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Abstract. Intramyocardial electrograms (IEGMs), which are acquired by using implanted devices
with telemetric capability, offer a challenging potentia for long-term cardiac risk assessment and
surveillance. However, new approaches to the interpretation of these signals are required. There-
fore, amodel has been developed for the simulation of excitation spreading across the myocardium
and of the subsequent contraction. It allows to anayse systematically the influence of al relevant
parameters including the position of the electrode for stimulation and recording. The model can be
matched to individual heart geometries, for example, taken from ultrafast CT images. This
approach helps to utilize the information represented in the morphology of IEGMs for permanent
cardiac risk monitoring.
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1. INTRODUCTION
1.1. Medical and socio-economical background

In nearly all industrialized countries the diseases of the cardiovascular system
and the death cases caused by cardiovascular dysfunctions are ranking high in
respective statistics. The WHO Health Data register depicts for Germany in 1999
the following causes and numbers of cases per 100 000 inhabitants which have
required a stationary treatment in a hospital:

cardiovascular system 3 367 cases

cardiac ischaemia 1 035 cases

cerebrovascular system 580 cases
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Thus in total nearly 5 000 cases per 100 000 inhabitants have required a stay
in hospital.

The total number of death cases in Germany in 2001, related with different
cardiovascular dysfunctions, has been 384 900 (nearly 50% of all death cases),
and can be assigned to certain ICD-10 classified disorders as published by the
Statistisches Bundesamt Deutschland:

chronic cardiac ischaemia (ICD-10, 125) 92 775 11.2% of all death cases

acute myocardial infarction (ICD-10, 121) 65228 7.9% ——
myocardial insufficiency (ICD-10, | 50) 56 799 6.8% ——
brain stroke (ICD-10, | 64) 40 671 4.9% ——

The costs for the public healthcare system caused by cardiovascular dysfunc-
tions have been 42.6 billion DM (roughly 22 billion €) in 1998. About 75% of
these costs have been spent for the treatment in hospitals. Regarding the years,
which have been lost for professional working activities due to illness, the dis-
orders of the cardiovascular system have caused 11.5% of al lost years.

Cardiac risk factors might be related with congenital defects and dysfunctions
or with lifestyle misbehaviour like smoking, overweight and alcohol abuse. Some
diseases which are accompanied by an enhanced cardiac risk are hypertension,
diabetes and chronic hemodialysis.

1.2. Engineering background

Biomedical engineering aims at the analysis of physiological systems with
specia regard of the model-based simulation and interpretation of the system’s
behaviour and its most relevant variables. This computer-supported approach is
increasingly recognized as another contribution to refined diagnosis and therapy
management and as a supplement to the traditional medical approach that is
mainly based on empirical knowledge and statistics.

The models of engineers are ranging from simple input-output models (black
box models), which may have multiple inputs and outputs (e.g., Single-Input-
Single-Output SISO, Multiple-Input-Single-Output MISO, Single-Input-Multiple-
Output SIMO, Multiple-Input-Multiple-Output MIMO) to very complex models
in which the interna structure describes the rea internal structure of the
physiological system with the required deepness. This degpness can go down to
the level of organs, cells, or even molecules. Since the development of such
complex models should consider all available and relevant a priori knowledge, it
requires interdisciplinary collaboration. This collaboration is one of the major
challenges for biomedical engineering in the future.

In principle a model is always only a simplification of the real physiological
system. Therefore each model needs careful evaluation and should be used only
for the simulation of those systems for which its validity has been proved. If a
model has been evaluated, it can be employed for systematical variation of
certain parameters that might not be possible in the real physiological system.

Commercially are available different software platforms that allow the
realization of models. Thanks to the increasing availability of high-power
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computers, the simulation of complex physiological systems is not a major
technical problem any more.

Intracardiac electrograms are directly recorded from the heart, i.e., the recording
electrode is in direct contact with the cardiac tissue. The electrode may be placed
either in epi- or endocardial position anywhere in the heart, in the right or left
ventricle or atrium. Recording can be achieved in unipolar or bipolar mode,
although the unipolar mode is more common. The signal morphology of these
intracardiac or intramyocardial el ectrogramsis competely different from that of the
body surface electrocardiograms. The body surface electrodes are recording the
potentia at different points on the body surface. This potential with its fluctuations
is caused by the dectrica processes in the heart, i.e, by the spreading and
regression of the excitation across the myocardium. Although the heart is actualy a
three-dimensional potential source, those recordings, whether in the EINTHOVEN
mode, the GOLDBERGER mode or the WILSON mode, etc., are simplistically
interpreted as the projection of a hypothetical vector inside the heart through the
conducting body tissue on the body surface. Usualy by clinical interpretation the
following aspects are neglected: 1) the dimensions of the thorax are individually
different, 2) the medium between the source of the potential and the recording site
is not homogeneous with regard to resistivity (more precisely: the complex
permittivity), and 3) the heart is not at the symmetry centre of the thorax. Typica
biological distortions of surface ECG recordings are caused by different displace-
ments of the heart and the electrode due to ventilation and movement of the heart
under contraction and by the changing resistivity of the medium between the heart
and the recording site due to the respiratory-dependent air filling of the aveoli.
Another problem is that recording with surface electrodes is not applicable for
permanent and continuous surveillance.

With regard to these difficulties, the recording of intramyocardial e ectro-
grams may offer some advantages. The electrodes are fixed in the myocardial
tissue. Thus they are moving together with the surrounding tissue during contrac-
tion and together with the heart during ventilation. Using electrodes in combina-
tion with an implant that is provided with some intelligent features and telemetric
capability, the permanent and continuous surveillance of the patients might be
possible without inconvenience for the patient. If the implant is additionally
provided with the capability to stimulate the heart (with pacing function), intra-
myocardial electrograms can be acquired from both the spontaneously beating
and the paced heart. Figure 1 depictstypical examples of intramyocardial electro-
grams from the paced and the spontaneously beating heart, simultaneously
recorded with the one-channel surface electrocardiograms. The pacing mode
allows better standardization with regard to heart rate and supports signal pro-
cessing by averaging ['].

It should be taken into account that the stimulus typically is followed by a
“blanking” period that also comprises the auto-shortening interval. During that
blanking period the sensing channel of the pacemaker isinactivated and no signal
isrecorded. Auto-shortening means a process that is used for the acceleration of
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Fig. 1. Records of intramyocardial electrograms from the spontaneously beating (a) and the paced
heart (b) in their correct timely relation with the surface electrocardiogram.

the re-establishment of the polarization potential across the electrode after the
disturbance by the stimulus.

Fractally coated electrodes render possible the recording of broad-bandwidth
signals with diagnostic quality since the record contains all diagnostically
relevant details of the signa morphology [?]. Fractally coated electrodes offer
additionally the possibility to employ the same electrode for the stimulation and
the subsequent recording of the evoked response. Evoked responses reflect the
process of spreading and regression of excitations originating from the site of
stimulation. This methodological approach has been evaluated in different
clinical studies. Those studies have mainly been concerned with rejection detec-
tion in heart transplant patients[>°]. Figure2 illustrates the changes in the
morphology of intramyocardial electrograms from a paced heart in a heart
transplant recipient during the post-operative days (POD).

On POD =7 the heart showed neither rejection nor infection, on POD = 28 a
clinically significant rejection was proved by endomyocardial biopsy, on POD =
128 a serious infection occurred, and on POD = 154 a state without rejection or
infection was reached again. It can be seen that these pathologica events change
significantly the morphology of the intramyocardial electrograms, and that the
“healthy” state of the heart after recovery on POD = 154 yields a quite compar-
able signal morphology with that of POD = 7.

It has been found, however, that this methodologica approach can aso be used
for ng the hemodynamic performance of the heart, for example, to useiit for
patients with different kinds of cardiomyopathies["]. The schematic in Fig. 3
depicts how intramyocardia electrograms can be recorded, subsequently trans-
mitted viathe internet and finally processed in a specialized service centre.

However, until now there are two distinct shortcomings of this promising
approach.
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Fig. 2. Comparison of different records of intramyocardial electrograms from the same heart
transplant patient with rejection at POD = 28 and infection at POD = 128.
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Fig. 3. Schematic for the recording of intramyocardia electrograms employing an implant with
short-range telemetry, subsequent transmission via the internet and processing in a specialized
service centre.

1. Dueto insufficient understanding, the signal morphology can not be related
with processes like excitation spreading and regression. The assignment of
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individual features like the anatomical geometry and size of the heart or the
position of the recording electrode to certain details of the signal morphology is
not possible. It is obvious, however, that the recording electrode can be con-
sidered as a distant observer of a summing potential that is representing al
involved electrophysiological processesin theindividual heart.

2. As a consequence, individual diagnosis based on signal evaluation is not
feasible. For long-term monitoring, each patient has to be taken as his own
reference. But such an individua reference can be set up only if the patient
reaches a rather “normal” and stable condition. This requirement is not met
during dynamic processes like the “ingrowing” of a transplanted heart into the
receiver organism within the first and most critical post-transplant days, or in
cases when the patient’ s condition isimpairing rapidly.

The request therefore has been to develop a valid model for the heart with
specia regard of the electrophysiological processes and of the subsequent
contraction. The model should additionally allow proper matching to individual
anatomical geometries, if those are available, by imaging methods like ultrafast
CT and NMR.

2.METHOD
2.1. Ellipsoidal model

As a first approach, a smple model has been redlized in which the two
ventricles are modelled by elipsoidal shapes. Utilizing the finite element method
(FEM), the total myocardial muscle mass has been dissected into 17 829 cubes
with an edge length of 2.5mm. Each cube can be assigned with “individual”
electrical and mechanical properties. Thus the whole system is functioning like a
cellular machine with regard to both the eectrical and the mechanical behaviour.
Electrical properties are the shape of the action potential, the (anisotropic) speed of
excitation spreading, and the eectrica resistivity. The mechanical properties are
modelled by a spring—mass damping system that mimicks the contractile behaviour
under proper consideration of the fibre direction. Each cube is in fixed mechanical
connection with its neighbours during the contraction. The electrode is surrounded
by a growing fibrotic capsule. Movements of the eectrode together with the
enclosed fibrotic capsule are caused by the forces that are exerted by the
contracting myocardial cells or cubes.

Stimulation and recording can be made with the same electrode or with
different ones. Recording is based on the summation of the potentia at the
electrode position. Only interfaces between volumes of different resistivity
contribute to that potential [*%]. Such interfaces are the epicardial surfaces of the
free wall of the left and right ventricles, the whole endocardial surfaces of both
ventricles, the plane comprising the four heart valves, and the border plane of the
fibrotic capsule. The potential for each plane is transferred to an equivaent
angular potential in accordance with the “solid angle theory” [*].
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Thefront of the spreading excitation is followed by another front of the contrac-
tion. The time course of contraction mimicks the real contractile behaviour of
cardiac cells. The most critica requests have been that the reduction in intra-
ventricular blood volume must be in accordance with physiological values, and that
the total muscle mass may not change during contraction.

This model allows in a simple way to change systematically certain para-
meters like the shape of the individual action potential or the position of the
electrode, and to analyse the influence of these on the morphology of the
recorded signal. The simulations have been executed with a P4/3GHz PC. The
program is mainly based on MATLAB. A single simulation run takes about 75 h.
This computing time can be reduced significantly by using more tailored soft-
ware and data processing.

2.2. Individually matched models

First ultrafast CT images of the heart in enddiastolic and endsystolic situation
have been acquired from one patient who was supplied with a telemetric pace-
maker. A challenging problem was the appropriate computer-assisted segmenta-
tion since only a small volume of contrast medium can be administered in the
patient. With adequate segmentation it is possible to reconstruct the individual
3D shape of the heart. This 3D reconstruction does not depict, however, the
movement of individual cells or cubes from their enddiastolic to endsystolic
position during contraction with the exception of the electrode. The electrode can
beidentified and used as a marker.

3.RESULTS
3.1. Ellipsoidal model

The most extended simulations have been performed with the ellipsoidal
heart, which allows in a simple manner systematic variation of parameters with
regard of the geometric dimensions and the muscle mass of the heart. Since the
main interest has been the interpretation of evoked responses from the paced
heart, the heart is not supplied with the special conduction system comprising the
HIS-bundle, septal branches and Purkinje fibres. The implementation of that
system is possible without any difficulty, but only with the spatial resolution that
is determined by the volumes of the FEM cubes. Such an implementation is
achieved simply by providing the cubes of the conduction system with respective
electrical and mechanical properties.

Figure4 shows the dllipsoidal heart model with two ventricles in its end-
diastolic and endsystolic shape. The upper border plane with the valvesis removed
inorder to alow a view into the intraventricular volumes which are separated by
the septum. The eectrode for stimulation and recording is placed in epimyocardial
position at the right-ventricular free wall. This is the typical location for the
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Fig. 4. Schematic illustration of the ellipsoidal heart model in enddiastolic and endsystolic shape
with the electrode on the right-ventricular free wall.

electrode in heart transplant patients. The electrode is surrounded by the fibrotic
capsule, which is growing during the first 6-8 weeks after fixation of the electrode.
In the usua unipolar mode the pacemaker housing is assumed to be the reference
electrode at avery “remote” distance. Under these conditions, the record represents
the summing potential acquired at the place of the recording electrode.

The smulations have revealed excellent agreement in signal morphology with
intramyocardial electrograms, recorded with epimyocardia electrodes in patients
after heart transplantation. Since the employed telemetric pacemaker is actually a
dual-channel device, electrodes could be placed not only in the right-ventricular
epimyocardial position (the most preferred position for clinical reasons) but
optionally additionally also in the left-ventricular epimyocardial position. Figure 5
shows a comparison of the two simulated intramyocardia electrograms for which
only the position of the electrode has been changed from the right- to the left-
ventricular epimyocardial position. It is obvious that the signal morphology reveas
some differences whereas the coarse shape is quite comparable.

Those summing potentials are composed of different components like the
potentias originating from different interfaces between myocardial muscle on the
one side and the blood in the ventricles, the fibrotic tissue of the capsule, or the
plane between the ventricles and the atria with the four valves on the other side.
Figure 6a illustrates different components that finally summarize in the intramyo-
cardial electrogram as recorded with the electrode, placed in the right-ventricular free
wall. It is obvious that under these circumstances the major contributions originate in
the early phase from the fibrotic capsule and the right-ventricular endocardial layer,
then from the epicardium, and at the end again from the right-ventricular endo-
cardia layer. Compared with these components, the contributions originating from
the plane between the atria and the ventricles and from the left-ventricular endo-
cardia layer are of minor weight. The contribution of the left- ventricular free wall
is small, although the muscle mass of that region is much larger than that of the
right ventricle because it is more distant and seen under asmaller angle.
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Fig. 5. Comparison of two simulated intramyocardia electrograms with the electrode in the right-
and left-ventricular epimyocardial positions.
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Fig. 6. Time course of different components that contribute to the summing myocardia electro-
gram after stimulation and recording at the right-ventricular free wall (a) and the left-ventricular
freewall (b) in epicardial position.
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Fig. 7. Comparison of two intramyocardial electrogram simulations with and without contraction
when the electrode is placed in the right-ventricular epicardial position.

Figure 6b illustrates the comparable components with the electrode in the | eft-
ventricular epimyocardial position. In this case the early phase is even more
dominated by the fibrotic capsule with a major contribution from the left-
ventricular endocardia layer, followed by the contribution from the epicardium.
The contribution from the plane between the ventricles and atria is more
enhanced than in the right-ventricular electrode position. The contribution from
the right-ventricular endocardial layer is smaller than in Fig. 6a.

The simulation results shown in Fig. 6 have been obtained without simulating
the contraction of the heart in order to reveal the effect of different electrode
positions. In Fig. 7 the time courses of two simulations of the intramyocardial
electrograms are compared with and without contraction when the electrode is
placed in the right-ventricular epimyocardia position. The stroke volume has
been assumed to be approximately 50 ml, i.e., near to real physiological vaues
for adult persons under resting conditions. It is obvious that the two curves show
remarkable deviations, mainly in the shape during the second half of the event
when the reduction in intraventricular filling volume becomes effective. In a
clinical study and by comparison with echocardiographic examinations it has
been found that at least three parameters of the intramyocardial electrograms (the
amplitude of the negative maximum VER_Ramp, the maximal slope between the
negative and the positive maximum VER_Rslew, the amplitude of the positive
maximum VER_Tamp) correlate significantly with the gjection fraction EF [7].
These findings confirm the results of the simulations.

3.2. Individually matched models

Only preliminary results are available from simulations accomplished with
individually matched models. The ECG-triggered ultrafast CT images have been
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acquired from one heart transplant patient who is equipped with a telemetric
pacemaker device. The segmentation problem has been solved so that the
3D data for the heart shape in enddiastolic and endsystolic situations could be
calculated. The first approach has been started to transform the enddiastolic
shape into the endsystolic shape by employing the FEM-based contraction model
that was already used in the ellipsoidal model. The results are promising, how-
ever, further optimization is needed for perfect matching of the 3D model after
contraction with that of the patient. Figure 8 gives an impression of the real and
the model-based change in the 3D shape of the heart.

4. DISCUSSION

M odel-based interpretation is not only an engineering challenge, but until now
the only access to the extensive utilization of the diagnostic potentia that will
become available by the evaluation of intramyocardial electrograms from both
the paced and the spontaneously beating heart for risk assessment and monitor-
ing. The model that has been developed for that purpose allows a systematic
analysis of all parameters, which might be relevant for proper consideration of
individual factors and pathol ogical impacts.
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Evaluation of the model has been based on the comparison of simulated intra-

myocardial electrograms with those acquired from patients after heart trans-
plantation and with different kinds of cardiomyopathies, employing echocardio-
graphic examinations and hemodynamic measurements by thermodilution during
resting periods in different positions and during exercise tests. Until now no
fundamental objection to the validity of the basic model structure with regard of
its electrical and mechanica behaviour has been found. However, evaluation has
to be continued, based on extensive simulation experiments and on comparison
with clinical studies, before the promising potential for cardiac risk assessment
and monitoring can be realized.

2.

3.

11.
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Mudelitel baseeruv intramuiokardiaalsete
elektrogrammide interpreteerimine kardiaalse riski
hindamisel ja jalgimisel

Helmut Hutten

Intramiiokardiaalsed elektrogrammid, mida saadakse telemeetriliste vdima-
lustega implanteeritud seadmete abil, on kardiaalse riski pikaajalisel hindamisel
jajélgimisel paljulubavad. Eelmainitud seadmete potentsiaali téielikumaks kasu-
tamiseks on vagja uut ldhenemist nende signaalide interpreteerimisele. TO0s on
vdlja tdotatud mudel erutuse leviku ja sellele vastava slidamelihase kontrakt-
siooni simuleerimiseks. See mudel vdimaldab anallilisida oluliste parameetrite,
sealhulgas stimulatsiooni ja registreerimise elektroodide paigutuse méju. Mudelit
saab kohandada patsiendi slidame geomeetriale, kasutades néiteks kompuuter-
tomograafia kujutist. Selline lahenemine aitab kasutada infot, mis sisaldub intra-
miuiokardiaal se elektrogrammi morfoloogias, kardiaal se riski seireks.
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