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Abstract—The present work develops an analytical model that cedures for the computation of the potential and the
allows one to estimate the current distribution within the whole ¢ \,rrent density distributions in an artificially stimulated

muscle and the resulting isometric recruitment cufieC). . .
The quasistatic current distribution, expressed as an image se_skeletal muscle with arbitrary placement of electrodes,

ries, i.e., a collection of properly weighted and shifted point- surfe_lce_ or mtrgmuscular,_are_necessary.
source responses, outlines an extension for more than three Significant differences in stimulus parameters and pat-

layers of the classical image theory in conductive plane- terns of excitation were reported between intramuscular

stratified media. Evaluation of the current distribution via the anqg syrface stimulation electrodbExperimental studies
image series expansions requires substantially less computa-

tional time than the standard integral representation. The ex- suggest th_at’ to elicit a funct!onal muscle contraction of
pansions use a unique recursive representation for Green'sthe quadriceps muscle by Intramuscular.electrloldes, a
function, that is a generic characteristic of the stratification. regulated current of the order of 20 mA is sufficiént,

This approach permits one to verify which of the tissue elec- whereas by surface electrodes a current of approximately
trical properties are responsible for the current density distri- 100 mA current is require%ﬁ

bution within the muscle, and how significant their combina- - . . . .
tions are. In addition, the model permits one to study the effect The d!ff'CUI.t'es engountered |r1 applying f'e_ld theF’W
of different electrode placement on the shape and the magni-to biological tissues include their heterogeneity, anisot-
tude of the potential distribution. A simple IRC model was ropy, and frequency-dependency of their electrical
used for parameter estimation and model verification by com- properties. Fortunately, most FES applications involve

parison with experimentally obtained isometric recruitment o, enis with significant frequency components well be-
curves. Sensitivity of the model to different parameters such as

28 . . . . . .
conductivity of the tissues and activation threshold was veri- 1OW 10_ kHz: Un(;ler this Cond't'_on’ It 1s sufﬂmgnt to
fied. The resulting model demonstrated characteristic featuresdeal with the stationary current in the quasistatic limit,
that were similar to those of experimentally obtained data. The which considerably simplifies the representation of the
model also quantitatively confirmed the differences existing potential field and the resultant current distribution.

between surfacéranscutaneogsand implantedpercutaneoys . ) -
electrode stimulation. €2000 Biomedical Engineering Soci- .Mode_llng. of whole-muscle excitation _by. external
ety. [S0090-6960)01110-3 stimulation is a complex problem necessitating several

simplifying assumptions. During FES of paraplegic pa-
tients, we stimulate large and powerful leg musci&s.
Under this condition, the thigh can be approximated as a
multilayered medium, where the skin, fat, and muscle are
represented as flat, infinitely extended layézsy., Ref.
12).

A potentially promising approach is the use of the

In functional electrical stimulatiofFES we need to ~ Method known as the image techniqueg., Ref. 36,
control the externally stimulated muscle to produce a expressing the potential distribution as a collection of
desired output. Knowledge of the electric field distribu- Properly — weighted —and  shifted  point-source
tion within the muscle is essential in determining which responses>*’ The method of images is well known and
parts of the muscle have been excited and therefore takehas been extensively applied in the past in geophysical
part in the force generation process. Thus, efficient pro- Problems to solve the potential generated by a point
source electrode in plane-layered meti#® Grill*? and

Address correspondence to Professor J. Mizrahi, Dept. Biomedical St_egemamt al"_35 l‘!sed the |mage teChnlque for the mod-
Engineering, Technion, IIT, Haifa32000, Israel. Electronic mail: €ling of electric fields excited by point electrodes and
jm@biomed.technion.ac.il active nerve bundles, respectively, in semi-infinite me-
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4 point P, andn+1 layers, withn boundaries between the

g layers(e.g., Refs. 14 and 27
V1 V2 V3 Vn Vn+l
o, o, 0, G | Oun Green’s Function
s (( The current density in the isotropic conductive me-
I P 5 PR dia is linearly related to the electric fiel
j=oE. (1)
b The quasistatic electric fieldE is conservative and
¢ thus can be expressed as the gradient of a scalar potential
function V

FIGURE 1. Physical configuration for conductive plane-

stratified media, consisting of  n+1 layers, with n boundaries E=-VV, (2
between the layers. The observation point P, the source

point S, and the transverse coordinate r , are defined via: r

=r+22=(x,y,2), t'=r[+2'2=(0,0,2"), and r,=(x2+y?)¥2, re-

I
spectively. V=~ p a(r—r’), ©)

wherer’=(0,0z') andr=(x,y,z) are locations of the

source-pointS and the observatioR point, respectively.

| is the stimulation current, ana is the piecewise con-

stant isotropic conductivity of the medium. Evidently,
the functionV, known as Green’s function, is a solution
of Poisson’s Eq.3), and satisfies the following condi-
tions:

dium (i.e., a single plane boundary Unfortunately,
closed-form analytical expressions have not been derived
for cases exceeding three layétsThus, an extension to
a physical configuration containing more than three lay-
ers is essential for the utilization of the image technique
in realistic problems.

In the present study, the classical image theory is
extended to incorporate explicit image series expressions

for plane-stratified media containing more than three lay- lim rv<e, (4)
ers. First, an integral representation for Green’s function "

is introduced via a recursive construction of the reflec-

tion and transmission coefficients. Next, the Green’s Visa(r)=Vi(ry), )
function is expanded in an infinite image series expan-

sion and explicitly constructed fan<3, utilizing these AV 1(ry) aVi(ry)

unique recursive relations which are a generic character- Givr™ o TO0iT ®)

istic of the stratification. This analytical approach leads
to an efficient procedure for the computation of the po-
tential and the current density distributions in an artifi-
cially stimulated skeletal muscle with an arbitrary place-
ment of surface or intramuscular electrodes. The method
of images is the quasistatic limit of a wave phenomenon.  The solution of(3) for the configuration depicted in
Thus, we make use of wave analogy with its correspond- Fig. 1, and satisfying4), (5), and (6), can be obtained
ing terminology, including reflection and transmission up via separation of variables, leading to Bessel's integral
to this limit>!>'’ A simple model is used for parameter representatiorie.qg., Refs. 6, 17, and 38

estimation and model verification of the isometric re-
cruitment curvegIRC), by comparison with experimen-

wherer;=(x,y,z), i=1,2,...n.

Integral Representation

tally obtained data. Vi(Z'rt):afo Hl T,(\) [e*)\llfz"
QUASISTATIC FIELDS IN PLANE-STRATIFIED +Ri(N)ENZFZI0(Ar )N,
MEDIA
Z_1<z<z;, a=|l4moq, (7)

Physical Configuration

The physical configuration of our problem, depicted where J, is the Bessel function of the first kind and
in Fig. 1, consists of a source-poi§ an observation  order zero,zp=—=, z,,1=—=°, andi=1,2,..n+1;
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Ki+Ri . (Mes 7
RI()\)_ 1+ KiRiJrl()\)eZ}\Zi € ' Rn+1()\)_01
8
T 1+K;_; g
()= 1+K;jRi(\ )1 © (¢ .
3
and
07 0Oj+1 _
ooy Ko=O. (10

FIGURE 2. Physical configuration for a semiinfinite medium,
. n=1. Both contributions from the point-source S at r’
The functionsR;(\) and T;(\) represent the global =(0,0,2') and the image-source & at ' =(0,0,2')=—r1"=(0,0,

reflection and transmission coefficients, respectively, _ 2') reach the observation point  P. The image-source (3)
whereasK; denotes thg\ independentlocal reflection contribution  (solid line ) can be interpreted as the point-
coefficient of theith interface. The representation of the source (S) contribution undergoing a single reflection (Ky)
integrand in(7) in terms of R;(\) and T;(\) constitutes & Z=Z1=0 (dashdot line ).

an unique recursive construction via the intrinsic reflec-

tion coefficientK; in (10). This form and its benefits has

been overlooked in previous investigatidiesy., Refs. 17 gnd for n=3, and to establish the general expansion

and 18. _ _ o procedure, we make use of the Weber—Lipschitz integral
Numerical evaluation of the potential integid), for identity®®

a prescribed set of observation poift¢Fig. 1), requires

massive computations. This may occur in particular, "

when (7) has to be evaluated repeatedly in a numerical f e MAgg(arpda=(r2+z%) "2 (1)

algorithm, such as the solution of a three-dimensional 0

potential problem for many mesh points. Thus, the image

series expansion, introduced in the next section via the which is a vital tool in converting the integral represen-

recursive relations it8) and (9), is promising in obtain-  tation (7) into an image series. For illustration, we

ing an easy to implement and fast converging alternative present here image series expansions, when the source

representation fof7). point is placed in the uppermost layer and the observa-
tion point is located in either the uppermost or in the
lowermost layer.

The Image Series Expansion

Semiinfinite Medium, #1. The physical configuration

The integral in(7) can be expanded into a series of for n=1 is depicted in Fig. 2. Equation@®), (9), and
point-source responses also known as either Green’s(10) can be rewritten explicitly as

functions or image sources. The point-source responses
are properly weighted and shifted, to satigfly, (5), and

(6). The classical image series representation carried out
for n=1 andn=2 (e.g., Refs. 15 and 36 wheren

+1 represents the number of layers depicted in Fig. 1, is Ti(M)=1, To(M)=1+Ky, (13
extended herein to include=3 which is essential for

the FES problem discussed next. A model of the order of and

n=3 actually consists of four layers namely, air, skin,

fat, and muscle. The classical expansions fier1 or 01— 0y

n=2 result in reduced forms, i.e., a two-term represen- K1=U To.
tation or a geometric series expansion, respectively. 12
However, the case af=3, expressed as geometric series
followed by a binomial series, is quite general and out-
lines the expansion procedure for-3 without any in-
crease in the complexif§? In discussing the image series
representations both fon=1,2, as reference solution, V,=a(1/D+K,/D), z<z,=0, (15

Ri(M)=Kq, 12

14

respectively. Then, utilizing7) in conjunction with(11),
one obtains
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Ki

Ti(M) =1, Tr(N)= TTK RN’

T3()\): 1+ Kz,
(20)

g =—t+dzy (2
- gé—' and

01— 02 02— 03

O'1+O'2’ 2_0'2+O'3,

respectively. Expandindr;(\) in Eqg. (19) into a geo-
metric serie§in K;R,(\)] and then utilizing(7) in con-
junction with (11), results in

FIGURE 3. Physical configuration for a single conductive

slab, n=2. Both contributions from the point sources S at

r'=(0,0,') and the image-source set S at #1M=(0,0,—2' Vi=a 1/D+K1/5+K2(1—K§)

+2mz,) (m=0,1,2,...S§)1)=S) reach the observation point P.

The image-source set (§(m1)) contribution  (solid line ) can be w

interpreted as a point-source  (S) contribution undergoing, at m—1, (1)

z=2z,=0, either a single refection (K;, dash—dot line, m=0) X 2 (—KKx))™ DR, z<z3=0. (22
or a single transmission in  (1+K;) and out (1—k,) accom- m=1

panied by single reflection (K,) at z=z, and m—1 (m=1)

bounces both at z,((—K;)™™") and z, (K7'~", dashed and Similarly, a geometric series expansion B(\) in
dotted lines for m=1 and m=2, respectively ). .
Eq. (20) results in

Vo= a(1+K,)/D, 0=2,<z, (16) Va=a(1+Ky)(1+ Kz)mE:O (—KiK)MDP, z,<z,
(23
where (Fig. 2),
whereD andD are given in(17) and (18), respectively,

D=|r—r'|=[r?+(z—2")4]"?, (17 and
~ (1 e ) LS
f)z|r—?’|:[rt2+(z+z’)2]1’2, T=—r'. (18 D= r—rm(2)|:{rt+[z—zm<2>] 112, (24
. o o W TEC e
As depicted in Fig. 2, both contributions from the r\2=[0,0Z?], Z ?=%(z'-2mz). (25

point-source ar’=(0,0z") and the image source &t
=—r"=(0,02")=(0,0,—2') reach the observation point
P. The image-source contribution can be interpreted as
the point-source contribution undergoing a single reflec-
tion (K,) atz=z;=0. Similarly, the point-source contri-
bution, reaching an observation point lying in the half-

spacez>0 [Eq. (16)], can be interpreted as undergoing a m .
single transmission (£K,) at z=2z,=0. Note that ex- The contribution of the image-source $€&q. (22)] can

pressions(15) and (16) are similar to previously pub- be interpreted as a summation, over all the point-source
lished resultsie.g., Refs. 15 and 36 responses undergoing atz,;=0, either a single reflec-

tion (K;,m=0) or a single transmission in (1K) and

out (1-K,;) accompanied by single reflectiorK{) at
z=z, and m—-1 (m=1) bounces both at
z,F[(—K;)™ 1] and zZF(KrZ”‘l). Similarly, contribu-
tion from the image-source sd¥.(?, in Eq. (25)],
reaching an observation point lying in the half space
>z, [EQ. (23)], can be interpreted as a summation over
all the point-source responses undergoing two successive
(19 transmissions (+K;) and (1+K,) and m bounces

Note that D{V=DFF,Y=¥'=-r’) and D@
=DF(F;@=r").

As depicted in Fig. 3, both contributions from the
point sources at’=(0,0z') and the image-source set
located affr’n(l) [Eq. (25)] reach the observation poift

Three Layers, w2. The physical configuration for a
single conductive slab is depicted in Fig. 3. Equations
(8), (9), and (10) can be expressed as

(1-KDRy(N)

T TRGR

Ro(N) =Kpe™#%,
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FIGU
etry,

D10 ==7+ 22,1 2,) (é_{
S0

2.1.0

RE 4. Physical configuration for a double slab geom-
n=3. Both contributions from the point sources S at

r'=(0,0,2') and the image-source set S, . at PV
=[0,0,—2'+2m,z,+2(m,— 1+ m,) (23— 2;,)] (m,;=0,1,2,...;/

=0,1
point
line)

..... my;m,;=0,1.2,..;8§,=8) reach the observation
P. The image-source set (S’ ) contribution (solid
can be interpreted as a point-source  (S) contribution

undergoing, at z=2z,=0, either a single reflection (K, dash-
dot line, m,;=0) or a single transmission in  (1+K,) and out
(1—K,), accompanied by all possible combinations of

bounces and transmissions at z=z,=0, z=2z, and z=2z3,

("™

Zl_l+m2_1)' where m;—1(m;=1) and m, denote the
2

number of internal reflections at z=z;=0 [(—K;)™~!] and
z=2z, [(—K;)™2], respectively, and m;—/ is the number of
transmission in (1+K,) and out (1—K,) at z=2z,

[(m,
tions

,I,m,)=(2,1,0)] associated with the two only combina-
depicted by dashed and dotted lines.

[(—Ky)™ and K] both atz, andz,, respectively. The
image series expansion {22) and (23) converges if at
least one of|K,|, |K,| is less than unity® Note that
expression22) is similar to previously published results

(e.g

., Refs. 15 and 36

Four Layers, n=3. The physical configuration for double

slab
and

geometry is depicted in Fig. 4. Equatioi@, (9),
(10) can be reduced into

(1-KDRy(N)

AN ST ATV

(1-K3)Rs(\)
1+K,Ra(N)e??2’

Ry(\)=K,e 222+

Ra(N)=Kge %, (26)

T ) =1, To()= — K1
1(N)=1, Ty )—m,
Ky

Ts) = TR0

2z 14(M)=1+Ks, (27)

and

01— 0> Op2— 03 _0'3_0'4
3

K , (28

Yoo toy, 2 optog) o3t oy

respectively. We refer to Eq26) and, as previously,
expandR;(\) into a geometric seriedn K,;R,(\)] fol-
lowed by a binomial series foR,(\) [in KyR3(\)].
Then, using Eq(7) in conjunction with Eq.(11), results
in

Vi=a|1D+K;/D+(1-K?)

3 (k3
mi=1 I=0
(ml—H—mz—l)

XKL KK S (M

my=0

X(—K,K3)m™/D

my,I,m,

, 2<z;=0. (29

Similarly, expandingl',(\) in Eq. (27) into a geomet-
ric series, followed by a binomial series expansion for
R,(\), results in

3 o0
v4=ai[[l (1+K;) 20 (—Kp)M

mp=

I R TP AL SN (i
I=0 2

my=0

X(_KzKS)mZ/E(Z) 23<Z (30)

my,I,m,

whereD andD are given in(17) and (18), respectively,
and

~ ) (D) (D)
2 —lr—7"@ — 2 _3'2 n1/2
Dﬁnl,Lmz r rml,l,m2| {r+(z Zm<l,)l,m2] e (3D

e (1)
'@  =[0,0Z.2 ],

my,I,m, my,I,m,
L
202 = T2 = 2mizo— 2(my =1+ my) (23 25)].

(32

Note that B{J,=BITeh=T'=—r'] and B
:D [Téyovozr,].
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As depicted in Fig. 4, both contributions from the 3 e m my
point-sourcesSatr’ and the image-source setF 111)|1m2 V4=::11_H2 (1+Kj) 20 IZO ( | )
[Eq. (32)] reach the observation poitfit. The contribu- - men
tion of the image-source set ER9) can be interpreted I motmy—I
as a summation over all the point-source responses un- X K3l ( 2)Ks] P25 m,
dergoing, atz=z,=0, either a single reflectionkK(; ,m; 2
=0) or a single transmission in (1K;) and out (1 ><(—K2K3)m2/f)§§1)’m21|, (34)

—K3), accompanied by all possible combinations of

bounces and transmissions atz;=0, z=2,, and z . .
— (ml)(ml—l+m2—1) Here m,—1(m;=1) and m respectively. The parametersy, o3, and oy, in (28),
U imy ' ! = 2 denote the conductivities of the skin, fat, and muscle
denote the number of internal reflections at |ayers, respectively.
7, [(—K;))™ 1] and z, [(—K,)™], respectively, and
m;—1| is the number of transmission in {1K,) and out
(1-K,) at z=z,. Similarly, contribution from the Percutaneous Model
image-source sdt(?) .. , in Eq. (32)] reaching an ob-
: : L2 Modeling the lower-half space as an air layEig. 4)
servation point lying in the half space>z; [Eqg. (30)], N 7 ) AP
can be interpreted as a summation over all the point- 04=0 (K_3_1)’ bqth the mtegral representation i)
source responses undergoing three successive transmigdnd the image series expansion(g9) are reduced to
sions (1+K,), (1+K,), and (1+K3) atz;, z,, andzs,
accompanied by all possible combinations of bounces fx
1— @
0

a —\|z—-2'| (z+2')\
and transmissions at=z,=0, z=z,, andz=z;, (™) © e

x(™7'"™)  Here m; and m, denote the number ,
2 A m (1_K2)R ()\)e)\(Z-FZ)
of internal reflections at z; [(—K;)™] and V2 Jo(Ar)d\, z<z;=0
Z, [(—K,)™], respectively, andn;—1| is the number 1+K1Rx(N)
of transmission in (*K,) and out (1-K,) at (35)

Z,. The image series expansion {89) and (30) con-
verges if at least two ofKy|, |K,|, and|Kj| are less  gnq

than unity®
Vi=a|1D+K,/D+(1-K2)
VOLUME CONDUCTION FIELD MODEL
. . m
In this section, we apply30) and (29) to the follow- X > (—Ky)m 1Y ( ll)

ing two volume conductor field configuration&) tran- my=1 1=0
scutaneous(surfacg stimulation and(b) percutaneous o
. . . [ 2ym;—| my—1+my—I
(intramuscular stimulation. XKh(1-K)m~" m

my=0 2

Transcutaneous Model ><(—K2)m2/5§#1),|,m2}, (36)

Placing the stimulation electrode over the first inter-

facez'=0 (n=4), see Fig. 1, and modeling the upper- respectively, wherdR,(\) in (26) takes the form
half space as an air layes;;=0 (K;=—1), both the

integral representation i¥) and the image series expan- (1—K§)e‘2“3
sion in (30) are reduced to Ro(\)=K,e 22+ 17K, 2 (37)
o (1+K,)(1+Kg)e M The parametersgy, o, and oz in (28), denote the
Vi=ay f N7 conductivities of the muscle, fat, and skin, respectively.
1-Ry(MN)][1+K5R3(N)e* 2 . Lo
ol 2 2Rs(M) ] Note that Eq.(35) is an alternative representation of that
XJo(Ar)dN, ay=127o,, 72>12; (33 given by Stefanescet al®* The study of a two-electrode

model is accomplished by applying the superposition
principle. The two electrodes namely the anode and the
and cathode are placed along tkeaxis. Both the anodal and
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40 z=lcm = L0
=301 &
T &
£ 5038
<20 &
>
210 %‘0 6}
§ g
S0 Cathod, -
N t E—1
5 101 e 04
£ g Oyin= 0.4 S/m
O.20t ° Cosete = 0.7 S/m

g 0.2
-30f E
-40 . . . . . . . , . , , .
5 10 5 0 s o 15 0 05 1 15 2 25 3 35 4
X direction [cm] conductivity of the fat o3, [ S/m]

FIGURE 5. Variation of the x component of the current den-
sity with depth in the lowermost layer. The depth increment
between the curves is 0.5 cm (K,=0.81 and K;=—0.89).

FIGURE 6. Influence of the conductivity of the fat layer on
the current density.

Figure 5 presents the variation of tkecomponent of
the current density with depth in the muscle layer within
a plane perpendicular to the skin surface and passing
through the point sourcey€0). The maximal stimula-
MODEL SIMULATION AND VERIFICATION tion current is 120 mA and each curve corresponds to a
Electric Field Simulation specific z level. The current density under the skin-
. . . electrode junction in the muscle layer is not uniform. It
For illustration, we presen_t the _numerlcal rgsu_lts for is highest in the area underneath the electrode where the
the transcutaneous model simulation. The criterion for input current is applied40 A/n?) and decreases rapidly

the selection of these presented results was the relativefurther away from the electrode te-4 A/m?) and shows

|mportar|1c':eE§f thel. st|_mulat|_f_>kr]1 par.arr}egerj |r|1 p‘?te;‘.“?(; a near uniform electric field distribution midway between
practica applications. These included electric fie electrodes. The selected values for the reflection coeffi-

distribution, skin and fat conductivities, and activation .. i Fig. 5K,=0.81 andKs=—0.89, will be later
threshold.. Both the 'numerlcal gvaluauong of the integrals justified in reporting on the optimal parameter estima-
and the image series calculation were implemented by tion

using MATLAB 5.3 (MathWorks corp. For typical re- :
sistivity contrasts between the biological tissud&|(

cathodal currents have equal amplitudes but opposite di-
rections.

The influence of the conductivity of the intermediate
(fat) layer on the current density distribution within the

<0.9), up to third order termsnf; =m,=3) In the se- 1, ,s0j0 slice in the transcutaneous model is shown in
ries expansior(34) were found sufficient to obtain con- Fig. 6. In this graph the conductivity, was changed

vergence within more than 95% of the exact solution. from O to 4 S/m, while the thickness of the layer was

Us(,jmg .the 'Tg(g)ef slgrles tecgml_quz, a compudtatlonr?l UMe peld constant. Increasing the conductivity of the interme-
reduction o old was obtained compared to the nu- ;o layer leads to a decline of the current density

merical integration(subroutinetrapz of aforementioned within the lowermost layer. Variation of the distance

Matlab 5.3. . . from the current electrode shows a little effect on the
In all the model evaluations, the following parameters current density value. It is obvious that if~0, no
. at ’

were usefd:hlnteflectr(()jd? distance of 2% Zm a:jn% :Sh'Ck' current can spread into the lowermost layer since the
NESSes o the skin and fat were set to 0. and ©.6 €M, o, rrent pathway is totally restricted within the uppermost
respectively. The mesh step used across the thickness of

01 found cally effici I h ayer. While increasing the conductivity, the current den-
-1 cm was found numerically efficient, yet small enoug sity increases until it is maximumK,~0, or o,
to avoid discretization errors.

Tvpical quctivi | follovisor sk ~ o). However, further increasing of the conductivity
ypical conductivity values were as followsir skin leads to a shunt effect and the current density decreases.
0sin=0.1-0.8S/m, and for the fat layeroy

=0.04 S/m. Muscle was assumed to be isotropic and the
bulk conductivity values used foor,,sce Were in the
range of 0.2—0.7 S/m. Due to the variability of the data For validation of the model, we used experimental
found in the literature on the skin and muscle conduc- isometric recruitment results from three paraplegic sub-
tivity these quantities were subject to parameter estima- jects from previous studies conducted by our group. The
tion. detailed procedures of the preparation of the subjects,

Model Verification
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placement of the electrodes, and measurement protocols

are as described in these studi®$ Data indicating that
the maximal force may be achieved by intramuscular
stimulation of the quadriceps muscle at stimulus level of
20-30 mA were taken from the current literatdre.

The IRC of a muscle is defined as the relation be-
tween the stimulus activation level and the output force
when the muscle is held at a fixed length. The shape of
the IRC during FES is determined, among various fac-
tors, by the electric field distribution, location, fiber size
distribution of the excitable elements, and their excitation
thresholds. The activation threshold, which is a measure
of the interaction between the external electric field and
the excitable fibers, is a complex property that is in this
study subject to parameter estimation using the experi-
mentally obtained isometric recruitment curve.

There are several accepted mechanisms of fiber
excitation®16:2429-3340The “activation function” pro-
posed by Rattay® relies on the second spatial longitu-
dinal derivative of the external potential, and is valid for
the case of infinitely long, straight, and uniform fibers.
For other cases, namely, fiber termination, nonunifor-
mity, curvature, etc., Roffi suggested that activation
will most likely take place where the electric field, i.e.,
the first derivative of the potential is larger.

Figure 5 plots current density which is proportional to
field strength. It shows a nearly uniform distribution in
the deeper layers of the muscle, where the spatial deriva-
tive of the electric field is indeed near zero. Real shape,
finite size electrode gives a uniform distributi®hThere-
fore there would, in theory, be zero net current transfer
through the membrane. However, the field within the
skeletal muscle is never uniform. Furthermore, an effec-
tive field gradient will result for any change in the axon
conditions (e.g., diameter, direction, with respect to a
locally uniform field, or if the axon is terminated in the
field (as with free nerve endings, or nerve connections at
muscle fibers Consequently we used the electric field
strength(or the linearly related current densitas the
more appropriate activation threshold criterion for a uni-
form electric field as suggested by Reiff{*?

In our work, the pulse duration was held constant
(250 us) and the amplitude of the stimulation was varied
(0—120 A.?® However, these two quantities are not mu-
tually independent but are experimentally related to each
other through the strength-duration curvésDC).313°
Thus, the threshold can be scaled by means of the SDC
to either pulse duration or amplitude. The effects of fiber
diameter and electrode/fiber distance on the nerve acti-
vation threshold are also mutually depend&nin our
model since all the fibers are assumed identical, the ac-
tivation threshold is a function of the fiber/electrode dis-
tance.

The force produced was calculated as the ratio of the
number of active fibers to the overall number of fibers in
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FIGURE 7. The IRC of the transcutaneous and percutaneous
models.

the muscle. Although the muscle slice was represented as
a semiinfinite(unboundedl layer in the four-layer model
configuration, it was assumed that the layer is effectively
bounded, i.e., that only a finite part of this slice could
generate a force. The thickness, width and length of this
active part were taken to be 3, 4, and 30 cm, respec-
tively, and were based on magnetic resonance imaging
(MRI) measurements made on paraplegic pati€hts.

The minimum root-mean-square error criterion be-
tween the experimental data and model solution was
used to determine the best fit solution of the IRC prob-
lem for the transcutaneous model. Note that the obtained
parameters had to also satisfy the percutaneous model for
which saturation is reached at 40—50 mA. It should be
noted, however, that percutaneous stimulation is limited
to 30 mA approximately due to possible tissue damage
near the stimulating electrode.

Figure 7 shows the IRC of the transcutaneous and the
percutaneous models. The squared dots represent the ex-
perimental IRC of a paraplegic patient in transcutaneous
stimulation. The current density threshold is held con-
stant at 3.5 A/ The intramuscular IRC has a higher
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FIGURE 8. Influence of the conductivity of skin on the IRC
(transcutaneous model ).
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slope than that of the surface stimulation IRC, due to the medium was indicated by Grant and W&sThe image

higher current density values resulting when intramuscu-

lar stimulation is used. An additional feature of the IRC

method has already been successfully applied to simple
anisotropic geometries:?> The implementation of the

in this case is the absence of an initial dead zone region,image method in more complex anisotropic multilayered
possibly because of the presence of singular values ofmedia is, however, a crucially important research topic.

the current density near the stimulation electrodes.

The image method is a promising method for applica-

Figure 8 presents the IRC for the transcutaneous tions beyond those presented in this study. One example

model for different values of conductivity of the skin
layer o, While o, and o scie @re held constant. An
increase ofog, (leading to an increase iK,) reduces

is to calculate the extracelluar potential distribution in a
number of single-fiber modefé;*° where the extracellu-
lar space is modeled as an infinite high-conductive me-

both the current density in the muscle slice and the slope dium. The image series, in conjunction with the method
of the IRC. Irregularities in IRCs were due to the dis- of moments$® constitute an efficient computation scheme
cretization along thex direction, as a result of the finite  for a finite-size electrode or an array of electrodes in
length of the fiberg50 mm).® layered medi&® Preliminary results show that, in surface
stimulation, the recruitment model solutions for finite
size and point electrodes compare well, except in the
initial slope of the IRC, which was found higher in the
finite compared to the point electrodes. In intramuscular
stimulation the size difference between finite and point
electrodes is much smaller, making the differences in the
model solutions negligible. Thus, our closed-form solu-
tion can be used as a reference solution for future, more
anatomically detailed description of the limb, based on
MRI data® and using numerical solution techniques.
The presence of fat in the layer beneath the skin/
electrode junction of the model has an interesting effect
on the current densities in the whole medium. Under
constant current conditions, fat prevents the lateral
spread of current from the electrode, forcing the current
to flow along the shortest path, i.e., across the thickness
This study outlines an analytical model for the electric of the fat layer. On the other hand muscle tissue is a
field distribution within an electrically activated muscle. better conductor than fat, therefore allowing the current
The electric potential was expressed as image series ando spread laterally from the electrode. Caregral? re-
provides both an efficient alternative representation and aported that for a given total tissue thickness, patients
clear physical interpretation of the individual terrti®., with large amounts of subcutaneous fat would require a
properly weighted and shifted point-sources responses lower input current to maintain a given level of current
Major factors affecting the potential distribution during density in a specifiz layer, as compared to patients with
surface stimulation are the nonuniform resistance of the little fat. This, however, was not confirmed in our results
skin (e.g., stratum corneum, epidermis, and dejnfit, as shown in Fig. 6, because the skin layer has a higher
and muscle fascia. The derived model allows to calculate conductivity than the fat layer and current pathways can
the electric field in configurations with several parallel close through the high-conductive skin layer without
tissue layers with arbitrarily placed electrodes, using reaching the muscle layer.
relatively low computational power. The current density distribution obtained in the sur-
A basic assumption in the model is the stationarity of face stimulation model was found to be largely nonuni-
the current distribution, i.e., that the capacitive and in- form near the stimulating electrodes and was near uni-
ductive effects of the medium are sufficiently small. This form within a large part of the muscle volume. This may
is satisfied since the equilibrium potential is achieved lead to fast fatiguing of the fibers adjacent to the stimu-
within a time scale that is shorter than that of the action lating electrodes, increase the threshold and make it
potential. The medium can thus be modeled as purely more difficult to activate the middle portion of the
resistive and the field potential was assumed to satisfy muscle. Decreasing the interelectrode distance or using
the Laplace equation at each instant in tifhéir was additional stimulation electrodes can, however, help both
modeled as a perfect insulator. in making the current density more evenly distributed
Anisotropy was not taken into account in this study. near the electrodes, preventing fast fatigue and decreas-
However, the nature of the solution in terms of an inte- ing the stimulation threshold midway between the elec-
gral formulation for a transversely anisotropic stratified trodes.

Parameter Estimation

The best fit to our experimental recruitment data dur-
ing parameter estimation for a four-layéair, skin, fat,
muscle surface stimulation model is achieved with the
following parameters: o¢j,=0.4 S/m, o= 0.04 S/m,
and ousqe= 0.7 S/m (the corresponding reflection coef-
ficients areK,=0.81 andK;=—0.89; and the minimal
current density midway between electrodes is 3.5 A/m
The conductivity values lie within the physiological,
and the current density correspond to previously pub-
lished results?

DISCUSSION
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The calculated IRC results demonstrated the influence nevertheless advantageous in that it can provide an in-
of tissue conductivity on the maximum force value. The sight into practical FES applications. Particularly it dem-
general IRC shape appeared sigmoidal, in agreementonstrates how the tissue’s electrical properties influence
with previous result$®?! An additional expected result the difference between intramuscular and surface stimu-
was that the intramuscular curves were shifted towards lation.

lower stimulus amplitude and had a higher slope when

compared to surface IRC. The success in matching both

the IRC experiments and IRC numerical simulation in a

rather restricted value range of the parameters, demon-

strate that our simplified planar model may be applied
quite effectively in FES problems. An additional advan-
tage in our model validation is that the given inputs were
not arbitrarily assumed, but derived from the electric
field distribution due to the stimulating electrodes. The
skin conductivity as well as presence of fat or other low
conductive tissude.g., muscle fascjgplay a major role
in demonstrating the difference in activation patterns be-
tween intramuscular and surface stimulation.
Experimental studies have shown that the location of
the stimulating electrodes with respect to the motor
points (MP)®® can strongly affect the maximal forte

and also reduce muscle fatigue. Thus, moving the eIec—V

trodes away from the MPs results if@ reduction of the
excitation force of the whole muscléb) a more con-
tinuous nature of recruitment; an@) reduced slope of
the IRC. The last two of these results are often desirable
for FES controllability.

Muscle activation was related in our simplified mac-
roscopic model validation to the current density. This
was justified by the data used, i.e., pulse width 25)
combined thickness of skin and fat layers of about 1 cm,
and electrode placement slightly away from the MPs to
minimize fatigue. In the real situation, both mechanisms
(electric field and its spatial derivativenay produce a
muscle contraction. The question which mechanism is
more dominant depends heavily on geometry, i.e., dis-
tances relative to the electrode of the nerve fibers,
branching points and nerve endins3® Future models
should clarify more precisely the borderlines determining
which of the mechanisms is dominant for a given case.
The location of fibers with different diameters within the
nerve bundle¥ and information on the muscle fiber
population and their force generation propertigtow
versus fagtare also important but need further anatomi-
cal and physiological data.

The numerical simulations demonstrate the impor-
tance of an appropriate modeling of the tissue layers.
Oversimplified models which use a reduced number of
layers may result in an inaccurate simulation which
greatly obscures the real FES situation. Since, our model
can handle effectively problems with any number of the
layers, the decision whether a particular layer should be
included in the model can be accurately made.

Our simplified macroscopicmodel verification may
have overlooked some of physiological details but is

ACKNOWLEDGMENT

This study was supported by the Segal Foundation.

NOMENCLATURE
Roman Symbols

E electric field intensity(V/m)

I current(A)

Jo Bessel function of zero order of the first
kind

K local reflection coefficient

P observation point

R(\), T(\) global reflection and transmission coeffi-

cients

source point

potential function(V)
thickness of a layefm)

j current density(A/m?)

number of layers

X,Y,Z rectangular coordinates
Greek Symbols

A separation coefficient

o conductivity of layer(S/m)

S Dirac delta function
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