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Frequency- and Time-Domain FEM Models of EMG:
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Abstract—Electromyography (EMG) simulations have tradi- the activated fiber is assumed to be purely resistive. In addi-
tionally been based on purely resistive models, in which capacitive tjon, macroscopic cardiothoracic models for defibrillation [5],
effects are assumed to be negligible. Recent experimental studles[18] and for magnetic stimulation [2] have been based on the

suggest these assumptions may not be valid for muscle tissue. fi c iti ties h Iso b id
Furthermore, both muscle conductivity and permittivity are fre- same assumption. Lapacitive properties have also been consid-

guency-dependent (dispersive). In this paper, frequency-domain €red and deemed negligible in a model of magnetic stimulation
and time-domain finite-element models are used to examine the of the brain cortex [6]. They have been included in a high-fre-
impact of capacitive effects and dlSpGrS_IOf_] on the surface potential quency bio-electromagnetic model for calculating electromag-
of a volume conductor. The results indicate that the effect of netic absorption in humans in the 100-350 MHz range [33]. And

muscle capacitance and dispersion varies dramatically. Choosing finallv. thev h b di dels of electrical i d
low conductivity and high permittivity values in the range of Inally, they have been used in models or electrical impedance

experimentally reported data for muscle can cause displacement tomography at 28.8 kHz [8] and in the 2-200 kHz range [16].
currents that are larger than conduction currents with corre- The condition for neglecting capacitive effects in homo-

sponding reduction in surface potential of up to 50% at 100 Hz. geneous bio-electromagnetic models, has been described by
Conductivity and permittivity values lying toward the middle of Plonsey and Hepner [26], as follows:

the reported range yield results which do not differ notably from

purely resistive models. Also, excluding dispersion can also cause wEpEr <1 1)
large error—up to 75% in the high frequency range of the EMG. o

It is clear that there is a need to establish accurate values of both . . .
conductivity and permittivity for human muscle tissue in vivo in whereo ande, denote the conductivity and the relative permit-

order to quantify the influence of capacitance and dispersion on tivity of the tissue, andv the angular frequency of the source.
the EMG signal. €0 = 8.854x 10712 F/m is the permittivity of vacuum. The re-
Index Terms—EMG, finite-element methods. sults of recent experimental studies, however, suggest that (1)
may not be valid for muscle tissue [12], [14]. It is unclear how
capacitive effects may alter the amplitude, frequency content,
. INTRODUCTION and phase distribution of EMG signals detected throughout the

O DATE, models in electromyography (EMG) have beefuscle and at the skin surface.

based on an assumption of quasi-stationarity at the macrolt is apparent from (1) that the magnitude of the capacitive
scopic level. Purely resistive electric properties have been &&ects depends on the permittivity and the conductivity of the
signed to all tissues [9], [15], [3]. Capacitive properties hav®aterials and on the frequency of the source. However, both
been introduced only at the microscopic level with respect g@nductivity and, in particular, permittivity are themselves fre-
the cell membrane [35]. In the closely related field of electricflueéncy-dependent in biological tissues. This phenomenon is
stimulation, the capacitance of the cell membrane has been cown as dispersion. In muscle, the relative permittivity varies
sidered in the derivation of the activation function and in th@y several orders of magnitude over the frequency range of the

study of its properties [27]-[29], [25]. The tissue surroundingjansmembrane action potential, which contains frequency com-
ponents of up to 10 000 Hz [19]. Conductivity can vary by over
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fiber action potential have been simulated in biological tisswor the derivation of (3), it is assumed that the magnetic vector
where both conductivity and permittivity are incorporated. Agotential vanishes, as it does in the frequency domain. It is also
yet, we are not aware of any time-domain numerical methodssumed that the relative permittivity does not change with time,
that can handle dispersion with time steps on the order of tens, £..(¢) = const. If the scalar potential in (2) is regarded as
of microseconds, necessary to simulate the propagating singlinction of frequency, it is possible to view (2) as the Fourier
muscle-fiber action potential. Therefore, a combined approaghnsform of (3). In order to keep the notation simple, the same
is employed whereby the results of the time-domain simulatiosgmbols will be used in the frequency domain and in the time
are corrected for dispersion in the frequency domain. This teafomain, and it will be clear from the context which domain is
nique substantially reduces the computational burden as caffeant.
pared with solutions carried out solely in the frequency domain. 2) Dispersion: One method of generalizing (3) to incorpo-
rate dispersive materials is to allowande,. to vary with fre-

[l. THEORETICAL BACKGROUND quency in (2). Then using the convolution theorem [21] and
The fundamental difference between computational moddignsforming (2) into the time domain, we obtain
in EMG studies stems from the governing equations used. A +o0
clear statement of the governing equations permits a correct in- \Y [ K(t—71)Ve(r)dr| =0. 4)

terpretation of the results. They necessarily differ in the fre-
quency domain and in the time domain, both are presented. The kernelK(¢) is the inverse Fourier transform of{w) +
jwepe,(w) (provided it exists). Itis independent of Thus, the

A. Frequency Domain problem remains linear. The conditidd(t) = 0 for ¢t < 0 is
1) Governing Equation:The electric scalar potentiap imposed in order to preserve causality (otherwise the potential
obeys at some moment in time will depend on future values as seen

from (4) forr > ¢) [17].
V - [(o + jweoe, ) V] =0 (2)

wherej denotes the imaginary uni¥/- andV denote the di- Ill. METHODS AND MODELS

vergence of a vector function and the gradient of a scalar func-In this section, we describe how the general concepts dis-
tion, respectively. Equation (2) follows directly from Maxwell'scussed in the previous section are applied so as to understand
equation describing Ampere’s law [17] by taking the divergendhe influence of capacitance and dispersion on the EMG signal.
on both sides under the assumption of negligible magnetic &hke numerical and analytical procedures are outlined, and the
fects (vanishing magnetic vector potential). For the problemssgiecific models are introduced.
hand, this assumption can be readily justified [26], [20].

2) The Phase Distribution in the Frequency Domaimad- A. The finite-element Method

dition to the amplitude of the signal, a frequency-domain model The commercial FEM software package EMAS by ANSOFT
also yields its spatial phase distributiéfx, y, z). In most cir-  corp. was used to develop the models. Its formulation is based
cumstances, capacitive effects will cause nonconstant spagglthe time integral of the electric scalar potential in the time
phase distributions. However, they will yield a constant spatighmain and onp/(jw) in the frequency domain. In both do-
phase distribution if the model has homogeneous material preRains, the magnetic vector potentidlis used as well. This
erties, only current excitations, and is grounded. This can Rgmulation allows for the solution of the complete system of
seen in the simple case of a cylinder with current flowing pafzaxwell's equations. The formulation imposes the Coulomb
allel to its axis (no variation in radial direction) and a groun@auge, which confines all propagation effects exclusively to the
at one end. The cylinder can be represented by a parallel ¢{agnetic vector potential [17]. Since our specific problem does
cuit of a resistoriz and a capacitoc’. The phase angle be-not include propagation or any other effects involving the mag-
tween current and voltage at angular frequeacis given by netic field, it is possible to discard the componentsiofrom
arctan(w RC). As the observation point moves along the axigpe stiffness matrix prior to decomposition. This increases the

the resistance will change proportionally, and the capacitanggmerical efficiency of the solution substantially.
will change inversely proportionally to the distance from the

ground, thus maintaining a constant product. At each point, tBe Geometry of the Models

phase angle between current and voltage will be exqctly equal thn both the frequency and the time domain, the geometry of
the argument (polar angle) of the complex numbef jweoz,..

the model was chosen so as to resemble a segment of a human
kb, The limb segment (volume conductor) had the shape of
Leircular cylinder. In the frequency domain, it had a radius of
5 cm and a length of 30 cm. The volume conductor was placed
B. Time Domain into a cylinder of air with a radius 7 cm and a length of 34 cm.
, ) ) ) . The purpose of the air cylinder was to provide means for ap-
1) Governing Equation:in the time domain, the governing . ing outer grid boundary conditions, which will be discussed
equation for the electric scalar potential is the following: below. In the time domain, the idealized limb segment had a
a radius of 4 cm and a length of 15 cm (Fig. 1). The smaller
v [(U - EOE”&) V‘p} =0. () size, while still realistic, allowed for reduction of the time and

gation effects), there will be no phase variations of the volta
either.
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frequencies and thus resembles a propagating action potential.
However, it is essential to this study that we isolate single-fre-
quency components of the field.

2) Time Domain: There were three sources in the model,
which simulated the excitation of a 10-cm-long section of
muscle fiber between the neuro-muscular junction and the
tendon. The fiber was placed along a straight line parallel to
the cylinder axis, symmetrically between the two ends of the
cylinder at 10 mm below the surface. The first source repre-
sented the transmembrane currémuring an action potential.

It was propagating along the line of the muscle fiber according
to the following spatio—temporal relationship [24], [31]:

Ubservation line

Source line

(10 mm deep)

) S5;967 (6 —62+ 23 e™*, Z2>0
1) ={ ( ) ©)

v 0, 7<0
Z=t—z/v (6)

Fig. 1. The discretized time-domain FEM model. The radius is 4 cm and thghere § denotes the average cross sectional area of the fiber
length is 15 cm. The observation line is indicated. The 10-cm-long segmentaoﬁ 3 -
an active muscle fiber is placed at 1 cm in radial direction from the observati d was chosen equal to 20107 square millimeters (COI‘—

line. Element size at the source is 0.1 mm, at the observation line 2 mm andr@sponding to a fiber diameter of 50n [19]), #; denotes the
to 6 mm elsewhere. intracellular conductivity of the muscle fiber with a value 1.01
S/m [1],¢ denotes the time from the onset of the action potential

resources needed to obtain the computationally more intefiddnilliseconds,> denotes the distance of a point on the fiber
time-domain solution. For the same reason, this model did fg#M the neuro-muscular junction in millimeters, ands the
include any surrounding air. However, the potential error dif@nduction velocity in millimeters per millisecond. .

to the absence of air was assessed prior to the simulations an§h€re were two more sources at both ends of the muscle fiber

will be addressed in this section together with the outer grifiat simulated the start-up and end effects [7], [15], [9]. Their
boundary conditions. purpose was to ensure zero total current. At each moment in

time, the source at the neuro-muscular junction yields a current
equal in magnitude and opposite in sign to the net current of the
propagating action potential. When the action potential reaches
1) Frequency Domain:The continuous source of the actionthe end of the muscle fiber, the net current is calculated as if
potential is traditionally replaced by discrete sources like fiber was infinite. The source at the other end yields a cur-
dipoles and tripoles [24]. A spatially fixed current dipole withent equal to the part of the action potential which would extend
pole separation of 2.1 mm and normalized source stren@Byond the end of the fiber, if the fiber were infinite. There-
of 1 mA was simulated. This pole separation is equal to thgre it becomes active only after the action potential reaches
distance betWeen the CentroidS Of the ﬁI‘St pOSitiVe and the fgl're end_ By that t|me the ﬁrst source has become almost inac-
lowing negative spatial wave in the single muscle-fiber actiafye, since the integral of the transmembrane current [as modeled

potential as analytically modeled by (5) and (6) according g, (5)—(6) over a sufficiently long segment of the fiber] is close
Rosenfalk [31]. Thus, the first two spatial waves at a giveg zero.

moment in time were represented by the poles of the dipole
placed at their centroids. The third spatial wave, which is Mu¢h outer Grid Boundary Conditions

smaller than the first two, was neglected. This was possible

because of the assumed linearity of the electrical properties oFleCt”C f'EIdS_ e_x_tend through air and free space _to_ |nf|r_1|ty by
muscle. The dipole was spatially fixed, because frequency- eans of permittivity. A FEM mesh can have only finite dimen-

main analyses inherently presume a steady state of the sys?‘é%]s' This difficulty, which does not arise in purely resistive

whereas a moving dipole gives rise to transient effects. mch_eIs, require_s spec.ial attention fo the way a model with ca-

In frequency-domain analyses, it is assumed that all sourd} citive effegts is terminated. EMAS provides a boundary con-
in the model have the same frequency which must be grea ét;,on that S|mulate_s open space at the outer boundary of the
than zero. The physical meaning in the presented model ”lgde" called ;pherlcal open bogndary (SQB) [4.]'AS suggested
that each pole of the dipole is a source of alternating current the name, it can be applied in three-dimensional models to

some frequency and there is a phase difference of h8veen patches of a sphere.only, and as a result, the volume conductor
them. There is an important difference between this dipole anl! s(t)tée.err;)bedcéed n t"’r‘] ball?l) of|§1|r. Turkel imati
propagating but nonoscillating dipole (i.e., one whose poles arée IS based on e baylss—IUrkel approximation, ex-
sources of direct current), as commonly used in EMG modeﬁgessed in a spherical coordinate system with origin in the
[3], [10]. The spatially fixed current dipole gives rise to only on&enter of SOB [34]

frequency throughout the model. It is the frequency at which the 19p d¢ 1

dipole is excited. A propagating dipole gives rise to a range of c ot " or + YT 0

C. Sources
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wherec = 2.997 924 58x 10® m/s [17] denotes the speed ofto minimize adverse effects due to unbalanced currents as a re-
light in vacuum. The first term on the left-hand side can safebult of round-off errors.
be neglected, and the first-order Bayliss—Turkel approximation

reduces to [4] F. Initial Conditions
dp 1 The initial conditions are only applicable to problems in the
ar + SP= 0. time domain. The initial value of the scalar potential was zero

throughout the model.
An unreasonably large number of elements are required to
model the surrounding air, if the object of interest is a cylindés. Convergence and Validity

with a small ratio of radius to length of the axis. Our numer- ggm yields only an approximation to the true solution. Two
ical experiments have shown that, in the frequency range of thithods for increasing the accuracy of the approximation are
EMG, using material properties of human tissues allows for thgajlaple, reducing the maximum diameter of the elements,
termination of the model by putting a ground on a surface sing/or increasing the degree of the polynomials in the shape
ficiently far (e.g., 2 cm) from the object of interest. The differfynctions. However, there are instances in which increasing the
ence, as compared with a model with SOB, was 2.1% [20]. Bysgree of the polynomials does not ensure convergence [36].
further numerical simulation, we confirmed that excluding th@/e confirmed convergence by decreasing the element size.
surrounding air from the model as proposed in [26], yielded aAcreasing the number of elements up to six times the initial
almost identical result to that obtained with grounded 2-cm gjg| e produced a deviation of less than 3%.
layer (difference less than 0.5%). Furthermore, this generated gyhile convergence indicates self-consistency of the model,
vanishing normal component of the electric field on the surfaggmplies nothing about its ability to reflect the physical reality
of the limb. adequately. In a previous work [20], we validated our FEM tech-
nigue by comparing simulated data with measured potentials
in a physical phantom limb model. The numerical and the ex-
It is useful to distinguish between physical and numericglerimental data were highly correlated (the correlation coeffi-
ground reference. cient was greater than 0.99) and absolute differences were gen-
1) Physical Ground ReferenceA physical ground reference erally within 5%-10%. However, the validity of the method was
can occur as a part of Dirichlet or mixed boundary conditionproved under nondispersive conditions.
It can extend over patches of surfaces. Its presence affects the
structure of the field, usually by “bending” it locally. The cur-H. Analytical Methods for Handling Dispersion

rent flowing through the patch will be different with or without = Since the available implementation of the FEM does not

the ground—the physical ground is a current carrying grouméndle dispersion, additional tools were necessary in the study.

reference. The analytical approach described here in combination with
A physical ground reference was used only in the frequenayte finite-element models provided a simple means by which to

domain analysis. It was applied to all surfaces of the air cylindgslve the dispersive field problems encountered in this study.

to provide outer grid boundary conditions as discussed in the1) Dispersion Error in the Frequency DomairFor a ho-

previous section. Since the frequency-domain models with thfsgeneous, isotropic volume conductor (capacitive effects in-
supplied excitations and boundary conditions proved electgtuded), we define:(w, w,,) as follows:

cally symmetric about the transversal plane of geometric sym- )
metry, a physical ground reference was applied to this plane as (W, wm) = |0(wm) + jwe(wn)] )
well, and only one half of the model was numerically processegherew is the angular frequency of the source ang is the

2) Numerical Ground ReferenceA numerical groundrefer- angular frequency which was used in the parametric models
ence occurs only together with Neumann boundary conditio$3] to calculate the material properties. Then the relative error
The Neumann boundary condition determines the solution gf,,, .. of the voltage amplitude at angular frequencyue

the boundary-value problem only up to an additive constagfusing material properties at angular frequeagyis given by
[22]. To eliminate this ambiguity, it is sufficient to provide a
(8)

ground reference at only one point in the model. The structure §(w, wm) =
of the field will be preserved. The current density at that point r(w; wm)
will be the same with and without the ground—the numericdlhis error is independent of the spatial coordinates.
ground is not a current carrying ground reference. On the other2) Dispersion in the Time DomainThe linearity of the
hand, specifying ground over a patch of surface will change theoblem (i.e., validity of the superposition principle) and the
nature of the boundary conditions and the structure of the fieddfailability of precise expressions for the dispersion error in
(the field will be “flattened”). Therefore, this kind of ground ref-the frequency domain suggest a straightforward procedure
erence can be applied only to one single point in the model. It obtain an exact solution of the dispersive field problem in
important that the sum of all enforced currents in the model ltee time domain. This indirect method consists of calculating
zero, as dictated by the Neumann boundary conditions. the Fourier transform of the available time-domain solution
A numerical ground was used only in the time-domain andbr a given set of nondispersive dielectric material properties,
ysis. It was applied to a point as far away from the source awdifying it to account for the dispersion error in the frequency
possible. The distance from the source was considered in ordemain and transforming it back into the time domain. Because

E. Ground Reference

Klw, w) — Klw, W)
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TABLE |
RATIO OF DISPLACEMENT TO CONDUCTION CURRENT DENSITY (%) FOR DIFFERENT MATERIAL PROPERTIES
THE RANGE OF REPORTEDMATERIAL PROPERTIES[11]-{13] AT 100 Hz WAS USED

Conductivity Displacement over conduction current density (%) at 100 Hz
(S/m) Static model £=3.0x10° £=3.7x10° £=2.0x10"
c=0.07 0 24 29.4 159.0
6=0.24 0 0.7 84 453
¢=0.60 0 0.3 34 18.5
TABLE I

THE MAXIMUM SURFACE POTENTIAL (MILLIVOLTS) AT 100 Hz FOR DIFFERENT MATERIAL PROPERTIES
THE RANGE OF REPORTEDMATERIAL PROPERTIES ORMUSCLE[12], [13] AT 100 Hz WAS USED

Conductivity Maximum surface potential in (mV)

(S/m) Static model  £=3.0x10°  £=3.7x10°  £=2.0x10’
0=0.07 18.6 18.6 17.8 9.9
0=0.24 5.3 5.3 5.3 4.8
6=0.60 22 22 22 22

of the linearity of the problem, the inverse Fourier transformabservations of the two variables. The obtained value of 0.09
tion yields the correct solution for the set of dispersive materiaidicated that any combination of conductivity and permittivity
properties. The correction can be performed as follows: within their respective range of variation might possibly occur.

@2(w) = 1 (w)p1/p2(w). Q) The full range of reported conductivities combined with
the full range of reported permittivities was used to perform
1 is the Fourier transform of the available time-domain solype analyses. For comparison, the static model (purely resis-
tion calculated for the set of nondispersive material propertigge case) was also simulated. Parametric Cole—Cole type of
o1 ande,1, ¢, is the Fourier transform of the new solution folyjg-electric models proposed by Gabrélal. [13] were used
the set of dispersive material propertie§w) ande,2(w), and g obtain values of conductivity and relative permittivity that lie
pr = o + Jweoen, fork =1, 2. within the middle of the range of experimentally measured data
(0.24 S/m and 3.% 1(°, respectively). Table | shows the ratio
of displacement current density to conduction current density.
A. Effect of Material Properties The smallest nonzero value occurs with the highest conductivity
. . and the lowest permittivity, and the highest value occurs at the
To study the effect of material properties in frequencx . o .
pposite ends of the ranges. Significant displacement currents

domain! we chose a frequency of 100 Hz. This is in the

.. are seen with several combinations. In the most extreme case,
range of clinically observed mean frequency of surface.

EMG (68-129 Hz) [23]. A broad range of conductivitiesW'th the lowest conductivity and highest permittivity, the

. . ... displacement current is larger than the conduction current.
(0.070-0.600 S/m) and corresponding relative permittivities The effect of these displacement currents on the electric po-

(3 x 10°— 2 x 10) have been reported for mammalian Skelet‘Fillential at the surface is shown in Table Il. Displacement currents
muscle and are reviewed in [11] and [12]. We calculated thée - DISP

. - .~ “résulted in a decrease of the surface potential with the higher
correlation coefficient betweesm ande,. at 100 Hz, assuming . : .
permittivity values. When the material properties of muscle at

that each pair of reported values was a pair of correspondTgO Hz given by [11], [12] are used, the range of relative error

1 The frequency-domain analysis is based on “A finite-element analysis dtie to neglecting capacitive effects is between 0% and 88%.

muscle tissue capacitive effects and dispersion in EMG” by N. S. Stoykov, 'Y'Jsing the mid-range values of Conductivity and relative per-
M. Lowery, A. Taflove, T. A. Kuiken which appeared in tReoceedings of the

23rd Annual International Conference of IEEE Engineering in Medicine anE_pittiVity’ we found that the Qiﬁerencg between purely resis-
Biology Societylstanbul, Turkey, Oct. 2001. © 2001 |EEE. tive models and models that include displacement currents was

IV. FREQUENCY DOMAIN MODELING RESULTS
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Fig. 2. Surface voltage along a line above the source parallel to the cylindd@- 3- The relative error in electric potential due to exclusion of dispersion is
axis in a frequency-domain model. Conductivity and permittivity at 100 Hz wedotted as a function of frequency for different tissues. The error is incurred if
used for four different frequencies of the source, as displayed in the legend.values for conductivity and permittivity at 100 Hz are used at other frequencies.

within the range of the convergence error of the models (i.@saximum surface potentials for different simulation conditions

less than 3%). The variation in conductivity clearly has a larggfe presented in Table IV. There is a relatively large difference
effect on the §urface pqtential. The.rrllaximum surface potent{aBos) hetween the low and the high end of the spectrum. Most
decreases with increasing conductivity. of this difference occurs between 10 and 100 Hz, at the low end
of the spectrum. There is practically no difference between the
results calculated with or without capacitive effects considered

EMG frequency content near the source is high—the medigihen material properties obtained from the parametric models
frequency for single-fiber EMG is 1618 300 Hz [19]. Spatial [13] are used.

filtering rapidly lowers the frequency content so that the mean
frequency at the surface is near 100 Hz [23], [24]. The tissues in
the arm are, therefore, exposed to a wide range of frequencies.

Source frequencies of 10, 50, 200, 1000, 1500, and 5000 Az Effect of Material Properties

were used to assess the error at a single frequency due twhile the frequency-domain analysis presented in
neglecting dispersive effects. This range includes frequenc@sction IV-A shows the sensitivity of the maximum sur-
observed near the surface as well as near the source. Td potential to variations in the dielectric properties at one
relative error incurred if the frequency-dependent values fitquency, it remains unclear how this variation would affect the
conductivity and relative permittivity were replaced by theompound field due to a propagating single muscle-fiber action
values at 100 Hz was calculated. Material properties wepetential. To answer this question, a mid-range muscle con-
obtained from the parametric models in [13]. The error at 1Quctivity of 0.24 S/m (as obtained from the parametric models
1000, and 5000 Hz was calculated both by FEM and by the3] at frequency of 100 Hz) was used in the time-domain
analytical expressions (7)—(8). FEM was used to obtain th€odel. The relative permittivity of muscle was varied as in the
error at the site of maximum surface potential (Fig. 2). Withifrequency-domain study. The muscle-fiber conduction velocity
three decimal places, (7)—(8) yielded the same results. For thgs assumed to be 4 m/s. The results indicate a decrease of am-
remaining frequencies, the error was calculated only by usipgtude with increasing permittivity [Fig. 4(A)]. The decrease
(7)—(8). Table Ill summarizes the relative error at each fréollows a nonlinear relationship, resembling the corresponding
quency with and without displacement currents included. Figr8sult in the frequency domain. A change in the shape of the
shows the frequency behavior of the error over a range froms@nal is also apparent. This is confirmed by a spectral analysis
to 5000 Hz for muscle and several other tissues. Displacementhe signal [Fig. 4(B)]. While the spectral components below
currents were included. Equations (7)—(8) were used to obt&0 Hz remain unchanged in all three simulations, those above
the data. 50 Hz are notably attenuated fer = 2.0 x 107. As a result
the median frequency has decreased from 133 to 122 Hz.

To prove numerical consistency between the FEM model and

The effect of frequency on the maximum surface potentitlie analytical approach in the time domain, both were used to
was studied with a 1 mA input current. Source frequencies célculate the solution along a line on the surface of the model,
10, 100, 1000, and 5000 Hz were used. At each frequen@y ms after onset of the action potential. The line was oriented
mid-range material properties were obtained from the paria-axial direction and was located just above the source (Fig. 1).
metric models presented in [13] and assigned to the model. THa&l-range material properties ef = 0.24 S/m and, = 2.0 x

B. Effect of Dispersion

V. TIME-DOMAIN MODELING RESULTS

C. Effect of Frequency
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TABLE Il
THE RELATIVE ERROR (%) OF THE SURFACE POTENTIAL WHEN THE MATERIAL PROPERTIES
AT 100 Hz ARE USED AT OTHER FREQUENCIES

Type of solver Relative error (%)

10 Hz 50 Hz 200Hz 1000Hz 1500Hz 5000 Hz

Including Displacement Currents -16.8 —4.5 1.8 -17.3 -32.4 -74.4
0=0.24 S/m £=3.7x10’
Excluding Displacement Currents -16.8 —4.4 3.2 7.9 8.6 10.2

=0.24 S/m

TABLE IV
EFFECT OFFREQUENCY ONMAXIMUM SURFACE POTENTIAL WITH A 1 mA INPUT CURRENT. THE CORRECT
MATERIAL PROPERTIES ORMUSCLE ASOBTAINED BY A PARAMETRIC MODEL [13] WERE USED

Type of solver Maximum surface potential in (mV)

10 Hz 100 Hz 1000 Hz 5000 Hz
Displacement Currents 6.5 5.4° 5.0 4.9
No Displacement Currents 6.5 5.4° 5.0 4.9

“: The difference of 1.9% is due to different FEM meshes of the same model (see Table II).

02 from the source [24], [23], these effects should be more pro-

nounced close to the source. Therefore, the recording site in this
simulation was chosen at 2@ from the fiber. Conduction ve-
locity of 4 m/s was used. First, the nondispersive solution was
calculated by the FEM model. Mid-range values for conduc-
tivity and relative permittivity at 100 Hz were used (0.24 S/m
and 3.7x 10°). The dispersive solution was then calculated by
the analytical approach for material properties obtained from the
T T . parametric models [13]. The results are presented in Fig. 5. Ne-

Voltage (uV)
S5 O
P

S o
o« (o))
.

-

§ 08l - glecting dispersion caused 8.5% decrease in the peak-to-peak
806l i amplitude of the signal. The median frequency decreased from
§ oul | 571 Hz when dispersion was included, to 514 Hz when disper-
T sion was neglected.
£ o2} g
[e] . .
Z 9 - s : = . C. Effect of Conduction Velocity

0 50 100 150 200 250 300 350 400 . . )

Frequency (Hz) B The effect of conduction velocity on the EMG signal under

dispersive conditions was examined by the analytical approach
Fig. 4. (A): The surface voltages along an observation line above the souibetwo steps. In the first step, mid-range material properties of
with different permittivities (dashed line,. = 2.0 x 107; solid line,s. = muscle at 100 Hzg{ = 0.24 S/mg, = 3.7 x 106) as obtained
3.7 x 10°; dotted line, static model). The results at 7.5 ms after the onset ]pf h . dels i 173 d lcul h
the action potential are plotted. = 0.24 S/m, conduction velocitg4 m/s. rom t e pqran"!etrlc mo 93 In [ ] were use .to calcu ate the
(B): Corresponding normalized power spectrum, with notable attenuation of thendispersive time-domain solution for conduction velocities of
signal components above 50 Hz. 3,4, and 5 m/s [19]. In the second step, the time-domain results
_ _ _ were corrected to allow for dispersion.
10" were used. At each point of the line, the difference betweenThe surface voltage distribution along the line parallel to the
the analytical solution and the FEM solution was less than 1.83¢linder axis and immediately above the source (Fig. 1) was
of the range of the signal. compared for the three conduction velocities. Observations
were taken at 10, 7.5, and 6 ms after onset of the action potential
for conduction velocity of 3, 4, and 5 m/s, respectively. By
Fig. 3 suggests that larger effects of dispersion in musdleen, the start-up effects had died away, and the front of the
should be expected at frequencies above 500 Hz. Since the mgi@pagating action potential was 30 mm from the neuromus-
frequency of the EMG signal decreases with increasing distarméar junction. At no point along the observation line did the

B. Effect of Dispersion
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that capacitive effects can give rise to a significant level of dis-
placement-current densities relative to the conduction-current
density, which results in a decrease of the maximum surface po-
tential (Tables | and I1). Apparently, displacement currents pro-
vide an additional pathway for the flow of energy through the
limb, thus reducing the impedance of the limb. Consistent with
this notion are the time-domain results presented in Fig. 4. They
establish that capacitive effects have the nature of a low-pass
filter and depend nonlinearly on material properties. Both the
frequency-domain and the time-domain results show that capac-
itive effects are negligible for mid-range material properties.

A very important aspect of the frequency-domain analysis
of dispersion is the choice of frequency range. As stated in
Section IV-B above, the tissues in the limb are exposed to a wide

80 ‘ , , . range of frequencies. An example of the high end of this range
15 20 25 30 35 4t is given by the model source (5)—(6). 20% of its integrated am-
Distance along muscle fiber (mm) plitude spectrum at 5 m/s lies above 5000 Hz. The whole range,
therefore, must be considered when simultaneous observations
Fig. 5. Potential calculated along a line parallel to the muscle fiber;280 gre taken throughout the volume conductor [30], even though
fom t o an acton polntal popagting st s o e A9 ith and ol high-end frequencies are not representaive ofthe frequency
to obtain the correct material properties. When dispersion is neglected, of@ntent of signals recorded far away from the source.
material properties at 100 Hz are used. The dispersion error was calculated in the frequency domain
at the site of maximum surface potential. This site does not

absolute difference between the voltage at the highest and gh@nge for different material properties as long as the limb
mains homogeneous (Fig. 2), because in this case, material

lowest conduction velocity exceed 5.9% of the peak-to-pes&

amplitude. The differences for the other combinations properties have only a scaling effect on the potential distribu-
conduction velocities were smaller. tion. Furthermore, the error is the same throughout the volume

conductor due to the constant current excitation.
Dispersion can have a dramatic effect on the fields calculated
VI. DISCUSSION at a single frequency. It is much more pronounced when
displacement currents are included than in purely resistive
In this paper, capacitive effects, dispersion of conductivityodels. For frequencies below that at which material prop-
and dispersion of permittivity in muscle are examined in the frerties are being used, the static solver (without displacement
guency domain and in the time domain. An oscillating dipole isurrents) underestimates the voltage. For frequencies above it,
proposed as a single-frequency source in the frequency domai voltage is overestimated (Table I11). No general trend exists
Arealistic propagating single-fiber action potential is the souréedisplacement currents are included (Table 11l and Fig. 3).
used in the time domain. An explanation of this behavior is found in the frequency de-
The magnitude of the capacitive and dispersive effects in thendence of conductivity and permittivity. The conductivity is
simulated EMG signal depends on the material properties, theincreasing function of frequency. Thus, at lower frequencies
frequency content of the source, and the muscle-fiber conditcwill be overestimated and the voltage—according to Ohm’s
tion velocity. Therefore, all numerical experiments were déaw—underestimated. The high frequency behavior can be ex-
signed so as to cover the essential range of these parametslesned accordingly. Unlike conductivity, permittivity is a de-
The frequency-domain models provide information about tleeasing function of frequency. However, not permittivity alone,
effects under study at the level of a single frequency componéuit rather the product of permittivity and angular frequency de-
of the signal. Alternatively, the time-domain models address thermines the effect of displacement currents, as it can be rec-
effects at the level of the compound signal. ognized in (1). Whether the voltage will be overestimated or
The analysis of the effects of material properties on the ratimderestimated depends on the complex relationship between
of displacement to conduction-current density and on the mabenductivity and permittivity given by (7)—(8).
imum surface potential incorporates variation in the material The analysis of the effect of frequency on the EMG signal can
properties across several animal species. It is suggested in [b2],viewed as characterizing the transfer function between the
that the differences between human and animal species aresmitrce and the observation point. Permittivity has practically no
systematic, and that differences within a species may exceed difect when the mid-range values&f are used. The results in
ferences across species. As stated in [11], the reported valueSaifle IV indicate that with mid-range dielectric constants, dis-
material properties were measured under varying conditions persion in the muscle conductivity has a more pronounced ef-
garding temperature and freshness of the samples. It is alsofeat than permittivity, especially at lower frequencies. Changes
clear how different physiological conditions affecting the eledn conduction velocity directly translate into changes of the fre-
trolyte balance (e.g., during hemodialysis) might influence thguency content of the source by the scaling property of the
material properties. Under these restrictions, the results shBaurier transformation [21]. In the time domain, the analysis

Voltage (uV)

60f / — dispersion
— no dispersion
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of the effect of conduction velocity on the signal shows that,
for the dispersion curves of muscle provided by the parametricyy;
models in [13], conduction velocity has little effect on the am-
plitude of the surface EMG signal. A linear relationship between
conduction velocity and muscle-fiber diameter has been used il%zl
EMG modeling [15]. This relationship was not included in the
present analysis in order to obtain more transparent results. Wl
are convinced that there is no loss of generality with respect to
the question addressed here. [4]
This study has been limited to muscle. However, most biolog-
ical tissues have high permittivities and are highly dispersive.
In particular, skin has relatively low conductivity and high per-
mittivity so that capacitive as well as dispersive effects are ex-[6]
pected to be significant. The proposed method for handling dis-
persion is applicable only to homogeneous models. If dispersiori7]
is to be included in an inhomogeneous model, the analysis must
be done in the frequency domain. Alternatively, new time-do- g
main Maxwell-equation solvers capable of handling dispersion
must be developed to obtain temporal waveforms of propagatinqgl
EMG signals directly. Using a single value of permittivity (from
one frequency) can cause large errors in estimating signal con-
tent at the higher frequencies. [10]
While the methods described may be applicable to problems
in other areas of bioelectric research, the particular results willt1]
vary according to the different dispersion curves and the dif-
ferent frequency content of the sources. [12]

VIl. CONCLUSION 13

The results indicate that capacitive effects in muscle may varp 4]
from having a negligible influence on the simulated EMG signal
to having a considerable impact, depending on the combing;
tion of electric conductivity and permittivity used. These ef-
fects should be considered with any bioelectromagnetic model.
Whether or not they should be included depends on the Pafrg)
ticular model used in the investigation. For mid-range material
properties of muscle, capacitive effects are small for frequen-
cies between 10 and 5000 Hz. Since the reported range of coH—n
ductivity and relative permittivity spreads over several orders 0f18]
magnitude, even at a single frequency, it is important to identify
their values correctly.

Dispersive effects in muscle can be important. Dispersion if19]
muscle conductivity is significant and can cause an error of u%ol
to 33% in single frequency components of the signal. Most o
the error occurs at lower frequencies where the fall-off of con-
ductivity is faster. With errors as high as 74% at the high enc{m
of the spectrum, dispersion in permittivity can have a great im-
pact on single-frequency components of the signal. As a resulig?]
the compound signal can be distorted, but to a much smallgs,
degree. Changes of 8.5% in the peak-to-peak amplitude and of
10% in the median frequency of the power spectrum have been
observed in the model. [24

Including capacitive effects in a model but neglecting their[2s]
dispersive nature can cause a larger error than omitting them
altogether. Consequently, further work toward developing dis£26]
persive solvers is indicated by this study.
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