This feature 1is a major
advantage to the study, as any stimulation of +the 1long
fibres passing along +the tendon may be detected by the
mechanical response of the second muscle. Morecver, the

nerve bundle can be considered as a set of

parallel-running fibres free from other neural elements.

8.2.2 Basic Experimental Scheme

Figure 8.2 shows the experimental scheme developed in
cocllaboration with the Department of Applied Biology at
Brunel University. The BVC preparation was set up
vertically, midway down a bath containing Krebs-Henseleit
solution. (%) A monopclar electrcde, K, close to the
tendon in which +the motcr nerves run, stimulated the
preparation. The electrode wire was insulated except at

the +tip which had a platinum ball of roughly 2.2 mm

(Appendix 5) diameter. Tt was connect ed to a
current -driving stimulator, E, which <could deliver a
maximum cf 40 mA pulse magnitude. Micro-manipulators, C

and D, controlled the position of the electrode by vernier

adjustment sc that the electrocde movement could be

(%)
NaCl 0.69%, KC1 0.035%, CaCl, 0.028%, Ncho3 0.21%,

KH PO 0.016%, MgSO .7H O 0.029%, glucocse 0.2%
2 4 4 2
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FIGURE 8.2 EXPERIMENTAL SCHEME FOR THRESHOLD STUDIES

ON THE CHICK BIVENTER CERVICIS PREPARATION

For details see text 8.2.2
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adjusted tc¢ an accuracy o¢f O.1mm. The indifferent

electrode, L, was a stainless steel ring on the bettom of

the bath. The instantanecus current waveform was displayed
on an oscilloscope as the potential difference across a
10-chm resistor, G, A temperature of 37 °C  was
automatically maintained in the bath with a circulating
water jacket, A to B. and the solution was bubbled through
with oxygen containing 5% carbon dioxide, J.

As shown in PFig. 8.2, for the experiment the upper
muscle of the preparation was removed and the top end cof
the tendon was tied to a force transducer H. with a
cotton thread. The lower muscle was restrained to the
glass tube used for oxygenation. The force trangducer was
at isometric setting and was ccupled to a pen reccrder, I.
Any muscle twitches therefore resulted in the pen movement
whose magnitude depended on the force of contraction.

The basic idea was to obtain threshold
current -duration relationships at different electrode
pesitions The current ~-distance relationship could +then

alsc be deduced.

8.2.3 Experimental Procedures

Six ©preparations, aged 3 to 10 days . were used. Each
t endon was between 10 and 15 mn long. The following five
steps were involved

Step 1 : For each preparation. the experiment began
with the electrocde midway down the bath and 0.5mm clear

space from the tendon wall. Details of the spatial
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relation between the electrode and the tendon are given in
Figure 8.3. Single pulses cf cathocdic current , in the
range from 0.03%3 to 3.0 ms, were used to stimulate the
preparation. At each pulse-width, the amplitude cf current
was gradually 1increased, and the minimun response
det ectable on the pen recorder was considered as threshold
current.

Step 2 : The distance of +the electrode from the
t endon was varied from 0.5 mm to 4.0 mm in 1increments of
0.5 mm. At each of these horizontal positions, labelled x
in Figure 8.3 (a), current -duration relationships were
determined. '

Sometimes during the experiment air bubbles

collected, either arcund the electrode or on the tendon,
which could alter the stimulus current flow pattern. It
was necessary toc brush any such bubbles away before any
reading was taken.

Step 3 : At a particular value of x, described above,
the vertical position of the electrocde. labelled z in
Figure 8.3(a) was varied + 1.0mm from the original
position. In each case steps 1 and 2 were repeated so that
a total of three <complete sets of cathocdic stimulation
were performed on each BVC preparaticn. Note that
throughout the experiment the movement of the electrcde
was restricted in the XZ plane shown in Figure 8.3(a).

Step 4 : Steps 1-3 were repeated for ancdic

stimulation.

After the stimulating sessicn, the preparation was
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preserved in 0.9% NaCl in 10% Formalin for histological

analysis.

Step 5 * The final step of the experiment was tc
measure the monopclar field distribution in the XZ ©plane
of the bath. A copper wire, having an insulated sheath and
a bare tip of O.5mm diameter, was manipulated up and down
to measure the voltage profiles at five different
horizontal distances from +the electrode. The measured
fields were relative to a silver/silver-chloride cup
indifferent placed in +the Dbottom centre of the bath.
Samples of the Krebs-Henseleit solution were alsc taken

from the bath for resistivity measurements.

8.2.4 Experimental Results

The averaged threshcld values, their standard
deviations and the number of readings for each value are
shown in Table 8.1. It may be seen that the table is nct
complete in every coclumn; the stimulating current Dbeing
delivered was limited to a maximum of 40 mA amplitute. and
in certain circumstances this was insufficient to
stimulate the preparation. Note the important point that
the 'measured distance', x, relates toc the clear space
between the electrocde tip and the tendon wall. These data
are also presented graphically in Figures 8.9 to 8.11 for
comparison with digital simulation results. Nevertheless,
a first glance of the results in the table reveals that

they have the expected characteristics that an increase in
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electrode distance or a decrease 1in pulse-width are
followed by an increase in threshold current magnitude.
The average field profiles measured in the bath are
shown in Figure 8.4. The five curves correspond to five
horizontal distances (O0.5mm , 1.0mm, 2.0mm, 3.0mm and
4.0mm) measured between the tips of the measuring probe
and the electrode. In effect +the measuring probe was
t racked up and down to determine the voltage profile along
a path normally occupied by the centre line of the nerve
bundle. These field profiles are the extracellular
potentials input, already described in Section 7.2, for

digital simulation.

The average resistivity of the Krebs~Henseleit
solution, wusing the method and equipment described in
Appendix 2, was 70 ochm-cm. This value was used 1in

conjuction with the above field profiles to estimate the
'effective diameter’ of the stimulating electrode
(Appendix 5) . This diameter, the resistivity of
Krebs-Heneleit solution and the anatomical structures of
the nerve-tendon are also the parameters required for
analysis in Section 8.6 of the likely distortions o¢f the

fields of Figure 8.4 caused by the presence of the tendon.
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FIGURE 8.4 FIELD PROFILES MEASURED IN KREBS-HENSELEIT BATH

For details see text 8.2.4
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8.3 HISTOLOGY OF BVC IN THE NERVE/TENDON SECTION

Histolocgical analysis focussed cn the transversé section
of the +tendocn where the fibre diameter spectrum and
relevant anatomical factors are of interest. Seven
formalin-fixed BVC preparaticns were examined, six of
which had been used in the stimulating experiments. (%) A
seventh was included as a control, since the question
arcse as to whether the repeated twitch lcadings during
stimulation might generate mechanical damage. The
histological sections, of 5pm thickness. were attached on
glass slides and photomicrographs were made.

Figure 8.5 shows a typical cross-sectional view of a
t endon with the clearly identifiable nerve bundle passing
through. Recall +that manipulations of the stimulating
electrode during the experiments were always 1in the
sagittal plane . The general technique of measuring tissue
dimensions from histological sections are well-established
(S ANDERS , F.K., 1948; YOUNG, J.7Z ., 1950). The area of
interest in the present study are outer diameter of
individual fibres, the thickness of tendon wall and nerve
bundle diameter. The latter twc were measured from the
photomicrographs ( magnification 340 ) and the average
values were shown in Figure 8.5 too.

A higher magnificaticn ( x 810 ) centred on the nerve

(#) The preparations were processed by the Neuropathoclogy
Labocratcry of Wessex Neuroclogical Centre, Southamptcn

General Hospital.
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CROSS -SECTIONAL VIEW OF NERVE BUNDLE (X810)

FIGURE 8.6
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bundle is shown in Figure 8.6. The myelin sheaths are
clearly shown as dark rings. An important pcint to be
noted is that the diameters and the ©populaticns of the
axon are shown to be distributed evenly within the bundle.
A digitising cursor was used +to measure the fibre
diameters from the photomicrcgraphs, and histocgrams were
generated by graphics software.

A total number of 1940 nerve fibres were seen in the
seven preparations, and the fibre diameter histogram 1is
shown 1in Figure 8.7. The mean value 1is 4.7pm with a
standard deviation of 1.35pm. The histograms of each
individual nerve ©bundle are in Appendix 6. Each bundle
has 230 toc 350 nerve fibres, and all the bundles have the

expected 'bell-shaped' fibre distributions.
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Total number of fibres 1940. For details see text 8.3
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8.4 DIGITAL SIMULATION OF MYELINATED FIBRE

8.4.1 Description of Fibre Model

The essential features of the myelinated axon model
have been described in Chapter 7. The model <can predict
threshold current of myelinated fibre for any pulse
duration and accordingly a computer program was developed
which could automatically estimate the threshcld current .
using repeated runs in an iterative routine.

The criterion is that if the depclarisaticn value of
any one of the nodes exceeds a pre-defined level (15mV)
during the simulating period, the latest stimulating field
is assumed by the algorithm to be suprathreshold. This
field strength is reduced and the simulation process 1is
repeated. Conversely, the field is increased if none ocf
the nodes has 1its depolarisation value exceeding the
pre-defined level. Description of the programming aspects
and example output may be found in Appendix 7.

In order to match the fibre model to the experiments.
the following points have to be considered

1) one of the inputs for the program was a set c¢f
external ©potentials along the fibre at each ncde. These
values were deduced from Figure 8.4. Note that +these
fields were measured after the BVC éreparation was taken
cut from the bath. An analysis of field distortion caused
by the presence of the tendon and nerve bundle will be
discussed in Section 8.6.

2) one of the boundaries of the fibre ccmputer model was
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assumed to be an infinite 1impedance termination,
representing the tendon/nerve bundle end which was cut and
tied with <coctton thread. The other ©boundary had the
properties of a membrane disc,. loosely modelling the
neuromusclar junction.

3) the number of nodes in the model was influenced by the
finite length of the tendon ( which was less than 15 nmn
long) . The SPm and 7Fm fibre models used 19 nodes, while
the 9pm mocdel was restricted to 15 nodes. Table 8.2
summarises the simulating conditions for the mcdel.

4) the absolute temperature appearing in FRANKENHAEUSER
and HUXLEY (1964) equations was changed tc 310 K, the
temperature at which the chick experiments were ;onducted.

5) axons of different diameters were shown by histology
toc be distributed evenly over the nerve bundle, and the
first axon to become active was assumed arbitrarily to be
at the centre. Therefore the 'effective distance' Dbetween
the stimulating electrcde tip and a single active fibre in
the BVC preparation is calculated by the expression

effective distance measured in nerve-tendcn

distance the experiment, X correction factor

The correction factor was 0.2 mm, as found in Section 8.3.
The program used standard nerve fibre parameters (
except the temperature value ) and initial <conditicns as

reported by FRANKENHAEUSER & HUXLEY (1964).
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TABLE 8.2
f?bre total number left -end right -end reference
%1a?eter -of nodes ,n, conditisn condition ns. of the
e in the model central ncde
(j) nearest to
electrode
—
5 9 t A o
infinite membrane
7 19 impedance disc 9
5 termination l
15 L 7
Krebs ring >
solution surface Indifferent
left electrode right
(or top) ° (or bottom)
end " ‘e end
| - o my § e—— — X i s I - |
I . I
1 2 3 n-1 n

8.4.2 Simulation Results

The

to 8.10.

results are summarised graphically in Figures 8.8

The curves in Figures 8.8(a) to (i) show the

theoretical relationships between threshocld current and

effective distance for fibres of four different diameters.

Pulse duration in each case Wwas constant. A typical

running

time required for these four cases on a CDC7600

was 160 CPU seconds.

The

thecretical current-duration relatiocnships for

different fixed distances may be ploctted by interpclating

the curves in Figures 8.8 (a) to (i). The results are best
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shown in logarithmic axes and are given in Figures 8.9(a)

to (e). Pigure 8.10 is for the ancdic case.
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S0lid curves are thecretical predictions for different
fibre diameters. Diamond points are experimental means.
Vertical bars + 1s.d. Other details see text 8.5
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Cathodic stimulation. For details see text 8.5
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(a) Pulse duration : 3.8 ms
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FIGURE 8.10 THRESHOLD CURRENT-DISTANCE RELATIONSHIP

Anodic stimulation. Only 2 theoretical solutions are shown.
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8.5 COM PARISON BETWEEN EXPERIMENTAL RESULTS AND COM PUTER

PREDICTIONS

Superimposed on the theoretical curves in Figures 8.8-8.10
are the corresponding experimental data obtained from
Table 8.1. The vertical bars indicate + one standard
deviation. Note that the experimental data in Figures 8.8
and 8.10 are shifted to the right by 0.2mm, the correcticn
factor described in Section 8.4.1.

As shown in Figures 8.8 and Figures 8.9, agreements
between +the predicted and experimental results up to a
distance of 3.00mm are good. At distances greater +than
%3.00mm, the experimental data start to depart from theocry
and exhibit lower threshocld values.

The results for anodic stimulation are shown in
Figure 8.10. Although the experimental data may be said
to match the thecry, there is litt1le difference in +the
thecretical thresholds predicted for a SPm and a 9pm
fibre. In other words. the experimental data and their
standard deviations ccver a far greater ranges of
threshold values than the model predicts. An examination
on the simulation process revealed that the first node to
initiate an action potential was the last but one at the
end modelling the neuromusclar junction. This Jjunction
presented many uncertainties which were neglected in the
model, such as orientation and bifurcaticn of the axon,

and the effect of thick muscle on field distribution.
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8.6 FIELD DISTORTION ANALYSIS

8.6.1 Testing Scheme

Against the experimental work in Section 8.2, and the
theoretical model thereof, is the presence of the tendon
wall in the BVC preparation which may distort the field as
sSeen by the nerve fibres. The digital simulation
described in last section also assumed that the field was
not affected either by the presence of the fibres or the
t endon wall. A 3-D finite element model was ‘therefore
designed to examine these assumptions.-

The finite element model, based upon the experimental
assembly, consisted of a tendon suspended midway down 2
homogenecus bath. The dimensions of the tendon and the
nerve bundles were those obtained from histological
analysié. A single point scurce was mcdelled delivering
constant stimulating current close to the tendon wall.
The effect of the presence of the wall and the fibres
could then ©be 1investigated by comparing the theoretical
potential profiles along the nerve fibre. Table 8.3
summarises the scheme of +the inveétigation. Little 1is
known about the resistivity of the tendon wall and
therefore a range ocf 70-5000 ohm-cm was examined. Note
the conductive anisotropy of myelinated nerve fibres and

the dual values for resistivity ( transverse and



longitudinal ).
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TABLE 8.3
case programmed resistivity
values (chm-cm) rema rks
nerve tendon saline
bundle wall bath
*

1 70 70 70 moncpoclar field in a
homogenecus isotropic
medium, also cocnsidered
as 'standard' sclution
with whom other fields
are compared

2 138 long? 70 70 examine the effect of

1211 tran. nerve fibres on fields,
i.e. tendon wall
effectively not present

3 1 138 long. 500 70 (3) & (4) examine the

1211 tran. effect of tendon wall
on fields. (2) can also

4 138 lcng. 5000 70 be considered of having

1211 tran. 70 ohm-cm for the
tendon wall

*

measured value, represent Krebs -Henseleit solution

GEDDES and BAKER (1967)

Table 8.3 does not mention the position of the point

source with respect

positions were examined

1.75mm,

to the tendocn. In fact, three

2.%375mm and 3.375mm.

These were the separations between the pecint source and

the centre cf the nerve

bundle)

defined as the 'tctal

distance'. Note that if they are corrected with the tendon
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wall +thickness, mnerve bundle radius and the effective
radius of the finite size electrode wused in the BVC
stimulation experiments, they are actually O.45mnm, 1.075mm
and 2.075mm: these were the clear distances (x) between
the edge of the tendon wall and the electrode tip (Figure
8.%).

Details of +the finite element model are given in

Appendix 8.

8.6.2 Results of Field Distortion Analysis

Figures 8.11 (a) to (c) shows the theoretical field
profiles along the center of the mnerve bundle for
different electrode positions. The diamond points, cases
#1, were the values assuming a homogenecus isotropic
medium with no tendon present. The distortion of the field
by the nerve fibres with no tendon wall, as shown in cases
#2 in the figure, is not significant. Figures 8.11(b) and
(¢c) also show that when the total distance is more than
2.375mm, field distortion is negligible, whatever the
resistivity values of the tendon wall are (cases #3% and
#4) .

On the other hand, when the total distance 1s less
than 2.375mm, the sharpness of the field profile in the
nerve bundle is increased by the presence of the tendon
wall, increasingly so for higher tendon resistivities.

The analysis <can also be interpretated in terms of
the 'driving function' described in Chapter 7. The

functions of the theoretical field prcfiles in Figure 8.11
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FIGURE 8.11 EFFECT OF TENDON WALL ON FIELD PROFILE VERTICALLY

ALONG THE NERVE BUNDLE

For details see text 8.6 2
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presented in Table 8.4.

Each column

cf the table

contains the driving function of the same field, but seen
by fibres of different diameters.
TABLE 8.4
(a) total distance 1.75mm
(b) total distance 2.375mm
(¢) total distance 3.375mm
driving function , Ve.j-1 - 2Ve.j + Ve,j+1.
fibre
diameter case 1 case 2 case 3 : case 4
(pm ) homogeneous wall 70 wall 500 wall 5000
5.0 7.8 8.0 8.6 13.8
7.5 22.6 20.2 22.4 35.2 (a)
10.0 37 .2 36.2 69.2 6%.8
5.0 1.0 1.0 1.2 1.0
7.5 2.2 2.2 2.4 2.0 (b)
10.0 3-6 3.6 308 3"2.
5.0 0.6 0.8 0.6 0.6
7.5 1.4 1.4 1.4 1.2 (c)
10.0 2.2 2.2 2.2 2.2

Unit of driving functicn is mV per m A

A comparison

the effective stimulus 1is distorted only

distance is less than 2.375mm .

when

stimulating current

of the values in each row reveals that

the tctal
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8.7 RELATIONSHIPS BETWEEN THRESHOLD PREDICTION AND

S HAR PNESS Of APPLIED FIELD

The threshcld of a fibre, as mentioned in Section 7.3.3,
depends on the sharpness of the applied field profile
'seen' by the fibre. This section therefore investigates
this relationship for cathodic stimulation.

A random check on the simulation process in Section
8.4 confirms that. for cathodic stimulation. +the mnode
nearest to the stimulating electrode was the first one to
become active.

Figures 8.12(a) and (p) show the
current /driving~-function relationships for two’different
pulse durations. The driving functions were calculated
from +the input files used for the simulatiocn programs in
Section 8.4. The corresponding threshold predictions were
cbtained from Figure 8.8. There are four or five data
pcints for each fibre diameter in the figures, each
represents a different electrode distance from the fibre.

The two figures show that for a given pulse duration,
the current/driving-function relationship seeﬁs to be a

simple inverse-propcrtionality.
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FIGURE 8.12 RELATIONSHIP BETWEEN DRIVING FUNCTION

AND THEORETICAL THRESHOLD CURRENT

(a) pulse width O-.1ms
(b) pulse width 3.0ms
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CHAPTER 9

FURTHER THEORETICAL ANALYSES OF MYELINATED FIBRE MODEL

9.1 NETWORK W™MODEL DEVELOPMENT : MODEL A, INCLUDING

LONGITUDINAL CONDUCTION IN THE EXTRACELLULAR FLUID

9.1.1 Model Definiticn

Figure 9.1 shows the new network model developed
from the model in Chapter 7. The essential feature is the
addition of linear elements, Ge, to represent the external
conducting path. Note that the exteynal vecltages Ve are
no longer under arbitrary control. Instead they will Dbe
influenced directly by the membrane activity. The present
network, arbitrarily called model A, is in fact an
intermediate development. The ultimate aim is a mcdel for
the investigation of actions of stimulus fields on
propagating action potentials. This model is the subject
of the next section. Model A, nevertheness, needs tc form
the basis for the 1latter develcpment. Twec fundamental
fibre properties can be examined in this mocdel : shape of

action potential waveform and prcpagation velocity.

9.1.2 External Conducting Path

Unlike the conductance Ga 1in the axcplasm. the
sactual numerical value for Ge is unkncwn. Provided that

the fibre is in a conducting medium, the lower linit of Ge
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FIGURE 9.1 MODEL A NETWORK

For details see text 9.1.1
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should be greater than Ga. The upper limit of Ge. cn the

other hand, shculd be lower in vivs than the case when a

fibre is immersed in an infinite homogenecus saline

solution. Moreover, Ge may also bear a relation with the

fibre diameter. Therefore the main idea behind ¢the
development of model A is to find an ‘'cptimal' or an
'acceptable’ value for Ge. The analysis mainly

concentrated on the effects of different Ge va lues on

action potential propagating veloccity.

9.1.3 System Equaticns

The derivations of the equations are included in
Appendix 9. In general, the behaviour o¢f +the membrane

depolarisation at node j is described as

Ga*Ge

_  uarae - - ( 9.1 )
mj  Ga+Ge ( Ej-l ZE’+Ej+l) 14,5

J 1,

where the ionic current Ii,j 1is modelled by the F-H set of
equations. Equation (9.1) may be "forward-integrated” for
each ncde to yield the time response cof the ncdal
depclarisation. Matrix manipulation may not be necessary;
although the benefit sf using it is that a “ibre system
considered can Dbe visualized from the system matrices. Eqn
(9.1) shows remarkably similarity with those describing
the McNBEAL model ( Egn. A3.1 in Appendix 3). The

differences between them are the coefficients and the
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disappearance cf applied external field pectential Ve.

9.1.4 Analysis Conditions

The initial and boundary conditicns for the analysis

of model A are dealt in this section.

Boundary conditions : Owing %+to the demands on

computational time, a 50-ncdes model was built which was
symmetrical about the 1left-hand end, i.e. node 1. This
condition was equivalent to placing an imaginary mnode at
j=0, and maintaining Eo = EZ' The end condition on the

right hand was simply using zero depolarisation ,i.e. E

50
=0. In other words, the number of 'effective' nodes in the
model were 49, and any nodes beyond nocde 49 were assumed

to have zero depclarisation.

Initation of action potential : As the external

potential, Ve. no longer appears in the system equations,
action potential cannot be initiated by external applied
fields. One artifical method was to specify E'= 100 mV
during the first integration time step- An action
potential would develop very socn and propagated alscng the

fibre. Standard initial conditions concerning F-H

equations applied.

9.1.5 Computing Method

Euler's method of integration was adequate to soclve

the system equations, 1.e.

E(t+At) = E(t) + At*E(t)
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Integration +time step ( At) was 0.002 ms and a typical
total simulation time was 3.0 ms. The program was written
in FORTRAN IV language and run locally on an interactive
Honeywell 68 DPS Multics system.

Conduction velocities were calculated from +the time
taken for the E = 50 mV point on the rising phase of the

impulse to travel from node 20 to node 30.

9.1.6 Results

Figure 9.2 shows an action potential curve plotted
as a function of time. The location is at node 20 of a
20pm fibre. Initial condition was E\ = 100 mV at time t =
O . The figure shows that the curve has an amplitute of
114 mV and a duration of about 1.5 ms. There is a rapid
rise to the peak and a slower decay. Although not shown
clearly, there is a 0.5 nV undershoot at the tail.

Figure 9.3, from the same data, plots the action

potential travelling toc the right from the origin ( node =
1 ) at different instants of time separated by O0.5ms. It
should be noted that there is also an imaginary impulse
travelling from the crigin to the 1left. The constant
spacing Dbetween each impulse confirms st eady propagaticn.
The impulse at t = 2.0 ms, labelled (d) in Figure 9.3, is
alsc reproduced in Fig. 9.4 for detailed examination. The
essential features of it are a rapid rise followed by a

slower decay, and there is a small amount of undershoct at

the tail.
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FIGURE 9.2 TEMPOR AL ACTION POTENTIAL CURVE

For details see text 9.1.6
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FIGURE 9.3 SPATIAL ACTION POTENTIAL CURVES

For details see text 9.1.6
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For details see text 9-16
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The relationship between fibre diameter and
conduction velocity for six different values of Ge ars
shown in Fig. 9.5. A1l results are Dbased upon 2
temperature of 20° C. The prediction by GOLDMAN and ALBUS
(1968) is also included as dotted line in the figure.

For 1low values of Ge ( below 51.52nS ). it is clear
that the conduction velocity does not bear a linear
relationship with fibre diameter. The velocities depart
from the expected straight line and become less sensitive
to any increase of diameter. In the case cf Ge equal 10.0n
S, the velocity even starts +tc drcp when diameter is
greater than 20pm ( in fact conduction fails at 26Pm). The
linear relationship begins +tc¢ appear only when Ge 1is
greater 200 nS . The straight line at the top ( Ge=10.05)
is only of academic interest as the Ge value is at least
108 times higher than the internal conductance ( Ga ) cf
any fibre diameter. On the other hand., the results with Ge
equal to 515nS |, bear a reascnable linear relationship
between diameter and velocity and accordingly , this value
is chosen for subsequent analyses. Note that this wvalue
is 7 times higher than the internal conductance (Ga) of a
20pm fibre.

The results in Fig. 2.5 ( Ge = 51.5nS ,30.0nS
10.0n8S ) suggest that Ge may alsc be proportional to fibre
diameter. As the diameter increases. the value cf Ge has
to be increased in order to restore a linear relaticnship.
Linear electrical properties show that ‘the longitudinal

conductance of a single path decreases as the interncdal
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FIBRE DIAMETER FOR DIFFERENT VALUES OF Ge

For details see text 9.1.6



-244-

length increases. In other words, an 1increase cf fibre
diameter should result in a decrease of lcocngitudinal
conductance. It must be kept in mind that a larger
diameter will have a larger circumference at the node of
Ranvier, even though the nodal gap 1is always the same-
This circumference will ©provide a greater path area for
the radial outward current from the ncde of Ranvier, thus
creating more parallel longitudinal conducting path area.

too.

9.1.7 Comparisons with Other Workers

GOLDM AN and ALBUS (1968) predicted the velocity-
diameter relationship wusing a modified model of FITZHUGH
(1962). They used an infinite large value of external
conductance and employed F-H equations for the membrane.
The dotted line in Fig. 9.5 is their result which has a
smaller slope than that of model A (Ge=10S). The reason
for this lies on th; basic construction of +their model,
which included the myelin leak and capacitance currents.

These features caused a reduction of conduction velocity.

On the other hand, HUTCHINSON et al (1970)

experimentally determined the relationship between
conduction velocity and nerve diameter in single
myelinated fibre of Xenopus Laevis. The results, obtained

from the fibre immersed in Ringer solution at 23°C, showed
a linear relationship between velocity and diameter. The

proportionality constant was about 2 (m/s)/pm, which is

what mcdel A predicts when Ge is comparatively large ( >

515nS ) .
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9.2 NETWORK MODEL DEVELOPMENT : MODEL B INCLUDING THE

EFFECT OF EXTERNAL APPLIED FIELD ON ACTION POTENTIALS

9.2.1 Mcdel Description

The model in this section is intended toc exhibit both
the characteristics o¢f remote stimulation and action
potential prcpagation. Action 9potential generated by
remote stimulation can propagate along the fibre while.
the actiqn of external applied field upon cncoming action
potentialvcan alsc be investigated.

Figure 9.6 is the fibre network, arbitrarily called
model B. The development here is the inclusisn of 1linear
ccnductances, Gs , which are assumed'to be equal for all
nodes . Asscciated with these <conductances are currents
Is,J. Other terms correspcnds +tc those cf model A
described in Secticn 9.1.

It is assumed that at 'some' distance from the axon
the stimulus potential field is not affected by either the
physical presence sf the fibre cr by any active currents
generated by the axon. This distance is assumed tc Dbe
small in comparison with the distance from the axon toc the
stimulating source. Under these conditicns. the
stianulating potentials. Vs, may be cocnsidered to be the
free-field potentials corresponding tc the positicns of
+the nodes on the axon. On the other hand. the petentials.,
Ve, immediate outside the nodes are allocwed to float

according to the currents in the network. These potentials
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FIGURE 9.6 MODEL B NETWORK

For details see text 9.2.1
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can alsoc be influenced indirectly, through the 1linear
element Gs, by the field, Vs. Accordingly, the elements Gs

serve as a bridge communicating the 'local' activities
with the 'external' events. These events may be due to a

remote current source or a nearby active fibre.

9.2.2 System Equations

The detailed derivations of the system equations for
model B are given in Appendices 10 & 11. The final form of
the sclution for a n-node axon is , using standard state

vector (matrix) notation
mJE = [v]E + [Pl + [L]us ( 9.2)

where E, E , 11, and Vs are column vectors (nx1),

[M] R [N], [P] and [L] are nxn matrices .

Their individual elements o¢f those matrices can be found
in Appendix 10 . Note the similarity between egn.(9.2)
and eqn.(7-1) for the McNEAL model in Secticn 7.2. The
vector Vs is now the system input, representing the
external applied field. The current term, T1i, is =a
function of E which in turn, is a function ¢f time. The
pctentials, Ve. ocutside the node are implicitly defined in
the system equations. Equation (A10.3) in Appendix 10 shows
that Ve is a function of both E and Vs.

An examination of the equation derivations in
Appendix 10 reveals that the conductance Gs always appears

with Ge as vratio (Gs/Ge). As an optimal value of Gs is
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unknown, an 1investigation 9on the effect of different
values of Gs/Ge ratio on steady state subthreshold

solution , action ©potential waveform and conduction

velocity are worthwhile.

9.2.% Steady-state Analysis : Effects of Gs/Ge

The solution method is similar toc that of the McNEAL
model. The ionic curfent term Ii is replaced by Gm¥*Ej as
membrane conductance Gm at each node is a constant.

-1
Eqn.(9.2) becomes E = -[q] [L]vs
t ->00 -

where [Q] = [N] + Gm[P]

Using this model B, a study has been made of a 20pm fibre
with 39 nodes stimulated by a cathodic pulse of infinite
duration and 0.1 mA amplitude. Electrode distances were
1.0mm. 2.0mm, 3.0mm, 4.0mm and 5.0mm directly above node
20. Other stimulus conditions were the same as Section
7.3.3%. Figure 9.7 shows the depclarisation at node 20 as
a function of electrcde distance. Five Gs/Ge ratios were
chosen : 100.0, 10.0, 1.0, 0.1 and 0.01. The diamcnd
symbols are the solution by McNEAL model. In all cases,
the solutions predicted by mcdel B are lower +than the
corresponding McNEAL solutions. The results indicate that
the inclusicn of elements Gs in the mocdel 'smooth down'
the applied field Vs. Table 9.1 shows the percentage
reduction of model B solutions frcm the McNEAL solutions.

In general, membrane depclarisations are reduced to
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FIGURE 9.7 STEADY-STATE ANALYSIS OF MODEL B FIBRE

Number within the graph are Gs/Ge ratios
For details see text 9.2.3
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one-half for Gs/Ge ratios not much less than 1.

TABLE 9.1 Percentage reduction of depclarisation (nocde 20)

from McNEAL predictions

Gs/Ge electrode distance from the axon (mm)
1 2 3 4 5
0.01 98% 97% 96% 95% 94 %
0.1 89% 84% 80% 75% 72%
1.0 57% 47% 40% 35% 30%
10.0 15% 1% 8% 8% 6%
100.0 1.2% 0.5% 1.5% 0.9% 1.5%
percentage McNEAL solution - model B solution
reduction ] McNEAL soclutiocn i
9.2.4 Action Potential Waveform : Effects of Gs/Ge with
Zerc Applied Field

The system equations (9.2) and the full set of F-H
eqns - are used to 1investigate the waveform of a
propagating action potential. Seven values cf Gs/Ge ratio
are chosen : 1000, 100, 10, 1, 0.1, 0.01 and 0.001. In

each case an actinon poctential was initiated by assigning a
depclarisation value o¢f 100mV at ncde 1 and maintaining

for a single time step (0.00st). The action pctential

1009%
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curves were then plotted after 2.0ms when they were about
midway down the fibre: they were shown in Figures 9.8 and
9.9.

In Fig.9.8, the solid single curve at the far right
is in fact for the ratios of 100 and 1000 as Dboth curves
overlap each cther. The solid curve just behind it is for
the ratioc of 10 while the broken line is for a ratio of 1.
A1l four curves have a similar shape and amplitute,
although the broken one has a faster decay time and has a
small hyperpolarisation in front of +the rising phase.
Note also that they all show similar shape with the action
potential frém model A (Figure 9.4). ’

Figure 9.9 shows pulses for Gs/Ge ratiocs of 0.1,
0.01 and 0.001. The broken curve is for a ratio oc¢f 1,
shown here again for comparison purposes. It is clearly
shown that, for Gs/Ge < 1, there are uncharacteristic
regions of hyperpolatisation ahead of the rising phases.
The smaller the Gs/Ge ratio, the larger is the
hyperpolarisationa There are alsc marked oscillations in

those hyperpolarised regions.

9.2.5 Propagation'Velocity : Effects of Gs/Ge with Zero

Applied Field

Figures 9 10(a)-(g) shows the propagating action
potentials at different 1instant of +time. ©Each picture
represents one Gs/Ge ratic. Pictures (a)-(f) indicate that
, by the time of 0.5 ms. the impulse had settled dcwn and

begun to travel steadily along the axcn. Picture (g), for
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FIGURE 9.10 SPATIAL ACTION POTENTIAL CURVES FOR DIFFERENT

Gs/Ge RATIOS

See text 9.2.5 for details. Gs/Ge ratics are
(a) 1000 (b) 100 (¢) 10

(d) 1

(e) 0.1 (£f) 0.01 (g) 0.001
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a Gs/Ge ratio of 0.001, clearly shows that the impulse at
£+=0.5 ms had still not attained a steady wavefcrm. The

propagation velocities for the abcve ratios are given

below.

Gs/Ge Velocity (m/s)
1000 42
100 42
10 41
1 36
0.1 31
0.01 32
0.001 51

Apart from the case cf 0.001, an increase of Gs/Ge ratio

tends to increase the conduction velocity.

9.2.6 A Final Comment on Gs/Ge Ratio

Analytically, the variations cf Gs shculd have the
fcllowing effects
@s tending to zero (i.e. Gs/Ge -> 0 ) shoculd give
results equivalent tc model A irrespective cf the stimulus
profile Vs. In other words the fibre is isclated from the
stimulus by infinite large resistive sheath. ©Steady-state
analysis in secticn 9.2.3 did show the depolarisation
t ending towards zerc as expected. Unfortuately, when full

procpagation work was examined. nunerical inaccuracy
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causes distorticon 1in action potential shape.. Propagating
velocities alsc departed further from the expected linear
diameter-velocity relationship.

Gs tending to infinitely large values (i.e. Gs/Ge ->
oo ) should convert the model into the McNEAL model. That
is to say the stimulus profile Vs is applied directly at
the nodes. The external potential profile Ve outside the
nodes will always have the same values as Vs, regardless
of any membrane activities and the Ge value. This appears
to be the graphical trend (Fig. 9.7) shown 1in the
steady-state analysis. Propagation analysis also revealed

that the model has the expected characteristics in terms
of waveform and conducticn velocity.

Numerically, model B is noct well-behaved. First ,
as CGs tends to zero, action potential waveform departed
from the expected shape. Second, as Gs is 10 times or
more than Ge, overflow conditions arose 1in the
steady-state solutions. In the absence of a proper field
soluticn arocund the fibre, thé difficulty concerning the
optimal value of Gs cannot be resclved. ©Nevertheless, the

qualitative analyses in Section 9.2.3-9.2.5 suggested that

the optimal value of Gs/Ge was between 1 and 10.
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9.2.7 Examples of Effects due to External Applisd Fields

from Point Sources 2mm Distant from Fibre

A 20pm axon containing 99 nodes of Ranvier was
assumed to be immersed in a homcgeneous 1isotropic medium
of 300 ohm-cm resistivity. An action potential was first
initiated by a monopolar cathodic electrode 2mm above node
1 ( the left end ). The behaviours of the propagating
action potential subjected to different external applied
fields were then investigated. The <calculation of +the
external potential Vs,j at node J was simply from the

monopolar stimulaticn ‘

Vs, J =PQI/(4'I'(_‘Rj) where Rj was the distance of node j
from the electrcde and T is a
cathodic pulse.

The Dbehaviour of +the propagating action potential.
subjected to the external field was then plectted at
different instants of time.

Figures 9.11-9.13 show three different cases of
external applied fields. In all cases, a nominal value cof
1 was chosen fer Gs/Ge . The sequences of plots are
arranged in alphabetical order and the time interval
between each successive picture 1is 0.5 ms. Moreover
picture (a) in each figure is at t=0.5 ms. Each individual
picture shows the action potential travelling towards the
right and the x-axis of the picture represents the length

of the fibre model.
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FIGURE 9.11 EFFECT OF EXTERNAL FIELD ON PROPAGATING

ACTION POTENTIALS

Applied field : cathodic current of 1mA and O0.5ms duration
applied at t=0. Other details see text 9.2.7
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FIGURE 9.12 EFFECT OF EXTERNAL FIELD ON PROPAGATING

ACTION POTENTIALS

Applied field : cathodic current of 1mA and infinite

duration applied at t=0.
Other details see text 9.2.7
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PIGURE 9.13 EFFECT OF EXTERNAL FIELD ON PROPAGATING

ACTION POTENTIALS

Applied field - cathodic current of 1mA and O0.5ms
duration applied at t=0. Anodic current of 2mA and infinite
duraticn applied at t=3.0ms. Other details see text 9.2.7
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In PFig. 9.11, the socurce to initiate the action
potential was a 0.5 ms cathodic pulse of 1.0 mA amplitude
above mnode 1. By the time picture (a) is plotted, the
stimulus has just been turned off. The subsequent plots,
(b)-(h), therefore show the action potential travelling in
a 'free-field' ( Vs=0 ).

On the contrary, an infinite long cathodic pulse (
1.0 mA amplitude too ) was applied in the case shown 1in
Figure 9.12. Thus the propagating action potential were
always subjected to non-zeroc applied field (stO). Not e
the remaining polarisation induced by the long pulse at
the left end of the fibre. Nevertheless, the waveforms and
velocity of the actiocn potential are hardly
distinguishable from that of Fig. 9.11.

The third case, shown in Fig.9.13, was an attempt to
block +the oncoming action potential somewhere midway down
the fibre by an ANODIC pulse. Initially, the fibre was
excited by a cathodic pulse of 0.5 ms and 1mA amplitude,
and it can be seen that pictures (a)-(e) of TFig.9.11 and
9.13 are identical. While +the action potential was
propagating along the fibre, an ancdic pulse of magnitude
5.0 mA and infinite duration was applied 2.0mm above node
65 at +t=3.0ms. The intention wa s tc set up a
hyperpolarised regicn ( reaching -40mV, see plot (1)) in
the fibre through which the action potential was going teo
pass . Picture (f) of Fig.9.13 was the instant when the
anocdic pulse was applied. The response cn the fibre, ahead

of the action potential, is Jjust visible. After ancther
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0.5 ms. the prcpagating acticn potential began tc pass
through the developing hyperpolarised region ( picture (g)
). In picture (h), the shape of action potential was
clearly distorted and its amplitude was alsoc reduced.
Nevertheless. the impulse 'survived' and continued to
travel to the right, as shown in pictures (i)-(1). Note in
pictures (1) the characteristic effect of anodic
stimulus : a central region of hyperpoclarisation
accompanied by small depolarisation on each side.

As shown in Fig. 9.13, a hyperpclarisaton of -40 mV
was unable to block the oncoming action potential. One may
feel that the action potential cculd have been blocked by
increasing the hyperpoclarisation, in cther words
increasing the amplitude o¢f the ancdic pulse. But the
depolarisations on either side o¢f +the hyperpclarised
region by that time will ©be high enough to excite the
fibre. Case(1) of Appendix 12 illustrates this phenomenocn.

A quantitative analysis c¢f action potential blocking
by different pulse amplitudes and electrode <configuations
are given in Appendix 12. In all those 12 cases, the
action potential could not be Dblocked successfully.
Technically, the oncoming impulse <can be blocked by
exciting the fibre ahead. The newly excited action
potential +travelling on the opposite direction 'ccllide'
with +the oncoming cne and 'cancel' ocut each other.
However. the second acticn pctential from +the newly
excited site will <continue to travel in orthcdromic

direction simply replacing the criginal.
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CHAPTER 10

GENERAL DISCUSSION AND RECOMMENDATIONS

10.1 THEORETICAL ASPZCTS OF FIELD SOLUTION USING FINITR

ELEMENT METHOD

It 1is toc be emphasised that the following is intended as
an overview; detailed discussicn of individual elements

of the work may be found in the relevant chapters.

10.1.1 Fineness of ¥inite Element Mesh

The ever existing prcblem in this work has been the
demands c¢f computer storage feoer 3-D work. A mcdel of eight
layers ( 2500 nosdes in 600 elements) requires 100K <ccre
store and, less important, 400 CPU seconds cn the
CDC7600. (*) The meshes, from boeth the standard of
discretization viewpcint and anatomical reality, are very
cocarse.

Current density estimation frem *the scluticn 1is

difficult, althcugh not impcssible. For the study cf leng

straight fibres. which has been the main concern in this
work, the model 1is adequate due te the use of
'element -stacking' t echnique. Howeaver, field

(#*) As the unkncwns to be sslved in the model are cnly the
potentials at each node, the number cf ncdes in a model
equals the number c¢f unknowns.
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interpretaticn usinz more complex fibre systems 1is far
more demanding of mesh pecints. For example, caonsidering
an idealised afrerent fibre in the d:zrsal root entering
into the cocrd and dividing into branches. it is clear from
the soluticn shown in Figure 2.9 that the m2sh in the
transverse (XY) plane needed refinement.

Fortunately, the replacement of the CDC with 1a
CRAY-1S allowed a mcdel with finer meshing. %ven a whole
human mcdel including the limbs and head may nocw  be
possible. The subsequent modified mc3el in Chapter 6
indicates the power ¢f the CRAY machine. The 5000-ncded
structure required 'only' 600 CPJ seccnds and 130K memsry,
these being l2ss than c¢ne-quarter of +the ressurces
available for finite element work in the CRAY.

A second way cf cbtaining a “iner meshing is the
'decuble' running technique. In the first instance, a full
3.D model is executed tc obtain a general sclutisn. A
second wmodel, containing cnly a restricted numbers cf
tissues . for example the tissues lwithin the vertebral
canal only, 1is executed with the first set of ssluticn
pcints as bcundary ccnditisns. In this sececnd run. finer

meshing 1is pcssible and solutions are obtained for mesh

points between those cbtained in the first run.

10.1.2 Mocdelling of Epidural Blectrodes

Turning to a mcre practvi
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used an apprcximated finite-size representation, while *the
models in PAFEC use 2 pcint source.

Direct comparison o¢f field distributicn between the
mcdels cannct be made as PAFEC 75 does nect produce contour
plots from 3-D solutions. Nevertheless, Figurs 10.1, 2
2-D study wusing the mcdel describad in Chapter 3,
indicates that there is no differznce in regard <tc the
chocice o¢f pole modelling as far as the stimulus field
generated in the spinal cerd is concerned.

The second point is the modelling c¢f insulating
sleeve of the electrcde. An early 3-D run mwmocdelled the
connecting sleeves between the electrzde pcles. Results,
however, were numerically unsatisfactary due toc the goreat
difference 1in resistivities bstween the nmatal a nd
insulator. For this reascn, the sleeves were excluded
from any future work.

The third pocint concerns the presence of passive
electrodes in tne epidural space, as this situatisn
frsquently arises when aqulti-site electrsde systems are
ccnnected. The investigation was ccnduct2d using a 3-D
ANS YS model. where the stimulating conditisn was bipolar
epidural electrcdes sf configuratisn 1-2. Althcush
results are nect shewn, the przsencs? cf the passive
electrcdes (poles 0 and 3) had nezlizible effect -n ‘ield

distributicn, even in the suba rachneid space.
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FIGURE 10.1 ISOPOTENTIALS WITHIN THE VERTEBRAL CANAL

FOR _DIFFERENT ELECTRODE MODELLING

Upper half of fields shown ( 7 contours ) with mcnopolar
cathodic current 1mA. Unit c¢cf centour in V. Standard set
of tissue resistivity used.
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10.1.3 Usefulness ¢cf 2-D Model

The 2-D approach tc field solutinon, restricted as it
is, remains as an eccnocmical and flexible means for field
analysis. It peranits an excellent degree of mesh fineness
and iscpotential ccnbtours from 2-D mecdel sslution itndicate
very well qualitative differences among ifferent field
distributisns. The discrepancy of the approach is that no
current flows perpendicular tc¢ the 2-D secticn being
considered. Any ssluticn can cnly be used for ceomparison
a nd illustration purpcses. Current density or field
strength cannct be used, say, on YcWeal model ¥ a nerve
fibre.

Nevertheless, compariscn o Dbipolar cases given in
Figure 2.13 and 3.4 shows the similarity of centour plots.
The peak current density in full 3-D work is abecut 5
times smaller. Similarly, a 2-D analysis by CORURN(1980)
showed that the peak current density for moencpolar
epidural electrcde was 18PA.m; , The 3-D result in Figur-=
2.10 was 2.8PA.miz which, again, is six times l2ss.

In ctnhner words, the qualitative differences shecwn in
a >.D field analysis give similar results toc prcper 3-D

models.
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10.2 VALIDATION STUDY OF FINITE ELEMENT MODEL

10.2.1 General Comments

The main issue in the wvalidity of finite element
modelling concerns the =electrical property definitions.
Major effort has <concentrated ocn finding the optimal
combination cf electrical properties for the model.
Little attention has been given tc gecmetrical
sensitivities, although a 2-D study has been conducted in
Chapter 3.

The 3-D study <cf resistivity inveclved three different
approaches, and the results from each apprscach wers=s
compared with +theocretical sclutions generated by the
finite element model. Consistency cf experimental results
used for comparison was encouraging, reducing the chance

of any inherent errors in the methcds used.

10.2.2 Experimental Work with Cadaver Materials.

Experiments were ccnduct ed te determine the
resistivity of +the spinal cclumn. Althcugh only twe
cadaver spines were used, the result, as described 1in

Section 5.4, were ccnsistent. Three points, nevertheless,
are worth menticning.

The first is the difference between the actual spine
and the finite element model. The size and more important
the curvature of the cadaver spine were different from the
mcdel. The seccnd point is the coarse estimation cf the

position of the electrasde inside the vertebral canal. The
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third point is the possibility c¢cf time-dependence of

cadaver tissue resistivity in vitrs. HYowever. the measurzad

values (field prcfile) in each of the twc experiments were

constant thrsughout the four-hsur sessicns.

The results fcr the spine was 1600 chm-cm. which i

w

just outside the range <¢f values quoted by GEDDES and
BAKER (1967) for pure beone.

The sececnd tissue tc be measur=sd was dura mater which
was initially considered to Dbe a sizgnificaat materia.
affecting current floew 1in the spinal cord. Attempts to
measure dura resistivity directly. in vitrc, failed and it
becane clear that highly specialised dedicated equipnent
is required for the tiny membrane. “Fortuna®tely the 2-9
studies in Chapter 3 subsequently suggested that peak
current density in the cord was cnly affectad by 25%, even
when the dura was allocwed te vary from 60 chm-cm to 100000

ohn -cm.

10.2.% Compariscn with Clinical Measurcements

The 3-D medel was quite well verified with actual
measurements cn patients, even thouch the regisn of
measursment was restricted tc the epidural spice. aad same
skin surface plectting. The consistency of the clinical
results alss zive cconfidence 1in the basic experiaental
data. This 1lef+t the prsoblem <% searching for a suitabdie
combinaticn of resistivities for the computer wmod2l.
Three significaat chaages were made 1in srder to match

~ &

thegoretical and clinical results. A r=aductizcn of Jer-ebral
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colunn resistivity brought measursd and csmnputer-predictad

values tc within 50%. Ansther reductisn of resistivity of

epidural fat and spinal racts gave a reascnable zood

match.

These last few statements give a misleading
impression ¢f the complications and uncertainties <f this
area of the wecrk.

With regard to Table 5.1, althouzch +the numbar =f
cecmput er testing schemes fer mwmcnopolar and bipelar
configurations were five and thrse respectively. many
other schemes were alsoc attempted. The general thrust was
to determine the cause o¢f the computer mcdel ziving
ccnsistently hizh poctentials (in magnitude) in relation %o
the clinical measurements.

One obvicus target was the modelling of leaxy paths
in the vertebral cocluun. In a “inite element study =f
this. the column was revnr=sented Dby sectiocns of hizhly
resistive tissue (4000 chm-cm). and between the sectisns
were thin layers of relatively low rasistive material,
i nt ending to represent intervartebral discs. The
resistivity of these thin layers was set té A00 ohm-cm,
boing the same value as the general thorax.

The second test focussed on the effective resistivity

sf the general thorax region. Tt was suspected fream Figure

5.14 tnat the central r=gion 5€ the zeneral thorax mizht

be a relatively cecnductive mediun surrcundied =3t the
boundary by layer »€ muscle. The theorax wis therefcr=

modelled by a central regicn. 200 shm-cn with a thin layer
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, 20mm thick, of 1000 chm-cm.

The third study was the use of 475 ohm-cn for the
sketetal muscle. In other words, a 50% lower resiastivity
value.

The results for the absove schemes were 1ll
disappointing. Model potentials for the spinal canal were
not significantly brcocuzht towards these being measured in
patients.

Turning now to the results «of dcrsal =surface
recording. Figures 5.15(a) and (b) showad that the shapes
of theoretical scluticns were different from the
measurenents; even thcugh the nuamerical disagr-ements were
less than a factor of two. The implicatisns 22y be that
the resistivity o¢f skeletal muscie (950 chm-cm) was tco
high in the mecdel, but this has nct been investigated 1in
this issue.

On the other hand, the plots in the dorsal cclumn in
Figure 5.17 suggésted that, with the final set <f *issue
properties , the field proTiles along the fibre shcould
fall within curves (1) and (5). It 1is recommended that
future effort should shift to the bicphysical

interpretatisn of “hese stinulus fields.

10.2.4 Compariscr with SYTINTEK et al (1976) Bxperiment

Raesults gy this validaticn study have been
discuzsed in Chapter 4 ocnly. A faWw MGre TemArxs are
needed.

im > is Worx. ¢ 1o . was due
The limit=d4 sc3p? ~f this worx., as menticned. W
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to the Swiontek’'s measurements of current density being in
the z-axis direction only. In addition, the whocle body
could not be fully represented due to the open
laminectomy. In particular, no dorsal skeletal muscle was
included in the model. Vertebral cclumn, which has been
proved to be so crucial for epidural electrcde fields, was
‘opened’'. The situaticns were worsened by the fact that
opposite pcles in all three electrcde arrays was less than
10mm apart. Current flow was mainly confined within the
vertebral canal, and hence the significancé of the zeneral
thorax could not be fully tested.

Nevertheless, the combined outcome of all the tests,
when put together, was encouraging, given the 1inherent
uncertainties of such experimental work. Results were in
the right order of magnitude. and in particular +those of
3- and 4-electrode arrays compared favourably with the
repcrted results.

The major indication was, as usual, the effects of
low-impedance shunt pathways, such as <c¢sf, Dbetween

electrodes in multi-pole arrays.
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10.3 ANALYSIS OF STIMULUS FIELD GENERATED BY EPIDURAL

ELECTRODE

10.3.1 The Definition of Stimulus Strength

Comparisons of results in this thesis are often made
in terms of general field shape, peak current density and
in some cases. the variation of potential profiles within
the cord. The question of wusing a standard 'stimulus
parameter' won field interpretation has yet to be decided,
but the choice depends on the type and level of
interpretation.

The parameter ‘'driving functicn' is also introduced
and from the discussion presented in Secticn 10.4, the use
of 'driving functicn' in place of current density seems to
serve a useful purpocse. On the other hand, the full
effects of a field on myelinated fibre still needs tc be
based c¢n the McNeal model, which considers  not only ¢the
field magnitude but alss time response of the applied

field and ocorientatiocn of the fibre.

10.3.2 Field Analysis

A 2-D approcach had been wused for +the analysis cf
tissue properties and anatecmical factors c¢n field
diétribution. The implication was that the conducting
mediun in the subarachonscid space is the crucial factor
affecting stimulus intensity. It must be peinted cut that
only a bipolar configuration was used in the study.

The 3-D field socluticns were presented in Chapter 2
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relating monopolar, bipolar and multi-pcle electrodes 1in
the epidural space. Althocugh the set of tissue
resigstivities were subsequently modified} as described 1in
Chapter 5, those field solutions still provide valuable
information due t¢ the lack ¢f data in this area.

A preliminary comparison of mid-sagittal plsts in
Figures 2.10 (monocpolar) and 2.13 (bipnlar) shows the
similarity cf peak current density in terms of orientation
and magnitude.

The contour plots of each figure are alsoc similar tc
the corresponding 2-D analysis (COBURN.1981), even though
the current densities of 2-D work were approaching an
crder of magnitude higher. Figure 2.15 shows a single
cathode-double ancde (1-20) case while Figure 2.14 gives
the fields generated from double cathode-dcuble ancde
configuratiosn (12-30).

Rcughly speaking , spreading the driving current
between -two pcles simply reduces the peak current
densities in the dorsal column tc about cne-half. Sites of
excitation in the spinal cord, with reference to

myelinated fibre, seem likely to become less lccalised.
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10.4 THEORETICAL ASPECTS OF AXON YODEL

10.4.1 Driving Function as the Stimulus Parameter

‘Driving function' was first introduced in Chapter 7
as the parameter that govern the rate of depclarisaticn
t owards threshold. The function was related to the
sharpness of potential profile along the path of a fibre.
Theoretical studies also showed that +the function was
proporticonal to membrane depolarisaticn (Figures 7.4 and
7.5) and inversely propcrtional +to threshold current
(Figure 8.12).

Figure 10.2 shows plcts of potential profiles from
the 3-D ANSYS sclutions presented in Chapter 2. The
correspocnding electrcde configurations are monopolar,
bipolar 0-3 and multi-pocles 1-20 and 12-30. The lscation
is the vertical path throcugh ncde 133 in the white matter
as shcocwn in Figure 2.6. It can be seen that the shapes »sf
the peak regicn of the three sclid curves are very similar
in character. The flatter shape of the dotted line was due
to the fact that noc electrocde was at the zerc mm level.

Using the definition of the driving function. a value
for a 20pm  fibre is therefore calculated from the peak
region of the three solid curve. The procedure is similar
fer the configuraticn 12-30 case. where the three points
used for the calculation are indicated as (X) in the
curve. The values of the driving functions for four cases
(menopslar, 0-3. 1-20, 12-30), are 9aV, 9nV. 8.6mV and 4nV

respectively. Note that the total cathodic current in each
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case was 1mA.

The correspcnding current density, as indicated in
. . ‘z =
the figures in Chapter 2, wers 2.8PA.mn y 2.5PA.mmz s
-2 -2
Z.SPA.mm and 1.3PA.mm . In other words, both the driving

function and current density give very similar comparative

values. Either driving functisn or currrent density
provide wuseful, and roughly equivalent, rules of thumb
concerning the effect of different fields. However
driving function 1is more <convenient in the present
context.

10.4.2 Effect of Branching

Theoretical analysis of the effects of a branch cn a
straight fibre was presented in Chapter 7. The major
indication is, of course, that threshold at the 'branching
node' was lower, and that the effect of intrcducing =a
branch has mere effect on smaller fibre further frem the
electrecde.

Note that the corresponding driving function for the
branching node, 20, as derived 1in Appendix 3, was
(Ve,19-3Ve,20+Ve,21+Ve,40). This function can alseo be
written as (Ve,19-2Ve.,20+Ve,21)+(Ve.40-Ve,20), where the
first term is the familiar functizsn for straight fibre.
Therefore whether or mnot the branch will 1lecwer the
threshold depends on the seccnd term (Ve.40-Ve,20).

For the simplified studies in Section 7.4.2, where
node 40 was further away frcm the electrode than ncde 20,

(Ve,40-Ve,20) became a pcsitive value adding to the first



-281-

term. This wexplains why the fibre threshcld was 21ways

lower than a straight fibre. That is to say, the

orientation of +the first ncde on the branch relative to

the branching nocde is important.

10.4.% Effect of Temperature on Conduction Velscity

The velocity-diameter ratio predicted by Mocdel A 1is
about 2 (m/s)/Pm, as indicated in Figure 9.5. Although
this ratio compared favcurably with the early experimental
work by TASAKI et al (1943), FRANKENHARUSER and WALTMAN
(1959) and HUTCHINSON et al (1970), it is general believed
that the velocity-diameter ratic is ©5-~6 (m/s)/Pm in
mammalian myelinated fibres (HURSH,1939: RUSTON,1951).

The mcst obvious factor that causes the difference is
the environment, in particular the temperature difference,
in which the fibres lie. It should also be noted that the
mathematical descriptions of the fibre
(FR ANKENHAEUSER .1960,1963) were derived at a temperature
of 20" C.

The influence cf temperaturs upon nerve activity is a
well-known fact. In the mathematical descriptions of ncdal
membrane (HODGKIN and HUXLEY,1952; FRANKENHAEUSER and
HUXLEY,1964), a temperature term appeared in the 'constant
field equations' which described the 1individual ionic
current components. In addition, HODGKIN and HUXLEY (1952)
used a factor called temperaturs coefficient, Qw. for the
rate constants concerning the activation and inactivaticn

of ionic components. FRANKENHAZUSER and MOORE (1963) alsc
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derived the rate constant-temperature relationships which
were, unfortunately, limited to a range cf 2.5 C-20°¢C

HUTCHINSON et al (1970) determined the relationship
of conduction velocity with temperature and fibre diameter
in single nerve of Xenopus laevis. The experimental
results were summarized in expressicn

@=D(0.06T+0.6) (10.1)
where ( is conduction velccity in m/s,
D is fibre diameter in jpm and
T is the temperature in the range 30 C>T>10 C.

Using the above expression, the velocities for 10pm
and 20pm fibres at 20° C will be 18m/s and 36m/s
res pectively, vhich are alsc predicted by Model A.
Unfortunately, the wupper 1limit of the +temperature 1in
expression (10.1) was cnly 30° C. If a temperature cf 37°C
had Dbeen wused in the &expressicn , then the conduction
velocity of a 20Pm fibre would have been 656.4m/s. The
velocity-diameter ratic wculd then be 3 which is, however,
still smaller than that of mammalian fibre.

HUTCHINSON et al (1970) alsoc attempted to derive the
theoretical expressicn (10.1) using a fibre msoiel (GOLD1 AN
and ALBUS,1968) and the 'shifted’ rate constants
(FR ANKENHAEUSER and MOORE.1963). The mathematical cutcome
did not agree with the experimental expression and, even
worse, the fibre model failed to cconduct impulses at 35°C.

On the cther hand, the experimental wocrk cf

=

HUTCHINSON et al (1970) suggested theres was 3 poesitive

linear relationship between conduction velccity and
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temperature in the range 15°C—305C. If expression (10.1)
is used to calculate conducticn velscity for 10pm and 20pn
fibres at 37°C, then in both fibres, a drop of temperature
frem 37° C to 20°C will reduce the velocity by 35%. The
positive linear relationship of velocity-temperature was
found on mammalian myelinated fibres by many investigators
(PAINTAL,1965; BUCHTHAL and RASENFALCK,1966: FR ANZ ,1968).
However, their experimental studies indicated that a drop
of temperature from 37 C down to 20 C reduced the velocity
by about 50%. In cther words, the mammalian fibres are
more sensitive to temperature variaticn, too.

The question of velocity-diameter ratioc remains to be
answered. Nevertheless, MOORE et al (1978) sugzested that
the correct threshold 1level was the most important
characteristic of a ncdal membrane description. Chapter 8
has partially indicated this using only the McNEAL (1976)

model.

10.4.4 Develcopment of Fibre Model to Include Extracellular

Conduction and External Applied Fields

The develcpment of circuit mcdel of the myelinated
fibre has been given in Chapter 9. The main issue was the
representaticn of extracellular medium by means of simple
passive networks. In particular, YModel 3 was developed s=3
as to investigate the effect of external applied fields on
action potential. In general, the following cbservaticns

are obtained frocm the analysis.

(a) conduction velocity was proportional to externil
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conductance, Ge, as shown in Yodel A,

(b) conduction velocity agreed with experimental findings
(HUTCHINSON et al,1970),

(¢) the characteristic of refactory period is adequately
modelled, nocting that +two opposite travel impulses
'cancel’' each octher when they collided, as shown in model
B.

(d) propagating action potentials can never be blocked by
external applied fields from a remote electrocde not in
contact with the fibre, even though the shapes c¢f impulses
were clearly distorted during the interaction,

(e) the Model B seems limited in that a second 1impulse
canﬁot be initated again frem the fibre by the same long
pulse.

The first three pocints are supporting models A and B,
while the last two differ from the expectations.

The idea of applied field is tc set up extracellular
field in the medium soc as to disturb the 'local circuitry’
of the active regisn. This kind of field interaction is of
cocurse depends ocn the actual representaticn of the lccal
circuitry field and the applied field. The 1-D
representation of the fibre itself is well support ed
(PLONSEY,1974), but using the same apprcach tc iunclude the
external medium, however, is a very <ccarse assumption.
Ncte that this approach 1is extremely simplified with
respect tc the mathematical analyses of extracellular
field solutions (LORENTE de KO.1947: CLARK and

PLONSEY.1968 - BARKER ,1979). PLONSEY (1974) indicated that
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the behavicur of extracellular potential, due to the
radial component of current flow, was not easy to

characterize.

10.5 VALI DATION STUDY OF McNEAL (1976) NERVE FIBRE MODEL

A full validation study of the model wusing the chick
BVC nerve/muscle has been presented in Chapter 8. The main
issue was rennte electrical stimulation ¢f the nerve fibre
within the tendon, where the firing ¢f nerve fibres was
detected through +the mechanical respcnse c¢cf the muscle.
Theoretical solutions were cbtained and coupared with the
experimental results.

The first thing to be discussed is the criterion for
threshold determinaticon in the experiment. As menticn in
Chapter 8, applied current was considered a3 threshold
when there was 2 minimum twitch response visually detected
in the pen recorder. Ideally. response of muscle caused
by the firing of conly cne fibre in the bundle shculd have
been the criterion for threshcld. The sensitivitycf the
pen reccrder was 1835m1 /N and the minimum movemnenunt cf the
pen detected visually during the experiment was, at most.
0.5mm. In other words, the muscle force detectesd was
N.5/1835N, i.e. abcutOQTﬂéﬁQ, In general, the maxinum force
sbtained from a preparatisn ccntaining 300 ﬂ&esumszﬂﬂaﬂm
Hence&fh@iq recsrded in the experiment correspsnded to the
excitation of three singls fibres, provided that 911 +the

300 fibres were excitable during the experiment . and tha®
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all of the fibres in the bundle were efferent.

The results, in general, deviat ed from the
theoretical prediction at greater electrocde distancesJ and
the phenomencn was particular evident fcr longer pulses.

It was first suspect=d4d that this was due toc numerical

error in the simulation process. Random checks were made

using an integration time step ten +times smaller and

double precisicon for the real number calculations.
Results, however, were about the same as before.

A seccnd suspicisn was direct stimulation =f the
muscle when the electrcde was long way frem the tendon-
The whocle assembly was set up again to investigate this
possibility. The preparation was first stimulated at twe
arbitrary pulse settings. each at fcur =2lectrode distances
tc ensure that the threshold level c¢f the new preparaticn
was the same as befcre. Tubocurine was then added toc the
Krebs-Henseleit bath, tc delete the nerve respcnses
pharmacsclogically, and the preparaticn was stimulated 30
minutes later. No mnmuscle response was detected at any
electrode distances using the two pulse settings. The
electrode was finally ©brought in touch with the muscle
and only at this time was the muscle twitch slightly
detected. This excluded the possibility ¢f the muscile
being stimulated directly.

There were two practical problems with regard to the
experiment. The first one was the limited l2ngth c¢f tendon
sectizsn o¢f the BVC preparaticn. As described 1in the

theoretical aspects of cemputing in Section 8.4.1, the



-287-

short length of fibre 1limited the number cf effective
nodes in the fibre model. The maximum numbers cf nocdes was
about 19 for a Spm fibre. and was o¢only 15 for a 9pm.
Therefore a proper clinically-used electrode (3mm lsng,
say) or a multi-pole electrocde cannot be used for testing.
Other electrode confizurations for example bipclar or even
an anode, cannot be used either. Another problem was the

limited pocwer ¢cf the ccnstant-current stimulator which

could only deliver up to 40mA amplitude.

10.6 INTER PRETATION oF THEORETICAL FIELDS WITH

M YELINATED NERVE MODEL

The ‘'two-stage' apprcach ¢f field interpretaticn has

already been presented in Chapter 7 on the analysis of

fibre bending and branching. In brief, a simple
thecretical field was first sbtained. in this
circumstance, by formulae. The values of potential

corresponding to the positions of nodes (of Ranvier) were
then applied to the fibre model either fcr steady-state
analysis or digital simulatiocn. A more realistic situation
was also demonstrated in Chapter 8 cn the validation study
of fibre mocdel.

The absove apprcach is of ccurse equally applicable
directly wusing the long ascending myelinated fibre in the
dorsal column of the spinal ccrd. Stimulus fields can
either be the 3-D ANSYS sclutions presented in Chapter 2.

cr sclutions using the new modified thoracic mcdel with
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the new set of resistivity values.

While +the analysis on straight fibres is of highly
significant interest, some octher spinal nerve systems 1is
alsc important.

One example is the afferent (group Ia) nerve fibre
from the stretch receptors. Figure 10.3 shows the
idealised picture of the fibre system in relaticn to the
modified finite element mesh. After entering the spinal
cord at an oblique angle, the fibre immediate bifurates,
at point (i) as shown, intc ascending and descending
branches, each extending a few segments alcng the cord.
These twe branches, in turn, give rise to ©branches, at
points (ii) as shown, which run across the cord at the
same horizcntal level intc the motcneurcne pocl.

Such a fibre system, mncrmally 10pm or above in
diameter (BROWN,1981). is a good example of a system with
beth characteristics discussed in Chapter 7: that is
bending and branching. Path (iv)-(iii)-(i) in Figure
10.3(b) clearly shows that the fibre bends in the spinal
root before entering intc the cord. That particular path
of the fibre system 1is also closest to an epidural
electrode ©positicned at the same level. The seccnd point
is ¢f course the branching of the system immediately
inside the ccrd. The threshold level of the fibre systen
may be different from a normal straight fibre cf the same
diameter due tc these two features.

From the theoretical viewpcint, such a fibre system

of fers the chance of a proper analysis wusing the finite
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Fibre diameter 10Pm. Tach stroke represent a node
of Ranvier
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elementEfield sclution and MeWeal Zibre model. Clinically,
the sygtem is of significance due t¢c the fact that this
fibre system and the ascending myelinated dorsal column
fibres are the two that are cloasest tc =an epidural
electrcde. Epidural spinal cocrd stimulaticn ideally aims
for dorééi célumn fibres to be stimulated, rather than the
root system which goes directly intso the motcheurcne pccl,
giving"unwanted motor effécts, In c¢ther words, the
threshoid difference between the two systems shsuld be as
large as possible. One factor affecting the difference 1is
the position 5f the electrode relative to the fibres. and
the other may be the type of electrcde configuratiocns. LAY
(198%) statistically showed that a maximum thresheld
difference was obtained by using moncphasic stimulaticn of
narrcwly separated, longitudinal ©opipecles with rastral
cathodes. This is a good scurce of clinical data with

which thecretical results can be compared.

10.7 RECOMM ENDATT ONS

"Apart from the field interpretaticn and clinical
cc:relaficns discussed in the last section, a few more
studies are reccmmended.

The first is a sensitivity study of tissue slactrical
and csecmetrical properties cf the finite elenent nodel.
éuch alstudy will help to understand the majcr parameters
that influence the field scluticns.

The second coacerns the experimental validaticn of
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the McNeal fibre model. The test conducted in Chapter 8
was limited by the short length of the nerve. Delivery
current was also confined to below 40mA amplitude.
Suitable preparations of longer nerve should be searched
for to enable a wider study. More complex electrode
configurations should alsc be investigated.

The third is the thecretical development of Model B
for field interaction. The usé of simple network is
inadequate for accurate representaticn of external medium
and field behaviours. A finite difference apprsach may be
the scluticn for a proper field analysis by modelling the
continuocus medium with networks of resistors. The boundary
condition impocsed on such a model can be first ocbtained

from a finite element model, the development of which now

Seems virtually complete.
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CONCLUDING REM AR K3

The final threce-dimensional finite element modzsl vresented

in this work 1is capable of predicting

spinal cord

electrical fields generated by epidural electrodes with
adequate accuracy for forseeable bicphysical 3 nd
neurclogical ©purposes. Extensive wvalidaticn, inveclving
patients, cadaver studies and published experimental data
provides a high degree of confidence in the anatcmical
structure of the model and the <conductive preoperties of
various %tissues and biological materials. In particular,
an effective resistivity of 15620 ohm-cm "er tne spinal
column has been determined.

Finite element scluticns for multi-pcle electrade
arrays indicate that, fer poles separated by mnore than
about 10mm , each current scurce can be ccnsiderad as an
independent moncpcle. This statement appliss *te locecal
current density vectsrs in the spinal nerve tissue at the
level of each electrcde pole.

An in-vitro validation study cn the main biophysicsl
model of the myelinated axosn. used for jaterpreting
neuronal effects of spinal cecrd fields, gave axperimental
threshold measuremaents clesely 1in agresement with those
predicted fcr a wide range cf moncpslar cathcdic electrode
distances and stimulus parameters. Predicted thresheclds

oL . - - ~ 4 -
departed fron observed values with increasing elactrade
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distances, in scme cases by a factor of three too high.

Thecretical develcpments of myelinated nerve fidbre
computer simulations, for wuse in conjuction with finite
element field solutions, have shown that bending and
branching of fibre systems may have a proefound influence
on lowering stimulus thresholds. There are strong
indications that a sharp bend in a fibre, or a branch, of
particular gecometry and orientation in relation to an
applied field. may reduce the threshold of a fibre to a
value corresponding to straight fibre of +twice the
diameter.

A theoretical study o¢f nerve action potentials
propagating through applied external fields did not
confirm the possibility that remcte electrodes, for
example multipole ancdes in the epidural space, may
directly block neural activity. It should be noted that
the same mocdel was sufficiently well-developed to

adequately demonstrate ccllisoan bleccking.

’
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APPENDIX 1

NUMBERTING CONVENTION OF 1980J YULTI-SITE ELRECTRODE

As shecwn in the diagram, numbers O to 3 are agsignead
tc the poles of the multi-site electrocde.

There 1is no confusion ccncerning with moncpclar
electrode. A note of the appropriate pols number is all
that is required.

For bipolar configuratiscn, pole number for the
cathode comes first. It is then fcllcwed by a hyphen and
the ©pcle number for +the anode. Thus a stimulaticn with
cathode at pcle O and ancde at pcle 3 will be called O0-3
configuration.

For mnmulti-pocle configuration, the absve nctaticn
also applies tocgether with the use ¢f cempsound numbar. For
example, if poles O and 1 share the same <cathodic pulse,
and pcles 2 and 3 share the anodic pulse., then it will »oe

called 01-23% configuraticn.
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APPENDIX 2

CONDUCTIVITY CELL FOR RESISTIVITY MEASUI BM TNT

The resistivity of saline sclution in Chapter 5 and
Krebs-Henseleit solution 1in Chapter 8 were obtained from
the impedance measurements with a conductivity cell and an
impedance measuring bridge.

Essentially, the conductivity cell consists of a
glass tube (inner diameter 0.78cm) and twe detachable
circular stainless-steel electrcdes. With +the electrcdes
in place, the length (1) between the two electrode
surfaces is abcut 28.0cm. The diameter of each electrcde
is very slightly less than the bore cf the tube. A rubber
sleeve is also attached tc each of +the electrcde as a
fluid-tight seal.

For impedance measurement, the <cell is completely
filled with socluticn and ccnnected tc a2an impedance bridge
(WAYNE KERR Universal Bridge B221).

The impedance (%) between the two electrcde can then
be measured by balancing the ©bridge through a null
indicater.

Resistivity ( G)) cf the soclutinsn can then Dbe

calculated from

crasss-secticnal area sf the tube

Q =72 X chm-cm
effective lensth (1)

L ot .
A1l measurements were taken at rccm temperavure, 4 nd

. 3 o (= ...3. A~
the capacitance components 1in each case were neglizibl
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APPENDIX 3

DERIVATIONS OF McNEAL MODEL FOR STRAIGHT AND BRANCHING

FIBRE

3.1 Straigzht fibre

Figure A3.1 is the representaticn ¢f McNeal msdel of
myelinated axon. The lumped electrical elz2nents,

representing 1internodal axcplasmic conductance, Ga, ncdal

membrane conductance, Gm, and ncdal capacitance Cm are

given by
Ga = 'n.o{'z G,‘ = 8m’leQ , Cm = -C.«’h'clﬂ

ol

A cocnsideraticn of current at node j gives

Cra 24* Em,é + Ii.,é = G\o. ( vi.j-—l - 2\/5{) * VI,jﬂ )

- m,) T

A ANV
amAAAAAA M‘
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Substitute Em=Vi-Ve=E+Er gives

A g = 22 (B, -26 +&

rr ik ) - ek

31'! ‘03

+ Cu\ (VCJ- - 2V¢13*VQ,3+|)

. )
. ’Pzéj = (55.‘-265 +€'3’+1) - -GT‘\IZ.J‘ t (Ve,j- -2\/e,5-k\/e,5+.)

ohore T = == (A3.1)

Ga

Equation (A3.1) do=2s not describe the fibre ending
behaviocurs. These will be treated in Appendix 4.
Fcr a model ¢f n nodes, the set ¢cf equaticns <can Dbe

expressed neatly in matrix state-variable fermat

(COBURN,1981):

(& [a, 1 © T7e]
t l _2 \ C’l +
'2 +
- -2 \
Qa . \ '
L.E'\_ — ‘. ann . LE'\-
-1 o o [z
\ o -\ O I
Gu . o
- , o e
- o -t d LT
S 7 [ ver]
_-2 ‘ vqll
v =2\ .
i \ faa ] [ Ven
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or 7E = [Alp + é;[U]l + [Flve (A3.2)

3.2 Fibre with branch

55
FIGURE A3.2

not o cate (a) node numbaring scheme
(a) (v) circuit model

| 9 20 2. 39
(b) Viuo 240 Ve 4o
26
V::.«q _%,& Viiz0 é{;\‘;‘_ Ve 2
F 2,, Z,,
Ve, 19 Ve,20 Ve, 2|

For a branched myelinated fibre, as shown in Figure
A3.2, the equaticn (A3.1) develcped fcr a single straight
fibre can be applied directly 2t all of the ncdes with the
excepticn of ncdes 20, 40 and the terminal nodes 1, 39 and
55. Equations for the terminal nodes will be treated 1n
Appendix 4.

Eqn. (A3.1), in fact, can be applied to node 40 only
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with a change in the node number,6 i.e.

. { .
T Cuw® (€ -2&GtE ) ~ aa Two * (Ve 30=2Ve40 + Ve, ) (A3-3)

Finally, the branch junctisn at ncde 20 needs special
t reatment due tc the additicnal network. Figure A3.2(b)
shows the lumped-circuit mocdel at this point. Equating
cutward membrane current t¢ inceming axoplasmic currents

at this junction, we have

Cm€aot T2 = Gal VC,tg - VC,zo) + 6¢(VC,1¢-D"VC,26> v GalVea - Vi)

= QalVigt Vigot Vi~ 3V¢,26) (A4

By using Vi,j=Ej+Er+Ve,j , (A3.4) becomes

.= By -360 t € t &) = o Tiao * Weus=3Veao ¢ Vea *Hete)

(A35)

In fact, eqn.(A3.5) can be written directly by inspecting
the given fibre system. First, note that the number of
terms and their ccefficients in the E's tera and Ve's term
are equal. Second, the E's and Ve's terms ccntain these
ncdes which are directly connected to node 20. In cther

words, mnode 20 ccnnects to nodes 19, 21 and 40; and the

' ' F, . Third. the tctal number sf
E's terms are &9 ,FE' and B,y Thir

of the

[=)

these nodes determines the absclute value

coefficient of EZO'
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3.3 Fibre parameters for fibre mcdel (from AcNEAL,1976)

Ln

Er

gm

L/D

a/D

-2
2pF.cm

-T70mV

-2
30.4mmho.cm

2.5pm

110 chm-cm

100

membrane capacitance

resting membrane potential
subthrashocld membrane eccnductance

width of active membrane at node

of Ranvier

axoplasm resistivity

ratic of interncdal distance to

fibre dianmeter

ratio cf internal myelin diameter

to external myelin diameter
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APPENDIX 4 TYPES OF TERMINALS FOR FIBRE 10DEL

A.1 Zero depolarisatiocn

Consider nocde 1 in Figur=2 A4.1(a) to be the first

node having non-zerc depoclarisatiocn. Eqn. (A3.1) gives
. )
ME, = - +&a-g It t Vo,0-2Vq, + Ve (A4.1)
Similarly, for node n.
: !
TEa = E‘,‘_, - 2€, - Qa I:.r\ + vQ,A-l - 2Ve,n *+ Ve,au (Ax2)

Equation (A3.2) beccmes

HE = (BYE + g Lull « (FlVYe + V,

= -
Ve,0
&)
where VDb = N y an extra cclunn vector of
(o]
WMW\

. ) o .
dimension n that has to be included in order to fit into
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Vl,O V|,1
(a)
Ve,
— % == C,
I=0_, o
W—\'/“-—W——‘——W
i1

Ve,2
{
Ca % = Cm
—— :
\L, ;0 L —
e’1 A= \/|1 Vl 2 Ga
G! ' ’
c |
(¢) Z,

FIGURE A4.l1 FIBRE ENDINGS FOR M YELINATED FIBRE MODEL

(a) zers depslarisaticn. Eg =0
(b) zers internal axial current
(¢) actual terminal
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the expressions (A4.1) and (A4.2).

The ccrner elements of [A] and [F] are therefore

%‘ = -2 = 2.0

£
W AR

4.2 Z2ero internal axial current

With reference tc TFigure A4.1(b), if node 1 is the
last ncde to be included in the left-hand end of an axon,

and noc current enters axially from the left then

Ga(Vi.0-Vi,1) =0
Following the derivation corresponding to that fecr

equation (A3.1) gives

L]

ITLE = - E. t el - .éllale' -VQ" +Ve’2
t

Similarly. +take node n as the last ncde on the rizht end,

. }
- = -1 ~ Ve
/T‘Len = E PRY - Ev\ Qa I‘-‘u"\ t VQ 1A=t V mn

Accordingly. the corner elements of [A] and [‘] in eqgn.

(A3.2) are

S -t o= % an

"
L

f\‘ = -1 N
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4.3 Actual f“ibre terminals

Take the example of Figure A4.1(c) a2 synatic end is

represented by lumped conductance and capacitance of ¢

2

a nd % res pectively. If the ending replaces ncde 1 of the

previous cases, the equation will be

Cl% EM,' t Ié,. = Ga("VC,t t VL‘,‘L)

Following the same derivation as for equaticn (A3.1), we

have

)
’71@, = - E,*‘Ez_ - é:a I(:,( - VQ,; +VQ:?_

where now ‘T = Ga

: . T
Multiply becth sides by —_—
Ty ’
Tx T Ly U4 4 MY
e, = - ﬁi et ﬁi 2 T Ga S N Ve, N /2
The non-zero elements cf the first row of [A] , [F] a nd
(U] in (A3.2) become
/h Tx 4 -‘.ﬁ} _# = ﬁ} 17 :"2}
Qg = - 23_ ’ G = ai, , " T T T o e

rn

Note that the aresa concerned in the lumped conductance Gg

i i area of a disc.
and capacitance CQ is the surface ar i
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APPENDIX 5

EFFECTIVE DIAMETER OF STIMULATING ELECTRODE USED 1IN THE

BVC EXPERIMENT

point point
finite isotropic 2 1
medium.of electrode
resistivity P.nuu — Vi % 69?

l.. ~ [ﬁ radius, a
Y2

With reference tc¢c the above fizurey the theoretical

potential at point 1 will be

PI |
V= ux Traa c1 (1)

where C1 is a constant of integral. Similarly, at point 2,

the potential will be

Vo = ?1 ! + C2 (2)

47T T2+ Q

Assume C1=C2, (1)-(2) gives

vy = £ ]
V) -V2 = e ( )

T ta g S ols ¥

can then be expressead

Rearrange, the effective radius, 2,

" _(rer) + AN - 4K

2

b
1

T =2-)
where K T2 AT Vi-Va
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By taking any two measuremnents, Vi and V2, frsa
Figure 8.4 in the main text, the effective radius of the
electrode <can Dbe found. A mean value, by taking sets of

two different V1 and V2 at a2 time, was about 1.1nm.
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APPENDIX 6
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APPENDIX 7

PROGRAMMING ASPECTS OF DIGITAL SIMULATION PROGRAY FOR

THR ESHOLD CURRENT PREDICTION

A flowchart for the simulation program is shown in Figure A7.1.
The explanation notes are :

(1) The inputs for the simulation program are
* fibre diameter (Pm)
* pulse duration (ms)
* oxternal field per mA of stimulus current (mV/mA)

* total simulaticn time (ms)

* estimated threshold current (mA)
* terminals of the fibre model

%* nodal 'flag' for the type of analysis fecr each node

(2) In the first time, the applied current will be the
estimated current from the input. Afterwards, the actual

value of the current will vary depending on the iterative

rcutine.

(3) Tonic current Ii for individual nscde is calculated
either by linear sr ncn-linear (v-H) equations. The latter

set of equations are given in Appendix 13.
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(4) In general, total simulation time is equal ts pulse
duraticn PLUS 0O.6ms. This is necessary because. for the
near threshocld level, membrane depolarisatison may drsp

after the switching off of the applied pulse, for, say

1OPS’ and it will then rise again to become active.

Figure A7.2 shows twc examples output of threshcld
current predictiocn.
iine (1) : 'IS' is applied current used fcr that
particular testing rcutine.
line (2) : The integer '1' under 'THRESHOLD' means that

the corresponding IS exceeds threshold level.

iines (13-23%3) : ocutput infcrmaticn

line (20) "1 indicates which ncde is active under the
applied current of -15.6mA. It can be seen that, for this
particular field, 5 ncdes are excited simultanecusly.

lines (22)-(23) : the actual external pctential

corresponding to the nodes cf Ranvier.
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fr] @

initialize
system
parameters
t‘ (2) |
set up actual -wri
applied field,Ve §X§§1w§1§§s
corrgsponding to accordingﬁto
applied current their current
JL status
simulation start \
at t=0, i.e.
pulse ON
¥ 37 < 1
caleul . increase
a cu atj‘g by time by
1€ =[AE ta, Wl T +[F]Ve t=t+At increase
level of
g applied
durationm\ no current

(4)

total

ve imulatio yes
. ( time
pulse OFF e
alue of
individual no
E exceed thre-
shold level
?
'refine'’
threshold
sthreshold current

current within no

accuracy of >

/1000 of a mA
p)

/ FIGURE A7.1 FLOWCHART FOR
/EUtput J/ STMULATION PROGRAL
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APPENDIX 8

FIELD DISTORTION ANALYSIS - DESCRIPTION OF FINITE ELFMENT

8.1 Description of finite element mocdel

A finite element model was designed to investigate
the effect »f tendon wall on the stimulus field within the
nerve bundle.

Figure A8.1 is the schematic diagram ¢f the model.
Essentially, it can be divided intc five regions.

region 1 : nerve bundles, resistivity values are 133
ohm-cm longitudinal, and 1211 chm-cm transverse.

region 2 : tendon wall, resistivity values varies
between 70-10000 ochm-cm. A range of values is checsen as
there is no published data <concerning the electrical
properties of this tissue.

regiocns 3-5 : saline Dbath with resistivity value

T70ohm -cm .

The cocrresponding regicns are shown in Figures
AB.2-A8.6. The dinensions of the nerve bundle and tendocn
wall were obtained from histclogical analysis.

There are, nevertheless, two di fferences between the
finite element mcdel and experimental scheme. The first
cne was the use cf pcint scurce in the model. The seccnd

was the position of  the stimulating indifferant.
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Mirrcr-image modelling technique as described in Fiegure
2.1(b) also applied.

The model consists of about 2000 nodes and 450

elements.

A8.2 Testing scheme

By varying the position of the electrcde and the
resistivity of tendcn wall, the effects of tendon wall
were investigated by plotting the poctential profile along
the centre line of the bundle (line MN in region 1).

The resulfs can be fcund in Figure 8.11 ¢of the main

t ext.
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region 4

\m
! 1

region 5 region 3 region 2 region 1

FIGURE AS.1 SCHEMATIC DIAGRAM OF FINITE BLE41ENT

M ODEL FOR FIELD DISTORTION ANALYSIS
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region 1

il

VIEW FROM x = 1247

FIGURE A8,2
region 1

nerve bundle

|

FIGURE A8.3

recion 2 ‘

tendon wall
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regions 1 & 2

FIGURE A8.4
region 3

FIGURE A8.5
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regions 3 & 4

FIGURE A8.6
region 5
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APPENDIX 9

DERIVATIONS OF SYSTKEM WQUATIONS FOR FIBRE MODEL A

Consider currents at point j with potential Vi, j,

I;') = Ga,(.vt,a-; - 2\/5,5 + VC,,M)

= Ga ( Vo1 - 205 * Ve (A1)

Similarly. consideration of current at the external

pcint with potential Ve,j give

C»é,j ¢ Io; = Gel-Vej + Ve = Ve 340 (A9.2)

Add (A9.1) and (A9.2), and use Vi,j - Ve,j = 2j + Vr,

_l. -L '~ .. = < - 22 G
we have ( C’M+ Ge )(C*\Eg +It.3) G’]" 3 * =i+

_Gabe  ( €;,-2€67 t€53) - Ty (A3

- E. = J
A-€, va :’ 6.4_“'6-1
. G
Ve, Ce  Vein :
_&A"'A" r
. R C
Er l Er __J
A ——
Ga Vi.j Ga Vi, j+1 Ga
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APPENDIX 10 DERIVATION OF SYSTEVY EQUATIONS

10.1 Definition of symbecls

CwA
™ > Ga

! L
,E:.- Cu«(,é\‘a.*. GQ}

N = 273y + K,?‘z

FOR FIBRE 10DEL B

Gs
Y Yeitl
Kl = Qa Ge
Kq = Qs/ Ge 6m | Cm
dons|
Ky = 4+t Kz
Ky = b+2K2 Ga Vi Ga Vi.j+1 Ga
R
Ks = 2K; t Kz ga FIGURE A10.1l
10.2 Mathematical description cf Ve
Consider currents at the external point cf ncde 3,
where the potential is Ve,j, in Figur= A10.1
CMEO. + Z‘:"i = Igé - Ge (vtla—l "1VQd t Ve:j‘tl)
rearrange,
Is.q
o | - !
c £ 7y, = — ey = -+V + 2 (Al
’G:iej*- Gezad = (Ve,o-—\ We,j t Q:J-ﬂ) Ge )

Similarly, at the internal point where the pctential 1is

Vi,J.

Cﬂéj' +12,j = 64,( VC,j—( - lvéd + VC.J\-H\
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rearrange,

" . J.. -— v -— A \ =
%-a Ej Ga. I - vt'o-—' 2V(.,3 +v§p3"\“ (Alb,l)

Adding (A10.1) and (A10.2), and using Vi,j-Ve,j=Ej+Vr, we

have
_——. -—1 : - N e — . — + St
{a.t i (QEj+I5) = (& 72 G —6—3

Use Is,j = Gs(Ve,j-Vs,j), where Vs,j is the stimulus field

i nput and the symbols T3, K, and K2 defined in 10.1,

the absove equaticn becomes

,h'"éd' + KtIé,j = (&5 —2E4 J*l)+ K2 ( Ve,3 VS,Q)

Rearrange to give a sclution for Ve,jJ

i = g, LG

( AI0.3)

10.3 Formulation of system equations

Substitute Vi,j=Ve,j+Ej+Vr intc equaticn A10.2, get

= (& —263 "'Ea't\ )t LVE.J“—« =2Ve,5 -(-\/P,j-n)

Cm ¢ A -

aa O3 TGu T4

(pLO4)

can then be substituted by

The term (VQ,S-q ~2\/e,j + Vt,ju)
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equation (A10.3). Rearrange equation (A10 4) and use the

symbols Ty K3, Ky 6nd Kg defined in 10.1, the fosllowing

equaticn is obtained

NKerw ~TE5+t BEJH = (€5 ~K; ot Ko &5 —ks G4 t&a)

t (I tKs T  ~ KoL g4 )

+ (‘Klvgl:’)—l + 2K Vg,i -K2 \/S,j-H )

(R160.5)

For a fibre of n nodes, the system equation may be

arranged as

[M1E = [v]g + [Pl1i + [L]ys ( Alo.6)

where [M], [N]. [P] and [L] are nxn matrices and _i_) E, Ii

a nd _\_I_s are coclumn vectors ¢f dimension n
Neglect the end conditions, the -element in the

matrices are

p— . "1

n M M(?. 0 0 S 0
/l\-s - q:‘& rT-S 0 o
AN T

"

M)

A - T

0
o) O Muaq "™a
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n n n
N3 M,n-; 01,8+ A~y ,f\

© ‘\.-\'z Noay fan

K, Ke -y
o e Pn,/\
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APPENDIX 11 TYPKS OF TERYINALS FOR FIBRE MODEL B

The follcwing analyses are the end conditicns used for the

fibre models described in Chapter 9. In general, any of

the three end conditions in Appendix 4 can be used

11.1 Left hand end - symmetry abcocut node 1

Consider the following fibre, where it is symmetrical

about ncde 1. Thus

E°=Ez, E°= E2
E=E , B = E
-1 3 -\ 32
ete. etc.

Put j=1 into equation (A10.5).
,rééo.-(r‘é|+1\}é2 = (E-(—K'se-tK!Et "‘KBGZTC-B)
+ (K I,e tKs T, ~ KL )

+ ( —Kz\/g,o 'EQ\Cl\/g,y - K’z\/s,})

Use the symmetrical cenditions, and ccllect terms,

~’l\¢é,"‘2'?i€2 = (Kg &, —2KE +263)
+ (KeIe, 2T )

4+ ( 2KaVs, | - 2X2Vs,2) (ALY
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Similarly, when j=2,

+(- KtIC,{ + \<‘;lQ'2_ - K(IC,g)

¥ -KaVe, | +0% 0 Vs - KaVs 3 )

(AU.2D

Thus the first two rows of the matirces are

-% 2% ©6 o - -
EM] = s - Q’Z 0) : -

L ;i

Ko WKe Kyl

Kq' ~2\(3 2 o
[N = [

 IRRPN—

an c(

. —

Ke 2K © o
(pl = ~Ki Ks - ©
L

-\ 2k <k O

-
C—
i1

—_

" 2X 2, -2X2 o °©
| -
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11.c dight hand end - zero depoclarisation

For a fibre o¢f 99 nodes, the 'zersc depolarisaticn’
ending and 'zero internal axial current' ending shculi nst
make any difference tc the general behavicur of

cther

ncdes.

The present 2zeroc depclar isation condition assumes
that any node beyond node 99 has zeroc depoclarisaticn. Thus
E = B = 0 =

and Il: 0.

Ewo 00
For simplicity, it is assumed that the &external

applied field beyond nocde 99 are constant. i.e. Vs,99 = Vs, p0

For j=98, equation (A10.5) in Appendix 10 resduces tc

{F TEg, +T”é49 = (Eqy = &gy T Eqp ~ K3 Epo)

€n ~
-+ (—\<llt\.,9'l + \(518‘99 - K|I€l99>

* (-K2Vy5,q7 t 1K2 V5,08 ~K2 Vs, 00)

For the end node j=99

+ (- Tiag T ks T o)

+ (W 2Vs,98 + KaVg,99 )
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The last two rows of the matrices are therefsre

f . o]
[H] = S " !
- - -0 My My
r T
[NJ g l- LG Wy —K.3
) . . | -Ky Ku
- -
WE O K Ks i
| ‘ 0 XK Ks i
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APPENDIX 12

EXAM PLES OF EFFECTS OF DIFFERENT APPLIED FIELDS ON

PROPAGATING ACTION POTENTIALS

The fcllcwing 12 cases illustrate the effects cf
different applied fields on an c¢cngoing actiecn potential
with a digital simulation on the nerve fibre Model 3.

Table A12 summarises all the testing schemes. The effects

on action potentials are also shown in Figure AlZ2.
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Table Al 2

case electrode nature of
positiocn poles(mA)

1 65 +3.5
2 60 +2.0
65 +2.0

3 60 +2.5
65 +2.5

4 60 +2.0
65 +2.0

70 +2.0

5 60 +2.5
65 +2.5

70 +2.5

6 60 +2.0
65 +2.0

70 +2.0

75 +2.0

7 60 +2.5
65 +2.5

70 +2.5

75 +2.5

8 62 +2.0
65 +2.0

68 +2.0

71 +2.0

9 60 -0-5
65 +1.0

70 -0-5

10 60 -1.0
65 +2.0

70 -1.0

11 65 -0.5
12 65 -1.9

Not e that ‘'electrcde pesiticn’' in the table implies

the ©position of a pcint scurce omnm abcve the ncde number
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j+ The corresponding current is shown in magnitude in the
third column. (+) means anode. Note 2lsoc tha* the duration

of the pulse is infinite long.

Cases (1)-(8) attempted to bleock the impulse with
different ancdic configurations and pulse amplitudes.

Cases (9) and (10) were dcuble cathcdes-dcuble anocdes
configurations.

Cases (11) and (12) were cathodic stimulation, purely
for illustrative purposes.

Time interval between successive plots with the
exception of case 1, is 0.4ms. Case 1 is 0O.3%ms.

Morecver, assume ¢the 'blocking' opulse is applied at

t=0Oms, then the time at picture (a), with the exceptisn of

case 1, is t=0.4ms. Fcr case 1, t=0.3ms.
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APPENDIX 13

EQUATIONS DESCRIBING INDIVIDUAL IONIC CURRENT CO4 PONENTS

— . EF? (Na), - (Na);eEFIRT
; - 2 0
INa -PNahm: RT 1 - eEF;RT

) EF2 (K)o _ (K),-GEF/RT

: P 2 EF? (Na), - (Na)ieEF/RT
ip = Fpp EE/RT
RT 1 - eEF/
ip =g, (V-V.)
where
E=V+V,

dm/dt=a,,(1-m)-B,,m
dh/dt = ap(1 - h) - Bph
dnfdt=a,(1 - n) - Bxn
dpldt =ap(l - p) - Bpp

and
- -1
a,, =0.36(V-22) [1 - exp (223 V)}
V-13\|"!
B =04(13-V) [1 - exp( >0 )]
v+ 10\
a, =0.1(-10- V) [1 - exp( 5 )]

45 - v\|!
B, =45 |1 +exp T

3
a, =0.02(V - 35) [l - exp( 0

' 14
B8, = 0.05(10- V) [1 - exp( 0
40- v\
a, =0.006(V - 40) |1 - exp( 10

Bp = 0.09(-25-V) [1 - exp( 30

<

+

o

W
o

\

Nocte the use of different notaticn for E and V

E - membranz potential

V - membrane dep-larisaticn
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Constants
Pna  8X 1072 cm/s
Px 1.2X 1072 cm/s

Pp 0.54 X 1073 cm/s

gL 30.3 mmho/cm?
v, 0026mV

(Na), 1145mM
(Na); 13.7mM
K), 25mM
F 96 514.0 C/g/mole
R 8.3144 J/K/mole
T 295.18K
Initial Conditions
m(0) = 0.0005
h(0) = 0.8249

n(0) = 0.0268
p(0) = 0.0049.

sodium permeability constant

potassium permeability con-

stant

nonspecific permeability con-

stant
leak conductance

leak current equilibrium poten-

tial

external sodium concentration
internal sodium concentration

external potassium concentra-

tion

internal potassium concentra-

tion
Faraday’s constant
gas constant
absolute temperature.

3

-
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