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Abstract—We report on an initial study of a state-space implied by wavefront behavior. As a first step, we propose a
model for propagation of the activation wavefront on the mgdel which has the following characteristics:

heart surface. The activation wavefront was modeled as
a curve evolving on the heart surface with the evolution
governed by factors derived from a priori data, including

anisotropy, along with study of epicardial measurements. The
body-surface potential / wavefront relationship is modeled via

1) The quantity of interest is the location of the wavefront
on the epicardial surface at each instant in time. The

an intermediate mapping of wavefront to epicardial potentials, wavefront is modelled as a continuous 1D curve on
again derived from data and prior physiological factors. This that (2D) surface, using a discrete representation for
design avoids the over-smoothing of Tikhonov solutions and computational purposes.

is capable of flexible inclusion of physiological information, 2) The wavefront evolves in time by propagating in the

including fiber orientation, in the model. Initial results show . . . .
improvements in reconstructing activation wavefront with direction normal to the curve according to a possibly

respect to the Tikhonov solution, especially at early activation time- and space-varying velocity function. _ o
times. 3) The potentials on the heart surface, as in activation

models, are completely determined (at least in the

current model) by the wavefront location at each time.

. INTRODUCTION However we are free to choose time- and space-varying
) ) ] mechanistic models for this relationship.

Recent work on inverse §olut|ons for. elgctrocardlogra— 4) The body surface potentials are determined by a stan-
phy have generally useq either an actlvathn Wa\{efror)t— dard potential-to-potential forward model.
based m(_)del or a potential-based moqlel (using eplcardlal5) The parameters that determine the time- and space-
endocardial, or trans-membrane potentials)[1], [2], [3]. [4]-  varying velocity function and the time- and space-
Actlvanon-based models reduce the unknowns t.o thg arrival varying wavefront-to-potential function will be chosen
time of the wavefront at_ each po!nt on the epicardial and through a phenomenological approach, via study of
endocardial surfaces while potential-based models treat the | easured data and fitting of appropriate parameters.
value of the potential at each point on the relevant surface
at each time instant as a free variable.

Activation-based models are low order parameterizations 1 hus we need three equations to describe this formulation:
which capture the single most important physiological fe&n€ which describes how the wavefront curve evolves from
ture of cardiac propagation but depend on isotropy / h@he time instant to another, one which maps the wavefront
mogeneity assumptions and a fixed shape of the tempdRgation at any particular time to the epicardial potentials,
waveforms in order to form a tractable forward modefnd thirdly the standard potential-based forward model which
Potential-based models are less restrictive but imply a high@ps epicardial to body-surface potentials.
order parameterization. Thus they are not robust without

Viewing this formulation from the perspective of the
considerable smoothing (regularization), and make it diffiu.g lewing thi e perspect

verse problem, then the goal is to use the data—body
. ; ' Qrface measurements—to determine the location for the
the centr_al _phyS|0I0g|caI feature, namely wavefront behaV'Q/(ravefront curve at each point in time. Thus the wavefront
except via indirect and somewhat coarse models [1], [4]. curve represents the true unknostateof the system: if we

So activation-based methods are generally more robyst,y it at a given time instant, and we have the parameters
tha}n p_otentlal models, for instance to error in geometry @k the two mapping functions, we have a model for the
noise in measurements [5], but they may not take advantageasyrements. Thus this formulation is a natural fit to a non-

of information about the cardiac sources potentially presgfioa, state-space model, which we propose to solve using
in the measurements and they cannot take advantage,Afeyiended Kaliman Filter (EKF) [6] approach.
known prior information about non-isotropic propagation of

wavefronts and true 3D nature of propagation. Our goal As an initial step, we concentrate in what follows on beats
here is to propose a model which can relax isotropy arldat are initiated by a stimulus on the epicardium. Due to the
homogeneity assumptions, and include prior physiology anelative geometric and physiological simplicity of the ensuing
electrophysiology, while maintaining the low dimensionalitpropagation, this is the simplest case for this model.

to include the physical and geometric constraints imposed
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Il. METHODS speeds, although there is some interaction of this effect
with velocity direction.

Based on the these properties we modeled the speed as
The basis of our proposed model is the idea that thgjows:

wavefront, conceived of as a curve on the epicardial surface

at each time instant., is sufficient, along with a model, to v(s,t) = B(t)d(s)(a(t)cos? (1) + b(t)) 2)
determine the potentials on the the body surface at that time ) ) )

instant, to within a reasonable level of uncertainty. Thudherev(s.?) is the speed of a point at locationon the

we treat the wavefront as the state of the system, and tAfdivation wavefront at time after initiation, 5(t) models
enables an appropriate state-space formulation. We molfdlPoral factors and increases with timies) models spatial
this state as a continuous curve in an infinite-dimension&Ctors, 7 is the angle between the normal direction to the
space, although we treat it computationally at a given tinfg@vefront and the local fiber direction atanda andb are
instant via a discrete finite-dimensional representation. THjgefficients of the fiber direction effect. Hence the speed at
leads to a nonlinear state evolution function and a nonlindf"€f @long and across the fibers is proportionak (o) +b(t)
forward model (since the forward model includes the magdb(t) respectively.

ping from wavefront to epicardial potentials as well as fror€. The model to determine epicardial potential from wave-
epicardial potentials to body surface potentials). The resgidnt location

is the following pair of equations:

A. State-space framework

Our basic model of the potential surface is that it is
divided into three regions: activated, inactive and transition.
This model depends on removing the increasing trend in
the reference documented in [9], which we estimate here by
where subscript, represents the time instantjs the curve Using late-activated regions for early time instants and early-
representing the Wavefrory:,is anM x 1 vector ho|d|ng torso activated regions for late time instants. After removing the
potentials,A is an M x N matrix representing the forward reference, the potential of the activated region at each time
model, f is the state evolution functiorny is a function instant is taken as having a constant, and negative, value
that returns the epicardial potentials from the activatioffhile the potential of the inactive region is treated as being
wavefront andu and w are Gaussian white noise variablegero. The transition region between activated and inactive
that represent the temporal model error and forward problgggions has a more complicated behavior. To represent this
error respectively w,, ~ N(0,C,,), u, ~ N(0,Qy). effect we assume that the potential at each point on the heart

Finding appropriate functiong and g is the most crucial surface is a function of the distance from that point to the
part of building the model, as we describe in the next twavefront curve. Note that this function describes a profile of

Cp+1 = f(cn) + Up+1 (1)
Ynt1 = Ag(cnt1) + Wnp1

sections. the potential surface in the direction normal to the wavefront.
We modeled this function with the step response of a second
B. State evolution function order system:

This function models the propagation of the activation v L eed s .
wavefront in time. The input to the function is the wavefront | T'(d) = a3 (1= e sin(wy/1 = &2d + 1))
curve at the current time instant and the output is the — Y 4 ref
wavefront curve at the next time instant. The model should (3)
reflect to the extent reasonable the behavior of the thr\%’lerew _ arctan(‘/lgfz), T is the potential function at

dimensional myocardium. any point on the heart surfacés the distance of that point
To evolve the curve on the heart surface we need to knqytnhe wavefront curvey is -1 for points inside the wavefront

the speed in the normal direction at each point of the curggre and 1 for points outside the curvé,is the negative

at each time instant. Based on our own studies of a num?ﬁftential value of the activated region, and ¢ control the

of canine beats provided by our collaborators at CVRTI, angope and overshoot of the potential function, respectively,
in accordance with the observations reported in [7], [8], Wgnd ref represents the reference potential.

note the following rules for the wavefront speed : Fig. 1 shows" as a function of the distane&for different
1) The fiber direction dominates other factors in the earlyalues of w and £ for V. = 20mV and o = 1 which
activation time proportional to the projection of thameans the point is outside the wavefront curve. The potential

direction onto the normal direction to the curve. far from the wavefront curve is constant with value either
2) The speed increases with time after initiation angero (outside the curve) orV (inside the curve). Thus the
becomes essentially isotropic. specific values ofv and¢ are important just in the transition

3) Certain locations on the epicardium tend to showegion, and gives us flexibility to have different slopes and
higher (apex, right ventricle) or lower (over the septunthagnitude of overshoot or undershoot in different locations.

211



IJBEM
Vol. 7, No. 2, 2005

model and potential model. The order of the filterikgis an
=9 important factor which we found empirically from the data.

Ill. RESULTS

T (mv)
r(mv)

We implemented a simple version of the model and tested
it using canine data from tank experiments conducted by our
collaborators at CVRTI [10]. The data to which we fit the
model parameters described in the previous sections included
multiple beats from multiple animals, so that it was not
overly tailored to the test beat used in the simulation reported
here.

Fig. 1. Functionl’ versus distance for different values o€ andw From the epicardial potentials we simulated the potentials
on the torso surface using a linear forward model based on

Our studies of canine epicardial data showed a weak corfeBoundary Element Method solution for the homogeneous
lation between the parametersIdfand both fiber directions tank geometry (the matrixd above) and added Gaussian
and increasing time. Using parameters fit to these studies WRite noise to achieve a 30dB signal to noise ratio. The
predefinel’ as a function of distance, fiber directions andlimensions ofd were771 x 490: 490 nodes in the heart ge-
time. (We note that we can achieve increased flexibility @Metry model mapped into 771 electrodes on the torso. Fiber
we include parameters & in the state variable and estimatelirections were approximated from the Hunter heart[13].

d(mm)

them using the body surface measurements. We represented the wavefront curve in a spherical co-
ordinate system using a limited number of points which
D. Filtering of the residual we interpolated using B-spline basis functions. We allowed

The estimate of the state-space model at each time instH}ft Number of points used to represent this curve to grow
in the EKF algorithm is a combination of the prediction ob@S the activated area got larger; since this was merely a
tained from the previous solution and a correction term whidfPresentation of the continuous curve we avoided problems
depends on the current measurements via minimization (Bt would otherwise be caused by changing the dimension of
the residual nor|y, — Ag(c,)||. Since our model assumesthe state-space. We dlq have to handle ch.angmg dimensions
that the potentials in the activated and inactivated regions &feth® matrix representing the error covariance of the state
constant we expect to have a systematic error componéﬁf'ables’ which we achieved through a simple interpolation
in the model which will effect the predicted body surfac§cheme.
measurementsig(c, ). Moreover, the transition region has We used (2) and (3) to implement the functiofignd g.

a much more complicated behavior than our model allowkhe reference was estimated from the true data and used in
We observed that this error effects the residual norm ever($- We obtained the parameters of the functigradg from

we use thetrue wavefront location. Thus the danger is thaPeats with pacing sites on both the left and right ventricles.
minimizing the residual under these circumstances, afteV¥g approximated the speed of the wavefront at each point
certain point, will fit the error in the model rather than th@&n the heart surface by calculating the time required for the
wavefront location itself. wavefront to travel a fixed distance in the neighborhood of

However the major effect of this epicardial potentiaihat point. For simplicity in this initial implementation we
surface model error on the body surface potentials was I§&t a(t) = .6, b(t) = .3, 6 = L andé = 1 in (2). To
frequency, and indeed was well matched to the low-orddgtermine the potential model we approximated the spatial
left singular vectors of the forward matrid. Thus we gradient of the potential along the normal direction to the
attenuated its effect on the residual norm by minimizing tnaavefront at different points on the wavefront and at different
filtered residual, multiplying by the transpose ©Gf, where time instants. The resulting parameter values were: .7

Uy, contains columné-+1 to N of U, the left singular matrix and¢ = .7cos?(y) +.5. We used the EKF algorithm to solve
of A, A=UXVT: the state-space model, linearizing the functighand g by

using a finite difference method.

U}z"(yn — Ag(cn)) 4 I_:ig. 2 shows the yvavefront obtained from the true So-

lution (Red) along with the reconstructed wavefront using

This filtering removes information in the residual whiclour method (white) and the wavefront obtained from the

could be important in standard regularization and might evdiikhonov solution. In all cases the wavefront was defined
make such a problem singular. But it turns out not to bes the set of points whose potential equaled the average
of great importance in our state-space model, presumalliy the activated and inactive potential values. As can be
because of the strong constraints imposed by the tempasaén in the figure, the proposed method was more accurate,
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especially for early activation time when the activated region
was stretched along the local fiber directions.

IV. CONCLUSION

We used a state-space formulation to solve the inverse
problem of ECG. The basic motivation was to add phys-
iological information about cardiac propagation to a low-
dimensional, wavefront-based model. This information ap-
pears in the state evolution function of our state-space model.
The use of the wavefront curve as the state variable (in
contrast with earlier Kalman filtering approaches for inverse
electrocardiography which used the potentials as the state
variable [11], [12]) both enforced the sharp transition across
the wavefront and provided a low-dimensional, and therefore
potentially more robust, model. Moreover the structure of
the model facilitates our ability to include physiological
properties of the heart such as fiber orientation.

To create the state evolution model we needed the speed

of the wavefront in the normal direction, which we modeled
as a function of local fiber orientation. We applied fixed
model to calculate epicardial potentials from the wavefront.

t=6ms t=10ms t=14ms

t=18ms =22ms t=26ms

© S S
< & 2
- -, N,
=~ 4 & (:__Z)

We used an EKF approach to solve the state-space sysfém2. Wavefront from true solution (Red), Tikhonov solution (blue) and

and reconstructed the activation wavefront. Results show@ti
improvement with respect to the Tikhonov solution especially
at early activation times. 2]
The results here are just a first step in building an appro-
priate model. We only used the fiber directions of the hegsj
surface for our propagation model while a more complete
model should consider the three dimensional effect of t[?
fibers in the heart volume. We anticipate improvement ﬁ
fixing 5(t) and (t) to reflect known behaviors. Moreover
we intend to experiment with a potentially more accura'i
approach to model the potential surface by including t eJ
parameters of the potential model in the state variable. One
goal of interest would be to estimate the positive regioﬁ@
which precede the wavefront in early activation and whosg
behavior reflects, among other factors, the depth of the
pacing site in the myocardium. The reference potential t
was used in our initial tests was obtained from the true
solution. In the future we will need to estimate it from the
torso measurements. Finally, a significant future challenge
for this approach will be to model multiple wavefrontsig
breakthroughs, and disappearing wavefronts.
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