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ABSTRACT

Surface electromyographic (EMG) signal modeling is important for signal interpretation, testing of
processing algorithms, detection system design, and didactic purposes. Various surface EMG signal
models have been proposed in the literature. In this study we focus on 1) the proposal of a method
for modeling surface EMG signals by either analytical or numerical descriptions of the volume
conductor for space-invariant systems, and 2) the development of advanced models of the volume
conductor by numerical approaches, accurately describing not only the volume conductor geometry,
as mainly done in the past, but also the conductivity tensor of the muscle tissue. For volume
conductors that are space-invariant in the direction of source propagation, the surface potentials
generated by any source can be computed by one-dimensional convolutions, once the volume
conductor transfer function is derived (analytically or numerically). Conversely, more complex
volume conductors require a complete numerical approach. In a numerical approach, the
conductivity tensor of the muscle tissue should be matched with the fiber orientation. In some cases
(e.g., multi-pinnate muscles) accurate description of the conductivity tensor may be very complex.
A method for relating the conductivity tensor of the muscle tissue, to be used in a numerical
approach, to the curve describing the muscle fibers is presented and applied to representatively
investigate a bi-pinnate muscle with rectilinear and curvilinear fibers. The study thus propose an
approach for surface EMG signal simulation in space invariant systems as well as new models of

the volume conductor using numerical methods.



1. INTRODUCTION

The simulation of surface EMG signals is important for the estimation of physiological variables
(inverse problem) (VAN OOSTEROM, 1998), a deeper understanding of the physiological mechanisms
(KLEINE et al., 2001), a proper choice of the detection system parameters (DIMITROV et al., 2003,
FARINA et al., 2004a), the interpretation of experimental results (DIMITROVA and DIMITROV, 2003;
ROELEVELD et al., 1997), and didactic purposes (MERLETTI et al., 1999a; MERLETTI et al., 1999b;
STEGEMAN et al., 2000). The main steps in the development of an EMG model are 1) the
description of the source, i.e., the modeling of the generation, propagation, and extinction of the
intracellular action potential, 2) the mathematical description of the local properties of the volume
conductor (with a formulation based on partial differential equations), 3) the analysis of the
geometry of the volume conductor and of the boundary conditions, and 4) the modelization of the
detection system, i.e., of the spatial filter applied to the skin potential distribution (spatial
arrangement, shape and size of the electrodes, inter-electrode distance). Different approaches have
been proposed for the description of the source, including generation, traveling, and extinction
phenomena (DIMITROV and DIMITROVA, 1998; DIMITROVA, 1974; DIMITROVA et al., 2001,
GooTzEN et al., 1991; GRrIEP et al., 1982; GyDIKOV et al., 1986; KLEINPENNING et al., 1990;
McGiLL and HUYNH, 1988; PLONSEY, 1977). The second and third issues are related to the
description of the tissues separating the sources from the detecting electrodes. In this work we will
mainly focus on these two topics. For the description of the source we will adapt a previously
proposed approach (FARINA & MERLETTI, 2001a), while for the analysis of the detection system we
refer to previous work (DIMITROVA et al., 1999a; 1999b; 2001; FARINA & MERLETTI, 2001a; 2001b;
HELAL & Bouissou, 1992; REUCHER et al., 1987a; 1987h).

The volume conductor can be described either analytically (BLok et al., 2002; DimITROV and
DIMITROVA, 1998; FARINA et al., 2003a; GOOTzEN, 1990; GOOTZEN et al., 1991) or numerically
(LoweRry et al., 2002; SCHNEIDER et al., 1991). Analytical solutions can be obtained only in

specific cases, while numerical methods are necessary when considering more complex conditions.



Nevertheless, analytical solutions are valuable for many reasons: 1) to determine the theoretical
dependence of the solution on specific parameters of the system, 2) to check the accuracy of
numerical methods, and 3) to reduce the computational time (e.g., when modeling is used for
solving the inverse problem). For these reasons, it is important to focus on analytical solutions when
this is feasible and to apply numerical methods only when the geometry of the volume conductor
and the properties of its conductivity tensor are too complex. Moreover, the use of complex and
time consuming numerical methods should be justified by applications which indeed require the
increased complexity with respect to an analytical solution (which is relatively fast and exact).
Thus, it is of primary relevance to foresee how a more detailed description of the volume conductor
may have an impact on the specific research questions at hand (STEGEMAN et al., 2000).

In the last years, efforts have been devoted to the simulation of surface EMG signals generated in
complex volume conductors (BLOK et al., 2002; FARINA et al., 2003a; LOWERY et al., 2002; MESIN
and FARINA, 2004). In this study we present the solution of the problem for a number of geometries,
underlining recent advances in the analytical solutions and presenting new insights into the
numerical approach. In particular, we will focus on the necessity of carefully describing the
conductivity tensor of the volume conductor in a numerical approach rather than focusing
exclusively on the accurate description of the geometry, as mostly done in the past. Moreover, to
decrease the computational time, we will present the possibility of using, in the same model,
numerical methods for the description of the volume conductor and analytical methods for the
modelization of the source. Representative examples of advanced simulations of surface EMG
signals (e.g., with bi-pinnate muscles or in the presence of tissue in-homogeneities) will be

presented.

2. METHODS

2.1. Description of the source



The modeling of the generation, propagation, and extinction of the intra-cellular action potential has
been performed in the past following different approaches (DIMITROV and DiMITROVA, 1998;
DIMITROVA, 1974; GOOTZEN et al., 1991; GRIEP et al., 1982; McGiLL and HUYNH, 1988). The
general assumption is that the integral of the current density over the muscle fiber length is zero in
each instant of time. Following this assumption, FARINA and MERLETTI (2001a) proposed a
mathematical description of the generation, propagation, and extinction of the intra-cellular action
potential along the fiber as a function of space and time. The description can be adapted to
propagation of the intra-cellular action potential along any path, as follows (multiplicative constants

are not reported):

i(s,t) = % ly(r(s - -vt) P (r(s=8i —Li/2)) =y (y(=s+5 —VD) P, (r(s -5 + Ly )] @

where y is the path of propagation, s is the curvilinear abscissa defined along y, t is the time
coordinate; i(s,t) is the current density source; v the propagation velocity of the source; w(y(s)) the
first derivative of Vi (y (-s)) (with V(7 (s)) the intracellular action potential); p.(y (s)) a function
that takes value 1 for —L/2 <'s <L/2 and 0 otherwise; y ('s;) the position of the end-plate; L; and L,

the semi-lengths of the fiber from the end-plate to the right and to the left tendon, respectively.

Eq. (1) is the generalization of the concepts presented by FARINA and MERLETTI (2001a) for a path
of propagation which may be defined by any curve. Eq. (1) implies the generation of two intra-
cellular action potentials at the end-plate, their propagation along two semi-fibers of different
length, and their extinction at the tendon endings. The assumption of the line source model
(DIMITROVA, 1974; GRIEP et al., 1982; JOHANNSEN, 1986; PLONSEY, 1977) in Eq. (1) implies that
the current density source is proportional to the second derivative of the intra-cellular action
potential. Note that for simulating the muscle tissue it should be assumed that the direction of
propagation of the source corresponds to the direction of highest conductivity while the transverse
directions are those of lowest conductivity. Thus, the description of the source in Eq. (1) also

implies a description of the conductivity tensor in each point of the muscle fiber.



2.2 Description of the volume conductor
The local electrical behavior of the volume conductor is described by the Poisson’s equation

(PLONSEY, 1977):

V-(oVe)=-I &)
where ¢ is the potential (V ), | is the current density source (A/m?), and o the conductivity tensor
(S/m).

Poisson’s equation is the mathematical model of the volume conductor. To obtain a mathematical
problem, whose solution provides the electric potential at each point of the volume conductor, the
local properties of the volume conductor should be considered together with the specification of the

geometry of the system and of the conditions to be imposed on its boundaries. These conditions are

usually Neumann homogeneous conditions (EVANS, 1998):

% _y o0, @3)
on

where n is the versor normal to the boundary 6Q, as the volume conductor is assumed insulated.

Some simple models of volume conductors of practical interest have been considered in the
literature, and analytical solutions are available for them. The simplest model is that of a
homogeneous, isotropic, infinite medium, for which the conductivity tensor is constant in space and
time (CLARK and PLONSEY, 1968; DIiMITROV and DIMITROVA, 1998). Rectilinear or curvilinear
fibers inclined with respect to the detection surface have been simulated in homogeneous volume
conductors but without adapting the conductivity properties to fiber direction (DIMITROV &
DIiMITROVA, 1980; DIMITROVA et al., 1999a; Xiao et al., 1995). More realistic models are

comprised of planar (FARINA and  MERLETTI, 2001a) (conductivity  tensor

g:axxfl +ayyﬁ+azzﬂ2) (Figure 1a) or cylindrical (BLoK et al., 2002; FARINA et al., 2003a;

GOOTZEN, 1990) (conductivity tensor o = o, 59 + 04,00 + o,,kk = o( p)) layers (Figure 1d,f).



Figure 1 about here

More complex systems are the models of bi-pinnate muscles (MESIN & FARINA, 2004) or of a
muscle with fibers inclined with respect to the detection surface which include an adaptation of
conductivity tensor to the fiber direction (Figure 1b,c,g,h) (MESIN & FARINA, 2004).

The choice of the mathematical tool for solving the forward problem depends on the local

properties (i.e., on the conductivity tensor) and on the geometry of the volume conductor.

2.2.1 Conductivity tensor

Most EMG models consider a quasi static condition, for which the local electrical properties of the
volume conductor are fully determined by its conductivity tensor. In general a volume conductor
may present a conductivity tensor which is function of position, time, and potential. If the
conductivity tensor is a function of the local potential, the volume conductor is non-linear, and
Poisson’s equation is a non-linear equation. Fairly simpler problems concern linear volume
conductors. In such cases, the conductivity of the volume conductor does not depend on the
potential. Transformation methods can be used to solve Poisson’s problem in the case of linear
volume conductors. The transform will depend on the geometry. Simpler Poisson’s problems are
those concerning autonomous systems. In such cases, the conductivity tensor is only a function of
position, constant in time. In this study we will focus on linear, autonomous systems.

Two further concepts which are useful to classify and study volume conductors are isotropy and

homogeneity. Isotropy is defined by the following condition (ERINGEN, 1967; 1971):
oRV =RoV, (4)
where R indicates an arbitrary rotation matrix, and V is an arbitrary vector. An isotropic volume

conductor presents the same conductivity in all directions.



As isotropy implies invariance under rotations, homogeneity imposes invariance under translations.
Thus, a homogeneous volume conductor has a conductivity tensor constant in each point.
Homogeneity can also be defined in specific directions. For example, in a Cartesian coordinate
system, a volume conductor homogeneous in the z direction is characterized by the following
conductivity tensor:
(% Y,2) = 5(%,Y) (5)

Homogeneity is an important feature of a volume conductor when the direction of propagation of
the source coincides with a homogeneity direction, as will be detailed below.
Modeling of the conductivity tensor of the muscle tissue has been neglected in the literature on
EMG simulation, as Cartesian or cylindrical conductivity tensors have been studied, even in the
case of sources traveling along a general curvilinear path (DIMITROVA et al., 1999a; MERLETTI et
al., 1999; Xiao et al., 1995). Since the conductivity of the muscle tissue depends on the direction of
the muscle fibers, the conductivity tensor of this tissue should depend point-by-point on the fiber
orientation.
Let’s consider an arbitrary muscle tissue, whose conductivity tensor can be expressed as:

o =0\ + oV Vi, + 0V Vyy (6)
where the subscript | stands for longitudinal and t for transversal coordinates with respect to the

fiber direction, and Vv, v, ,V,, are the longitudinal, normal, and binormal vectors relative to the fiber

path, respectively. In general, such vectors are functions of position. They can be computed from
the analytical expression of the path of propagation. Without lack of generality, we will assume that

the longitudinal and transverse conductivities, o, and o, [Eq. (6)], are constant. This means that,

given the direction of the muscle fiber in a specific point, the conductivity of the tissue longitudinal
and transversal to this direction are constant (in each point these two directions change if the fiber is
curvilinear). Furthermore, the transverse conductivities will be assumed equal for the normal and

binormal directions. A generalization of the previous constraints is straightforward.



Poisson’s equation in a Cartesian system for the general conductivity tensor introduced above can
be obtained by introducing the Cartesian representation of the curvilinear differential operators

(gradient and divergence) as follows:

aX
V'(gv('))Z(ﬁx dy 0, (AR AR dy (7)
0

z

where 0,, 0,, and 0, indicate the partial derivative operators in Cartesian coordinates and

v
v, .V, ,Vy, are the versors corresponding to Vv, Vi, ,Vy, - EQ. (7) can be used in general to determine
the conductivity tensor given the propagation path of the source.

As an example, let’s consider a muscle tissue with rectilinear bipinnate fibers (MESIN and FARINA,

2004). The conductivity tensor is in this case:

o sin’(w)+o,cos’(w) 0 (o -0 )cos(w)sin|o)
0 o, 0 ®)
(oy —oy)cos(w)sinw| 0 o, cos?*(w)+ oy sin*(w)

S}
Il

where @ is the pinnation angle (i.e., the angle between the z axis and the fibers, placed in planes of
constant y coordinate). In Eq. (8) the angles on the two sides of the pinnation plane x = 0 are
assumed equal except for the sign.

Similarly we may consider a muscle tissue with fibers following a non-rectilinear direction of
propagation and with two orientations (bi-pinnate muscle). Let’s assume that the fibers are in a emi-
cylindrical muscle tissue, distributed along a path described by the following helicoidal curve
(Figure 2):

rcos(4)

y(A)=|rsin(1)- B 9)
oA -0

where r is the radius of the cylinder, « is a parameter related to the pinnation angle, and g and 6

are constants identifying a specific fiber. The longitudinal, normal, and binormal versors are in this
case:

10



—rsin(1)) [=~vr?-x? —rcos(4) ~X

V, =| rcos(4) |= X ; V, =| —rsin(2) [=| -vr?=x*|;
a a 0 0
(10)
arsin(i) aNr? —x?
V, =| —arcos(t)|=| —ax
r.2 r2
The pinnation angle is obtained from the expression of Vv, :
1 a?—r?
6 = —arcos 11
2 (az +r? J D

The source in Eq. (1) can be described substituting the expression of »(A1) at hand, selecting one
fiber (i.e., choosing g =/4,, 0 =J,), and evaluating the curvilinear abscissa.

Using the normalized versions of the vectors for the general expression (7), algebraic calculations
(rather long but straightforward) yield the following expression of the conductivity tensor in a
Cartesian system:

(=X, +(@®+ X, xrP=x2(o,-0,) adr’-x(c,-0))

xVri—-x*(o,—o,) Xo,+ (r2 +a’- XZ)Jt ax(o,— o)) (12)
at+r
ar? =x* (o, - a,) ax(o, — o) a’c, +rlo,

Using the expression in Eg. (12) with a finite element approach for the description of the volume
conductor allows the determination of the potential distribution over the skin surface generated by a
current source in the volume conductor of Figure 2 (see Results). Note that the description of the
source is strictly linked to the determination of the conductivity tensor.

Eq. (7) provides a general way to compute the conductivity tensor given the direction of the muscle
fibers. The bipinnate muscles with rectilinear or curvilinear fibers described above are only
examples of the application of the method. In general, given the parametric representation of the
curve defining the muscle fibers [as in Eqg. (9)], it is possible to compute the corresponding

longitudinal, normal, and binormal versors [as done, for the example of the curvilinear bipinnate

11



muscle, in Eq. (10)]. From the longitudinal, normal, and binormal vectors, Eqg. (7) allows the

determination of the conductivity tensor [here given by Eqgs. (8) and (12)].

Figure 2 about here

2.2.2 Geometry

To address the forward problem analytically, a simplified model of volume conductor has to be
studied. For convenience, the volume conductor is usually assumed infinite, at least in specific
directions. This assumption does not significantly affect the solution if the potential decays fast in
space relatively to the volume conductor dimensions, so that edge effects are negligible. Such an
assumption allows to study the impulsive response (the general solution is then obtained integrating
the impulsive response weighted by the actual source). For insulated bounded domains, the
derivation of the impulse response is critical. Indeed, by the Gauss divergence theorem, the integral
of the normal derivative on the boundary [Eq. (3)] (which vanishes since the normal derivative
does) must be equal to the volume integral over the domain.

The assumption of unbounded domain can not be maintained with a numerical approach. A
radiation condition (LOWERY et al., 2002) or a truncation of the domain is used to overcome the
problem. As noted above, when truncating the domain, the impulsive response for an insulated
volume conductor can not be obtained. However, it is still possible to solve the problem for the

modified Green function:

-V.oVG=06-1/V

G _, 13)
on

where ¢ is the impulsive source and V is the volume of the domain Q.
When the modified Green function [from Eq. (13)] is substituted into the Green formula giving the
potential in terms of G, of the source, and of the boundary data, the term 1/V of the right hand side

of Eq. (13) produces the volume integral in Eq. (14), which is a constant value:

12



(%) = [G(X,X)(X)dX' + [ p(X)dx (14)

Studying the impulsive response of the system may be useful not only when considering analytical
solutions. Indeed, in particular conditions, the theory of transfer functions can be used to obtain the
full solution of the problem of EMG simulation by simple convolutions, once the equivalent
transfer function of the volume conductor is derived analytically or computed numerically (see
section “Calculation of the surface detected potential™).

Under the hypothesis that the volume conductor is homogeneous in the direction of propagation and
that the geometry is invariant along the same direction, the solution obtained for a specific source in
a specific position contains also the information about the solution obtained with the source in other
locations along the propagation path. The geometric invariance in the direction of the source
propagation implies that there is a one parameter isometric map Ts conserving the angles (a
conformal map), i.e., a family of rotations or translations, of the domain in itself, mapping each

fiber point into another:

TQ=0

15
T.r(8) = (5 +9) (15)

where Q is the domain in which the volume conductor is placed and y is the curve defining the

muscle fiber.

We define as space invariance in the direction of propagation of the source, the property of the
volume conductor of being both homogeneous and geometrically invariant [following the definition
(15)] along this direction. This definition produces a class of volume conductors for which the
simulation of surface detected EMG potentials can be viewed as a linear filtering problem. In
particular, for space-invariant volume conductors, the potential distributions generated by two

impulsive sources located at different locations along the direction of propagation are translated

13



versions of each other, thus the response to a single source is sufficient to generate the potential as

detected during the source propagation (Figure 3).

Figure 3 about here

2.3 Calculation of the surface detected potential

The surface detected action potential generated by a single fiber can be computed from the
description of the source and of the volume conductor. The computational approaches differ in the
case of space and non-space invariant systems. Given the properties of the fibers belonging to a
motor unit, the motor unit action potential is computed from the summation of the single fiber
action potentials. Introducing the activation pattern of each motor unit, the surface EMG signal is
obtained, as described in previous work (FARINA et al., 2002). In the following we will describe the
calculation of the single fiber action potential, referring to previous work for the generation of the

interference surface EMG signal.

2.3.1 Space-invariant volume conductors

If the volume conductor is invariant in the direction of propagation of the intra-cellular action
potential and if the source satisfies Eq. (15), the response of the system to a Delta current function
provides the response to any source located along the direction of propagation. Indeed, in this case
the potential distribution over the skin is shifted in space, without changes in shape, when the
source is moved along the propagation path (Figure 3). The system can be fully characterized by a
one-dimensional transfer function in the direction of propagation of the source (FARINA and
MERLETTI, 2001a). Assuming that the transfer function H(ky,kz) (with ky and k, the spatial angular
frequencies in the two coordinates in which the surface of the volume conductor is described) is
applied to the source I(k;) (with k; corresponding to the direction of propagation of the source), the

resulting potential distribution over the skin surface is given by:

14



A ki kz) = 1(k)H(k,k2) (16)
Note that Eq. (16) can be applied due to the properties of linearity and space-invariance of the
system in the direction of propagation. Indeed, under such hypotheses, the surface potential
distribution over the skin plane can be obtained by a filtering operation. With calculations similar to
those presented in (FARINA and MERLETTI, 2001a) and generalized for a generic spatial coordinate
system, the potential detected along the direction of propagation of the source can be obtained by

filtering the source with the following one-dimensional transfer function:
B(k,) = [ H (k;, ky)e **dk, (17)

where X, indicates the coordinate orthogonal to the direction of the fibers, and xy is the distance
between the detection point and the direction of propagation of the source. In the transfer function
H(ki,k2), which represents the volume conductor, it is also possible to include the spatial transfer
functions describing the electrode configuration (spatial filter) and the electrode size and shape
[generalization of the concepts shown in (FARINA and MERLETTI, 2001a)].

Transfer function (17) can then be applied to the source, described by Eq. (1), for each instant of
time and with k; the spatial angular frequency corresponding to the curvilinear abscissa. In the
Fourier domain this may be reduced to a single filtering operation in the temporal domain, which
can be obtained by generalizing the concepts proposed in (FARINA and MERLETTI, 2001a; FARINA et
al., 2003a). This decreases significantly the computational time.

The above concepts are independent on the way in which the volume conductor transfer function is
computed, thus can be applied to both analytical or numerical descriptions of the tissues, with the
condition on the volume conductor to be space-invariant in the direction of source propagation. In
this case, the computational time is reduced by the analytical description of the generation and
extinction of the intra-cellular action potential [Eq. (1)], and of the detection system (FARINA and
MERLETTI, 2001a). Examples of volume conductors to which such an approach can be applied are

reported in Figure l1a,d,e,f.
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2.3.2 Non space-invariant volume conductors

If the volume conductor is not space-invariant, the modelization of the source indicated in Eq. (1)
can still be applied but the response to a Delta function can not be interpreted as a transfer function,
as it was done in Eq. (16). Thus, it is necessary to calculate the solutions corresponding to
impulsive sources placed at all the points along the fiber. In this case, since the simulated signal is
sampled in the time domain, there will be a corresponding spatial sampling. This does not
correspond to any loss of information if the sampling is performed according to the Nyquist
theorem. Given the temporal bandwidth By of the EMG signal, the minimum sampling frequency in
time domain is fsamp = 2B1. The following relation, thus, holds for the sampling of the coordinate
along the direction of propagation:

v
As =

: (16)

samp

where s is the curvilinear abscissa, As the sampling period in the space domain, and v the

propagation velocity of the source.

3. RESULTS

The previous concepts were applied for the representative results which will be shown in the
following. Figure 4 reports examples of the surface potential distributions as simulated over the skin
surface for two volume conductors. The numerical approach applied is based on finite elements and
was implemented by the software package FEMLAB (version 2.3b). The intra-cellular action
potential was described by a current tripole (with parameters taken from MERLETTI et al., 1999a;
1999b). The cases in Figure 4a relate to a volume conductor which is space invariant in the

longitudinal direction, while the case in Figure 4b represent a more general volume conductor.

Figure 4 about here
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Figure 5 reports an example of simulation of surface potential distributions as detected over the skin
surface of four volume conductors. The first is a planar volume conductor, space-invariant in the
direction of propagation of the source and homogeneous. The second case represents the analytical
modelization of a bipinnate muscle, following the solution provided by MEesSIN and FARINA (2004).
The volume conductor is not space-invariant and in-homogeneous. The effect of the second
pinnation angle is evident from the potential distribution over the skin plane when compared to the
case of parallel fibers. Note that a change in the conductivity tensor has a large effect on the
potential distribution when considering the same geometry and location of the source. An emi-
cylindrical volume conductor with bi-pinnate rectilinear fibers is considered in Figure 4c, applying
the conductivity tensor of Eqg. (8). The change in geometry of the volume conductor implies a
variation in the potential distribution generated by a source at the same distance from the detection
point when compared to the case of the planar bipinnate muscle. Finally, the case of a bipinnate
muscle in an emi-cylindrical volume conductor and curvilinear fibers (Figure 2) is presented. The
solution for this volume conductor (Figure 5d) has been obtained numerically with the conductivity
tensor derived in Eq. (12). The fiber direction defines the conductivity in each point of the volume
conductor. The resultant potential distribution is affected by the geometry and the conductivity

tensor adopted.

Figure 5 about here

Figure 6 shows simulations of a cylindrical volume conductor with local in-homogeneities,
simulated as spheres of different conductivities with respect to the fat layer in which they are
located. The system is not space-invariant in the direction of propagation of the sources.
Monopolar, single differential, and double differential filters were applied for signal recording. The

potential distribution over the skin plane depends on the position of the source along the

17



propagation direction (non-space invariant system). As a consequence, the potentials detected along
the direction of propagation have different shapes depending on the position of the detection
system. Due to the shape changes, the delay between signals detected along the fiber direction is not
uniquely defined. For example, the peak values of the detected potentials provide estimates of the
propagation delay which depend on the location of the detection system. Moreover, different spatial
filters determine different delays between signal peaks since the shape of the detected potentials
change in different ways depending on the spatial filter applied.

The use of volume conductors that are not space-invariant is particularly interesting for analyzing
the effect of non-ideal conditions on estimates of conduction velocity (FARINA & MERLETTI, 2004;
MESIN et al., 2004) or on the selectivity properties of the spatial filters. In particular, the description
of tissue in-homogeneities may provide an interpretation to the large variability of conduction
velocity estimates found experimentally in dependence of the location of the detection system over
the muscle, of the spatial filter applied, and of the specific methods of estimation (FARINA et al.,
2004b; ScHULTE et al., 2003). In addition, non-space invariant systems may be useful to interpret
deviations from the theoretical predictions of spatial filter selectivity in specific experimental
conditions. The use of these models may thus prove useful for addressing specific issues in surface

EMG interpretation that can not be faced by simpler analytical models.

Figure 6 about here

4. DISCUSSION & CONCLUSION

Although it is of paramount importance to develop surface EMG analytical models, there are
conditions in which an analytical analysis is not feasible. If complex descriptions of the volume
conductor are required for addressing specific issues of surface EMG signal interpretation, a
numerical method should be applied. In this study we discussed the classification of volume

conductors and their properties in relation to the EMG simulation (such as the space-invariance
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property in the direction of propagation of the sources). The aim was to present methods for
reducing the computational time when applying a numerical approach. It was shown that for space-
invariant systems, the simulation of the surface detected potential generated by any source traveling
along the fiber (with generation and extinction at the end-plate and tendons) can be computed from
a convolutional operation. This approach can be applied also to cases in which the volume
conductor transfer function is obtained numerically. In these cases, it is sufficient to compute the
impulsive response of the system to simulate surface potentials generated by intra-cellular action
potentials originating at the end-plate, traveling along the fiber, and extinguishing at the tendon
regions. However, the class of space-invariant volume conductors is limited and does not include
important cases of geometries and conductivity tensors.

The calculation of the volume conductor transfer function by a numerical method poses the
problems of the description of the geometry and of the determination of the conductivity tensor.
Since the conductivity of the muscle tissue depends on the direction of the fibers, the description of
the source is linked to that of the conductivity tensor. Description of the conductivity tensor may be
a non trivial task, as shown representatively for the bipinnate muscle analyzed in this work. In the
past, attention has been devoted to the description of the geometry while less efforts were focused
on the determination of the conductivity tensor and its relation to the source propagation direction.
The availability of numerical methods for describing complex geometries and conductivity tensors
underlines the need of estimating the conductivity properties and geometrical features of the system
under study, which may be a critical aspect for EMG simulation.

In conclusion, the present work provides two main results: 1) a method for surface EMG signal
simulation for space-invariant systems and 2) the advanced application of numerical methods for
the description of volume conductor properties which have not been included in previous works

(e.g., volume conductors with curvilinear fibers).
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FIGURE CAPTIONS

Figure 1 Examples of volume conductors with different geometries and conductivity tensors. In
some cases, both analytical and numerical solutions are available from the literature (see text for

details), while in others only numerical methods can be used.

Figure 2 A model of volume conductor with curvilinear fibers, following two orientations (bi-
pinnate muscle). The conductivity tensor should be adapted point-by-point to the fiber orientation.
In particular, at each point, the muscle has a conductivity tensor which describes larger conductivity

in the local direction of the fibers and lower in the transverse directions.

Figure 3 Schematic example of surface potentials generated by a point source which propagates
along a direction defined in a generic coordinate system (X1, X, X3). a) The source is located at
positions 1 and 2, along the propagation direction in a generic volume conductor; the cases of a
space-invariant and non space-invariant volume conductor are representatively shown. The surface
potential detected at position 2 (schematic drawing) is equal in shape to that detected at location 1
in case of space-invariant system (c). For a non space-invariant volume conductor, the shape
changes during propagation (d). The represented potential distributions are not related to signal
simulations in a specific volume conductor but are schematic drawings of the space-invariance

concept.

Figure 4 Surface potentials generated by a current tripole (for the parameters of the tripole refer to
MERLETTI et al., 1999) at a fixed position in two volume conductors. a) Cylindrical model (space-
invariant) comprising a bone and the muscle tissue. b) The same system with the muscle tissue
increasing in thickness toward the center of the volume conductor. In the two cases, the surface

potential was computed using a finite element method (implemented by the software package
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FEMLAB, version 2.3b), and has been represented with contour plots. In the first case (a) an
analytical solution is also available (FARINA et al., 2003a). The conductivity tensor of the muscle
tissue is described in the same way (anisotropic, homogeneous) for both volume conductors. The
radius of the bone is 20 mm and the source is located 10 mm deep within the muscle in both cases.
The conductivity of the muscle tissue is 0.5 S/m in the longitudinal direction and 0.1 S/m in the
angular and radial directions, while the bone is isotropic with conductivity 0.02 S/m. The thickness
of the muscle tissue in a) is 30 mm. In b) the muscle tissue is 5 mm thick at the boundaries of the
volume conductor and 30 mm thick at the center. The thickness profile in z follows a cosine

function.

Figure 5 Comparison of simulated surface potentials for different models of a bi-pinnate muscle. a)
Planar muscle with parallel fibers (analytical solution provided by FARINA and MERLETTI, 2001a)
(top view); b) bi-pinnate planar muscle (analytical solution provided by MESIN & FARINA, 2004)
(top view); c) emi-cylindrical bi-pinnate muscle, with rectilinear fibers (numerical solution with
conductivity tensor as in Eq. (8)); d) emi-cylindrical bi-pinnate muscle, with curvilinear fibers
(numerical solution with conductivity tensor as in Eq. (12)). The source is a current tripole (see
MERLETTI et al., 1999a, MERLETTI et al., 1999Db, for the parameters) located at 5 mm depth within

the muscle (6, =05 Sm, o,=01 S/m), 3 mm distant from the pinnation interface along

the direction of the fiber. The pinnation angle is 15°.

Figure 6 The case of a cylindrical model (a) comprising a bone (radius 20 mm, homogeneous,
isotropic, conductivity 0.02 S/m), the muscle tissue (thickness 30 mm, homogeneous, anisotropic,
longitudinal conductivity 0.5 S/m, radial and angular conductivity 0.1 S/m), and the fat layer
(thickness 5 mm, homogeneous, isotropic, conductivity 0.05 S/m), with spherical in-homogeneities
(radius 3 mm, homogeneous, isotropic, conductivity 0.5 S/m) within the fat layer is numerically
analysed. The source is a current tripole (for the parameters of the tripole refer to MERLETTI et al.,
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1999). The simulated EMG signals recorded with a four electrode linear electrode array
(interelectrode distance 5 mm) are shown. The source travels with a conduction velocity of 4 m/s.
The sampling frequency is fsamp = 1 kHz. The correspondent spatial resolution is Az = 1/(2fyax) =
V/fsamp = 4 mm, thus the solution was computed for the source shifting along the muscle fiber at
steps of 4 mm. Each time sample of the simulated potentials corresponds to a location of the source
within the volume conductor. Once the potential distributions have been computed for each position
of the source, they can be used to obtain the surface EMG signals as functions of time at specific
detection points. Monopolar (b), single differential (c), and double differential (d) signals are
shown. Note that the presence of the in-homogeneities causes the delays between signals detected
by adjacent electrodes to be different, depending on the position of the electrodes and on the spatial
filter. The spherical in-homogeneities are represented by 3 spheres at a mean depth of 2.5 mm
within the fat layer. M1, M2, M3, M4 indicate the four monopolar recordings, SD1, SD2, SD3

represent the three single differential recordings, and DD1, DD2 the two double differential signals.
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