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118057 binds to the pore helix and the nearby S6 segment
and enhances Jk, currents by attenuating inactivation with
little effect on deactivation.

Recently the organic chemical compound ICA-105574
was introduced as a new type of hERG activator (5).
Mutagenesis study (6) revealed that the molecular deter-
minant of the binding site was distinct from those of
RPR260243 and PD-118057, but had some overlap with
them. ICA-105574 shifts the voltage dependence of P-
type inactivation to a very positive direction and removes
the hERG channel from inactivation at physiological
membrane potentials. Although the first report for ICA-
105574 (5) showed shortening of action potential dura-
tion (APD) in guinea-pig ventricular myocytes, conse-
quences of hERG activation by ICA-105574 in vivo have
not been studied. Thus, the goal of the present study was
to investigate the effects of ICA-105574 on ECG param-
eters and monophasic action potentials (MAP) obtained
from Langendorff-perfused guinea-pig hearts and anes-
thetized dogs. In the canine experiments, free drug plasma
concentrations were estimated from drug plasma
concentrations.

Materials and Methods

Patch-clamp experiments

Patch-clamp experiments were conducted as described
previously (7). Briefly, human embryonic kidney (HEK)
293 cells stably expressing the hERG channel (Merck
Millipore, Tokyo) were cultured in Minimum Essential
Medium supplemented with 10% FBS and 0.5 mg/mL
geneticine. hERG channel currents were recorded at
room temperature (23°C —25°C) using the whole-cell
patch clamp technique with an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA, USA). The control
bath solution contained 137 mM NaCl, 4 mM KCI, 1.8
mM CaCl,, 1 mM MgCl, 10 mM glucose, and 10 mM
HEPES, pH 7.4. The drugs were added to the bath solu-
tion. Borosilicate glass pipettes (2 -5 M resistance)
were filled with an internal solution containing 130 mM
KClL, 1 mM MgCl,, 5 mM EGTA, 5 mM MgATP, and 10
mM HEPES, pH 7.2. Series resistance was 3 — 6 M&Q.
Signals were filtered at 5 kHz, sampled at 10 kHz, and
compensated for cell capacitance but not series resis-
tance. Unless otherwise noied, hERG currents were
elicited at 0.1 Hz with 2-s activating pulses to 10 mV
(Vt) followed by 2-s pulses of =50 mV from a holding
potential of —80 mV. To obtain concentration-response
relationships, the peak current amplitudes at Vt were
monitored until current magnitude reached a steady-state
level before and after administration of drugs at each
concentration. Clampex 9.2 or 10.1 software (Molecular
Devices) was used to acquire and analyze data.

Animals

All experiments were performed according to the
“‘Rules for Feeding and Storage of Experimental Animals
and Animal Experiments’’ and approved by the Institu-
tional Animal Care and Use Committee of Mitsubishi
Tanabe Pharma Corporation.

ECG and MAP in Langendorff-perfused guinea-pig
hearts

ECG and MAP were measured using the previously
reported method (8). Hearts were dissected from male
Hartley guinea pigs (body weight 380 — 650 g; Japan
SLC, Inc., Shizuoka) anesthetized with sodium pentobar-
bital (50 meg/kg, i.p.; Kyoritsu Seiyaku Co., Tokyo),
mounted on a Langendorff apparatus and perfused at
approximately 80 mmHg with an aerated Krebs-Henseleit
solution. Experiments were carried out with solution
temperatures at 37°C +£0.5°C. Two electrodes were
placed, one at the apex of the heart and the other in the
aortic cannula, to generate bipolar ECG. MAP was re-
corded from the epicardium of the left ventricular surface.
The right ventricle was paced at approximately 2.5 times
the threshold voltage by an electronic stimulator (Fukuda
Denshi, Tokyo) via a bipolar electrode attached to its
surface. Signals were amplified with differential ampli-
fiers (DAMS0 system; World Precision Instruments,
Sarasota, FL, USA) and sampled at 1 kHz. Data were
acquired and analyzed with WinVAS3 software (Ver.
1.1, Physio-Tech, Tokyo). Corrected QT intervals (QTc)
were calculated using three different formulas, Van de
Water’s [QTc (V)=QT-0.087 (RR-1000)] (9).
Bazett’s [QTc (B)=QT/RR'?] (10), and Fridericia’s
formula [QTc (F) = QT/RR'?] (11). In MAP recordings,
the APD at the 90% repolarization level was defined as
MAPq,. To stabilize sinus rhythm beating, hearts were
perfused for more than 60 min before experimental pro-
tocols were started. The evaluation protocol consisted of
20-min perfusion of vehicle [0.1% (v/v) dimethylsul-
phoxide, DMSO] as the control, followed by cumulative
additions of ICA-105574 at final concentrations of 0.3,
1, and 3 xM (20-min perfusion for each). A vehicle only
protocol was also run as a time-matched control. Param-
eters of ECG and MAP were evaluated at the end of each
20-min perfusion. In addition, MAPo was determined
under pacing at 300 beats/min (bpm), a rate far above the
spontaneous sinus rate. The pacing was also applied at
the end of each 20-min perfusion period.

ECG recordings in anesthetized dogs

Surface lead Il ECG was measured in four anesthetized
male beagles (body weight, 11 —17 kg) as described
previously (12). The dogs were anesthetized initially
with 30 mg/kg sodium thiopental, i.v. (Mitsubishi Tanabe
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Fig. 1. Effects of ICA-105574 on hERG currents recorded from
HEK?293 cells stably expressing hERG. A: Concentration-dependent
activation of hERG currents by ICA-105574 elicited by 10-mV test
pulses (=50 mV return) from a holding potential of —30 mV as indi-
cated above the traces. Shown are representative traces (left) in the
absence (control; open circle) and presence of ICA-105574 (0.3 uM:
light gray circle, 1 gM: dark gray circle, 3 uM: black circle) and a
concentration-dependent curve of hERG activation (right). Plots show
the mean = S.E.M. of peak amplitudes at the test pulses (fi:} normal-
ized to control amplitudes before the application of ICA-105574
(n=35-7). Two or three concentrations were tested in a single cell.
The curve represents the best fit of data points with a logistic model
of nonlinear regression (ECso=0.42 £ 0.04 uM, ny=2.5=0.3). B:
Effects of ICA-105574 at 2 uM on the 1-V relationship of hERG cur-
rents. Membrane currents were elicited by 3-s test pulses to voltages
ranging from —70 to +50 mV in 10-mV increments (=120 mV, return)
as indicated above the traces. Representative traces in the absence
{(below voltage protocol) and presence of 2 uM ICA-105574 (upper
right) are shown. In the lower panel, the mean = S.E.M. of normalized
amplitude to each maximum amplitude of [ in the absence of the
drug are plotted against the test pulse voltages (n = 8).

MAP parameters obtained from the Langendorff hearts
were stable during vehicle control (0.1% DMSO) perfu-
sion throughout the experiment for more than 80 min. As
shown in Fig. 2, at 3 uM, but not at 0.3 or 1 uM, ICA-
105574 significantly shortened both QT and QTec (F)
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Fig. 2. Effects of ICA-105574 on ECG and MAP recordings from
Langendorff perfused guinea-pig hearts. A: Representative ECG and
MAP recordings from the same heart pre-treatment (control, left) and
afier the application of 3 M ICA-105574 for 20 min (right). Shown
are the ECG (upper) during sinus rhythm and MAPs (lower) during
ventricular pacing at 300 bpm. B: Effects on ECG parameters and
MAPy. ECG parameters after 20-min application of drug (black
squares) or vehicle as time-matched control (open squares) were
compared to the control value in each heart (n = 5). Error bars repre-
sent the S.E.M. PR: PR interval, QRS: QRS width, QT: QT interval,
QTec (F): QT interval corrected by the Fridericia formula. *P values
< 0.05 according to the unpaired Student’s -test adjusted by Bonfer-
roni’s method.

intervals and QTc (B) and QTc (V) intervals were as well
(data not shown). In addition, MAPg, recorded at 300
bpm was also shortened by application of 3 uM ICA-
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hERG currents in vitro, suggesting that ICA-105574 is
selective for the hERG channel. To our knowledge, this
is the first report to show in vivo effects of an hERG-
activating compound against validated drug plasma
concentrations. The reason that we used anesthetized ani-
mals in this study was that stable ECG was obtained
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continuously under controlled with drug plasma concen-
trations compared with conscious animals. The halothane
probably reduces repolarization reserve through suppres-
sion of a slow component of delay rectifiers and the ha-
lothane anesthetized dog model has an extent of repolar-
ization thought to be similar to that in healthy human
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Fig. 3. Effects of ICA-105574 on ECG in anesthetized dogs. A: Shown are representative ECG traces pre-treatment (control)
and after 10 mg/kg ICA-105574 intravenous infusion. B: Time-dependent changes in ECG parameters at each time point after
vehicle (open squares) or 1 (closed squares), 3 (open triangles), and 10 mg/kg (closed triangles) ICA-105574 administration. Error
bars represent the S.E.M. PR: PR interval; QRS: QRS width; QT: QT interval; QTe: corrected QT interval; (V) represent QT
interval corrected by Van de Water’s formula. The numbers of ECG complexes measured were 4 each for the [ and 10 mg/kg
ICA-105574 administration data and 2 each for the vehicle and 3 mg/kg ICA-105574 administration data. C: Relative changes in
ECG parameters in B were calculated by normalizing values of vehicle or ICA-treated to the pre-treatment values in each

animal.



Effecis of an I, activator on dog heart

Table 1. ECG data of anesthetized dogs
Control ICA ICA Recovery after ICA

(Pre-treatment) (1 mg/kg) (10 mg/kg) (10 mg/kg)
Heart rate (bpm) 83x11 a7 £]2% 1264 1] rs 102£11%
PR (ms) 119+8 120+ 9 105 + 10* 115+ 11
QRS (ms) 46+ 1 47£2 48+£2 47+2
QT (ms) 284=12 270£12 200 & 9= 261 £ 10*
QTe (V) (ms) 3057 30110 245 £ gre# 2058
QTc (B) (ms) 330+ 15 341219 288 & [3Hex 338+ 14
QTc (F) (ms) 3149 31513 255 = FOrr* 31010

ICA (1 mg/kg), ICA (10 mg/ke): afier 10-min infusion of 1 and 10 mg/kg of ICA-105574; Recovery after ICA
(10 mg/kg): at 50 min after infusion ended; QTc (V): QT interval corrected for heart rate according to Van de
Water formula; QTc (B): QT interval corrected for heart rate according to Bazzett’s formula; QTe (F): QT interval
corrected for heart rate according to Fridericia formula. Data were expressed as the mean + S.E.M. *P < (.05,

##%P < 0.001, one-way ANOVA followed by Bonferroni test vs. control (pre-treatment).
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Fig. 4. Estimated free ICA-105574 concentration in canine plasma.
The plots show the time course of estimated free ICA-105574 con-
centration in dog plasma (administration of | mg/kg; open squares, 3
mg/kg; closed squares, 10 mg/kg; open triangles). Canine plasma was
sampled from the femoral veins of the same dogs in which ECG was
measured. Plasma ICA-105574 concentration was determined by the
LC/MS/MS method. The protein binding ratio of ICA-105574 in ca-
nine plasma was determined by a micro-scale ultracentrifugation
method. Estimated free drug plasma concentrations were calculated
using the results of this protein binding ratio. All plasma concentra-
tions of ICA-105574 were first obtained as weight concentrations and
then converted to molar concentrations (molecular weight, 334.33).
The plots were expressed as the mean £ S EM. (n=4) at 1 and 10
mg/kg ICA-105574 and as the mean (n =2) at 3 mg/kg ICA-105574,

volunteers (28).

As some investigators argued (5), QT shortening by
ICA-105574—induced hERG activation might have an
impact on the treatment of cardiac arrhythmias associated
with long QT intervals, suggesting a potential therapeutic
utility of ICA-105574. However, as with the long QT
syndromes, the fact that congenital short QT syndromes
(29, 30) may lead to susceptibility to arrhythmias raises
concerns that QT-shortening drugs could also lead to
arrhythmic risk. Although non-clinical data have shown

that drug-induced QT and QTc shortening can theoreti-
cally lead to ventricular fibrillation and sudden death, the
clinical impact of short QT interval is still a matter of
debate. The profibrillatory mechanism for short QT is
still unclear, although one can speculate that QT shorten-
ing causes heterogeneity of repolarization in the heart.
Therefore, we have to be careful to use an hERG-channel
activator in any patients with electrophysiological distur-
bances. This study provides an animal model of drug-
induced QT shortening caused by hERG activation.

Limitations

Compound solubility issues and the multiple effects of
the compound we studied made it more difficult to un-
derstand the effects of pure hERG activators in the whole
heart.

Therefore, the results were not sufficient to assess our
hERG activator’s potential for pro-arrhythmia. As a fu-
ture direction, additional pro-arrhythmic intervention
such as extra-pacing or sympathetic nervous stimulations
may help to provide evidence for whether hERG activa-
tors such as ICA-105574 are pro-arrhythmic or anti-
arrhythimic. Because analyzing cardiac dispersion
sometimes helps to understand the mechanisms of pro-
arrhythmic effects, the data obtained from larger animals,
such like dogs in this study, may help provide clues for
novel mechanisms.
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Patient Specific Simulation of Body Surface ECG

using the Finite Element Method
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Background: Recent studies, supported by advances in computer science, have successfully simulated
the excitation and repolarization processes of the heart, based on detailed cell models of electrophysiology
and implemented with realistic morphology.

Methods: In this study, we extend these approaches to simulate the body surface electrocardiogram
(ECG) of specific individuals. Patient-specific finite element models of the heart and torso are created for
four patients with various heart diseases, based on clinical data including computer tomography, while the
parallel multi-grid method is used to solve the dynamic bi-domain problem. Personalization procedures
include demarcation of nonexcitable tissue, allocation of the failing myocyte model of electrophysiology,
and modification of the excitation sequence. In particular, the adjustment of QRS morphology requires
iterative computations, facilitated by the simultaneous visualization of the propagation of excitation in
the heart, average QRS vector in the torso, and 12-lead ECG.

Results: In all four cases we obtained reasonable agreement between the simulated and actual ECGs.
Furthermore, we also simulated the ECGs of three of the patients under bi-ventricular pacing, and once
again successfully reproduced the actual ECG morphologies. Since no further adjustments were made to
the heart models in the pacing simulations, the good agreement provides strong support for the validity
of the models.

Conclusions: These results not only help us understand the cellular basis of the body surface ECG, but

also open the possibility of heart simulation for clinical applications. (PACE 2013; 36:309-321)

CRT, computing, electrocardiogram, mapping

Introduction

Recent intense research in cardiac simulation
has extended the scope of heart modeling by
integrating hierarchical biological components
in the heart, ranging from molecules to or-
gans. Development of such a multiscale whole-
heart model obviously requires explanation of
the different physical principles governing the
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functional interplay among them.? With such
multiscale, multiphysics features, if successfully
implemented, the whole-heart model can be used
not only for basic research by extrapolating the
knowledge gained at the molecular level and
through animal experiments to the behavior of
the human heart, but also as a platform for the
evaluation of diagnostic tests or the effects of
treatment options. However, for the heart models
to be truly useful for the latter, that is, for clinical
purposes, they must be specific models reproduc-
ing the biological characteristics of each patient.
What are the premises for a patient-
specific heart model? Although recent diagnostic
technologies have provided us with a plethora
of data on both morphology and functions to
establish and validate the patient-specific heart
model, we still consider simulation of the
body surface electrocardiogram (ECG) as essential
because of its common use in clinical practice
as it is less invasive. Furthermore, the important
information retrievable from the body surface ECG

©2013, The Authors. Journal compilation ©2013 Wiley Periodicals, Inc.
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Figure 1. Workflow showing the simulated ECG fitted
to the actual ECG. We adopted a stepwise strategy to
sequentially adjust QRS complexes, T waves, and their
amplitudes.

Patient Specific Adjustments to the Model

Patient specific adjustments were made to
these models in three steps (Fig. 1). First, we
mapped the infarcted region identified by the Tl
scintigram where applicable. The region of the
permanent defect in perfusion was demarcated
and projected onto the heart model as an
area of transmural infarction, lacking electrical
activity (nonexcitable tissue). However, because
T1 scintigram (SPECT) data only provide a coarse
map of the infarcted region, we made minor
changes to the initially mapped region during ECG
matching. In this study, the gray zone between
the nonischemic and infarcted region was not
considered, owing to the low spatial resolution of
the scintigram.

In a previous study, we found that variations
in the distribution of cell types with different
action potential duration (APD) either in the
transmural or apico-basal direction do not change
the QRS morphology appreciably (see Fig. 4 in
Okada et al.’®). Accordingly, in the next step, we
adjusted the QRS morphology prior to adjusting
the distribution of these cell types. Starting
from the baseline morphology of the conduction

PACE, Vol. 36

system, which realizes a normal sequence of
excitation,'®'® we shifted the earliest sites of
excitation on the endocardium by modifying
the distribution of the free-running part of the
conduction system to find optimal sites for each
patient. To facilitate this procedure, we calculated
the instantaneous depolarization (QRS) vector
(depicted by arrows in the time-lapse images of the
torso in Fig. 3) as the sum of the local excitation
vectors in the heart (depicted by small arrows
in the time lapse images of the heart in Fig.
2) and simultaneously visualized these in the
torso and heart models, respectively (see also the
supplementary movie S1). By interactively con-
sidering the relationship between the excitation
propagation in the heart and the accompanying
changes in magnitude and direction of the depo-
larization vector at any desired moment via the
guidance of simultaneously visualized ECGs, the
optimal sequence of excitation could be estimated
in an efficient manner. Third, the distribution of
different cell types was adjusted to reproduce the
patient specific T-wave morphologies. Again, for
a normal heart, the cell distribution identified in
our previous study'® was applied. The adjustment
strategy for a failing heart was based on the two
studies. Recently, Glukhov et al. reported that
while myocytes with a long APD, presumably M
cells, are clustered on the endocardial side in
normal human ventricles, such heterogeneity in
the APD disappeared in a failing myocardium.'®
Accordingly, for a diseased myocardium, we
allocated a single type of failing myocyte model
proposed by Winslow et al.,’® in which the
reduction of IK1 and Ito currents, down regulation
of the SR Ca**-ATPase, and up regulation of the
Na*-Ca®" exchanger were introduced. The region
of the failing myocardium was adjusted according
to the patient ECG.

Finally, the thickness of the subcutaneous fat
tissue was adjusted to optimize the amplitudes of
the ECG waves if necessary.

To facilitate the evaluation of agreement, we
also calculated the cross-correlation (—1< Ryce <
1) between the simulated and actual ECG using the
following equation

12 N

D ) Al j) x BG, j)

j=1 i=1
Bnee = ..
12 N 12 N
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j=1 i= =1 k=1

where A(i,j) and B(i,j) are the voltages at time i for
the simulated and real ECGs with summation over
12 leads (j = 1 to 12). Evaluations were carried out
for QRS complexes and entire waves.

March 2013 311



OKADA, ET AL.

Figure 2. Visualization of the instantaneous local excitation vectors (small arrows on the heart
models), depolarization vector (large arrows on the torso models), and the corresponding ECG
(left) for the estimation of excitation sequence. Data for patient #1 at different times from the
onset of the QRS complex are shown as time-lapse images. For clarity, only a single lead of the
ECG (II lead) is shown and the arrangement of each panel differs from the original computer

display.

Computation

All the program code was written in FOR-
TRAN in our laboratory. Simulations were per-
formed using an SGI Rackable C2108-TY10 server
(Intel Xeon X5690 [3.46 GHz], Intel, Santa Clara,
CA, USA). With the total number of degrees of
freedom set to three hundred million, it took
6 hours to compute a single cardiac cycle. The
numerical data was visualized using commercial
software (MicroAVS: Advanced Visual Systems,
Waltham, MA, USA, and Avizo: VSG, Burlington,
MA, USA).

Results

Heart models with and without non-excitable
regions for all the patients are shown together
with the corresponding torso models in Figure 3.
In the hearts of patients #2 and #3, the regions
of nonexcitable tissue are indicated below. The
size and shape of the heart and torso varied
considerably among the patients. The results of

312 March 2013

the simulations are described separately for each
patient,

Patient #1

Since no organ abnormalities were reported
for this patient, only the sequence of excitation
propagation was adjusted. As for the optimization
of the distribution of cell types, no adjustment
was made in this case. With these settings, the
activation and repolarization sequences of the
heart (Fig. 4A) and the resulting changes in
the body surface potential (Fig. 4B) were com-
puted fairly rapidly (see also the supplementary
movie S2). The simulated ECG with narrow QRS
complexes and positive T waves in most of
the leads corresponds well with the actual one
(Fig. 4C).

Patient #2

According to the information from the scinti-
gram, infarcted regions were set (Fig. 3 center

PACE, Vol. 36
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Figure 3. Finite element models of the heart and torso for the patients studied. For patients #2
and #3, non-excitable regions are shown under the heart models. Scales are different for the heart
and torso models, but the same for all patients for ease of comparison.
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Figure 4. Propagation of excitation and repolarization (A), body surface potential map (B) as
time lapse images, and ECG for patient #1 under control conditions. In (C), the simulated ECG
is shown on the right and the actual ECG on the left for each lead. The red dots on the torso (B)

represent the ECG leads.
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Figure 5. Propagation of excitation and repolarization (A), body surface potential map (B) as
time lapse images, and ECG for patient #2 under control conditions. In (C), the simulated ECG
is shown on the right and the actual ECG on the left for each lead. The red dots on the torso (B)

represent the ECG leads.

panel). Based on the clinical diagnosis of a
complete left bundle branch block (CLBBB), the
earliest excitation sites were eliminated from
the left ventricular endocardium and the failing
myocyte model was applied to the entire ventricle.
Time-lapse images of the membrane potential and
body surface potential are shown in Figure 5A and
B (see also the supplementary movie S3), while a
comparison of the ECGs is presented in Figure 5C.
Again, reasonable agreement is observed. Based
on the history of the patient’s current illness, a
CRT device was implanted. We placed the pacing
leads at the site of actual implantation determined
from the CT images to simulate the CRT. Although
a simultaneous bi-ventricular pacing protocol (no
inter-ventricular delay) was programmed for this
patient, we needed to advance the right ventricular
(RV) stimulation by 70 ms to achieve reasonable
agreement in the ECGs. In our opinion, this delay
can be accounted for by the electrical latency
during left ventricular (LV) stimulation from the
coronary veins'’ and in fact, a comparison of
the ECGs for RV and LV pacing alone supports
this idea (Fig. 6C inset). The mode of excitation
under CRT is shown in Figure 6A and B (see also
the supplementary movie S4), with a comparison
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of ECGs presented in Figure 6C. Because we
did not modify the morphology of the heart
and its tissue characteristics determined for the
baseline ECG, that is, as shown in Figure 5, the
good correspondence after the CRT serves as an
independent test for the validity of the model.

Patient #3

In this patient with a dilated phase of
hypertrophic cardiomyopathy, an extended and
irregular area of perfusion defect is observed in
the scintigram. The ECG shows an extremely
complex pattern of excitation that differs from
the typical CLBBB pattern (Fig. 7C), and this led
to a long series of iterative adjustments of both
the defect region and earliest excitation sites. In
the beginning, the failing myocyte model was
allocated to the entire ventricle but, to reproduce
the upright T waves in the right precordial
leads (V1-V3), we introduced the endocardial,
M-, and epicardial cell models transmurally.
Final results of the activation sequences and a
comparison of the ECGs are shown in Figure 7 (and
also in the supplementary movie S5). Although
disagreements are seen in some segments, the
overall pattern of the complex ECG is well
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Figure 6. Propagation of excitation and repolarization (A), body surface potential map (B) as
time lapse images, and ECG for patient #2 under bi-ventricular pacing. In (C), the simulated ECG
is shown on the right and the actual ECG on the left for each lead. The red dots on the torso (B)
represent the ECG leads, and the stick in the heart chamber (A) represents the right ventricular
pacing lead. Inset: V4 leads for this patient under RV and LV pacing. A significant delay between
the stimulus spike and QRS wave is observed for LV pacing.

reproduced. The ECG after the CRT was also
simulated for this patient according to clinical
records, and, as illustrated in Figure 8 (and also in
the supplementary movie S6), it shows reasonable
agreement with the actual one. Because no further
adjustment was made to the baseline model in this
case either, the good agreement can be taken to
indicate that the modeling may not be unique, but
is at least a close solution to this inverse problem.

Patient #4

The heart of this patient was severely dilated
because of aortic regurgitation. Duration of the
QRS complex was elongated (>140 ms), but the
presence of a Q wave in the V6 lead excluded
the diagnosis of CLBBB (Fig. 9C). Accordingly,
we considered that the widening of the QRS
was caused simply by the enlargement of the
heart and we started making adjustments from
the normal activation sequence, similar to the
procedure for patient #1. However, because the
duration of the QRS complex was not comparable
with the actual data, we reduced the conduction
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velocity by 68% in the fiber direction and 25%
in the cross fiber direction. The final data for
excitation propagation, body surface potential,
and the ECG are shown in Figure 9, together
with the actual ECG for comparison. Once again
a reasonable match was achieved (see also the
supplementary movie S7). However, under pacing
conditions, there is a slight disagreement in the
QRS morphology in leads I and VL (Fig. 10)
(see also the supplementary movie S8). Such
disagreements could be corrected by adjusting the
property of the heart model determined under
control conditions. Nevertheless, this was not
done, owing to a lack of clinical data to rationalize
it.

Cross-Correlation

Figure 11 shows an example of the relation
between the cross-correlation and the matching of
ECG wave form with the corresponding excitation
propagation sequence. Each vector in each panel
corresponds to the ECG amplitude in the specific
lead with the same angle as that in the inset
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Figure 7. Propagation of excitation and repolarization (A), body surface potential map (B) as time-lapse images, and
ECG for patient #3 under control conditions. In (C), the simulated ECG is shown on the right and the actual ECG on
the left for each lead. The red dots on the torso (B) represent the ECG leads.

at a certain time. Therefore, the similarity of
the vector clusters indicates a correct fit of the
ECG waveform. Compared with the actual ECG
data (top row), the vector cluster in simulation
A (middle row) differs significantly at all time
points, yielding a cross-correlation value of 0.615.
A shift in the earliest excitation sites in simulation
B (bottom row) reproduced large upward vectors
observed in the actual ECG and increased the
cross-correlation to 0.896. For visibility only the
precordial vectors are shown; however, limb lead
vectors were also taken into consideration. Table II
summarizes the cross-correlation of the simulated
ECGs for all cases studied (Figs. 4 to 10). Fairly
good correlations (>0.65) were obtained for both
the baseline and pacing conditions, except for that
under pacing in case 2.

Discussion

With the advent of high performance comput-
ers, realistic simulation of cardiac electrophysi-
ology, in which cell models of electrophysiology
are implemented in the image based finite element
models of the heart, is now possible. However,
a limited number of attempts have been made
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with respect to patient-specific ECG simulations
coupled with image-based torso models. In this
study, although our preliminary approach yielded
promising results, we also identified problems to
be overcome in future studies.

Patient-Specific ECG Simulation

An alternative approach to the realization
of patient specific ECG simulation is, of course,
solving the inverse problem, which researchers
have pursued for several years.?®18-2° Hitherto,
attempts have been successful only in the
estimation of epicardial maps,® owing to the well-
known ill-posed nature of the problem. However,
the forward problem approach adopted in this
study can provide information on the activation
and repolarization sequences within the wall, but
this requires iterative simulations with manual
adjustment of the parameters. To reduce the
computation time required for such repeated ECG
simulations, various solution techniques have
been proposed, including the BEM’ and finite
element method based on the two step approach.®
In this study, we used our previously proposed
parallel multi-grid method'* to solve the dynamic
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Figure 8. Propagation of excitation and repolarization (A), body surface potential map (B) as
time lapse images, and ECG for patient #3 under bi-ventricular pacing. In (C), the simulated ECG
is shown on the right and the actual ECG on the left for each lead. The red dots on the torso (B)
represent the ECG leads, while the stick in the heart chamber (A) represents the right ventricular

pacing lead.
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Figure 9. Propagation of excitation and repolarization (A), body surface potential map (B) as
time lapse images, and ECG for patient #4 under control conditions. In (C), the simulated ECG

is shown on the right and the actual ECG on the left for each lead. The red dots on the torso (B)
represent the ECG leads.
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Figure 10. Propagation of excitation and repolarization (A), body surface potential map (B) in
time lapse images, and ECG for patient #4 under bi-ventricular pacing. In (C), the simulated ECG
is shown on the right and the actual ECG on the left for each lead. The red dots on the torso (B)
represent the ECG leads while the stick in the heart chamber [(A) represents the right ventricular

pacing lead.

bi-domain problem within a practical time interval
(~80 min). One of the advantages of this approach
is its ability to evaluate the influence of surround-
ing tissue on the electrical activity of the heart,
although this influence was not evaluated in this
study. We also developed an interactive system for
the simultaneous visualization of 3D wave fronts
and the vector ECG to accelerate the adjustment
of the excitation sequences to reproduce the QRS
wave morphology. Even with such developments,
however, the total time required to model the
complex ECG for patient #2 was quite long.
A hybrid approach using both the inverse and
forward problems may help in providing a more
efficient solution.

Goodness of Fit

To quantify the goodness of fit, we calculated
the cross-correlation between the simulated and
actual ECGs to obtain reasonable values. However,
such neutral numerical indices may not correlate
with the visual impression and in fact, clinical
diagnosis relies on the characteristic morphology
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of each segment of the ECG. Furthermore, we
cannot be sure whether the morphological fit
ensures validity of the parameters set in the
model in the absence of clinical measures for
direct comparison. However, reproducibility of
the model can be evaluated by referring to other
clinical data. In this sense, our simulation of the
ECG after the CRT implantation (Figs. 6, 8, and
10, and Table II) provides strong support for the
validity of our modeling.

Limitations

Although the number of cases in this study
was small, the diversity in pathology could suggest
potential applicability of this technique to a wide
range of diseased hearts. However, cases in which
mutant ion channels are expected to have a
complex effect on the electrophysiology were not
included, and this is left for future study.

The current simulation based on the available
clinical data includes many uncertainties in
the modeling of both the heart and the torso.
Fiber orientation is known to have a significant
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Figure 11. Sequential changes in ECG vector and ventricular excitation. In each panel, each
vector represents the amplitude of the specific precordial lead as indicated in the inset. Top row:
actual ECG, and middle and bottom rows: simulation results with poor (Sim. A Ryge = 0.615)
and good (Sim. B Ryce = 0.896) cross-correlations, respectively, for case #2. For the simulation
results, the accompanying ventricular excitation of the models is shown. The numbers at the top
indicate the time since the onset of the QRS complex.

influence on the conductivity and mechanics
of the myocardial tissue.?’23 Since there is no
measure for recording the fiber orientation in a
beating heart, we had to adopt the only published
data for both normal and diseased hearts. The
use of the scintigram absolutely limited the
segmentation of myocardial tissue in terms of
space and character. We intend to use magnetic
resonance imaging (MRI) data with enhancements
for the modeling, but even with this information,
fine-tuning of the cell model to reproduce reality
will be difficult. As an approximation, we used a
single parameter set for both the normal and failing
myocyte models.'>16:24

Uncertainties were also identified in the torso.
Dossel’s group reported that fat is important

Table Il.

Cross-correlation

Case 1 2 3 4

Baseline 0.748 0.896 0.645 0.795
Pacing 0.653 0.579 0.842
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in the morphology of the ECG, yet its conduc-
tivity varies considerably in the literature.®?
However, we also noted that such variation in
conductivity scales the waveform, while retain-
ing the overall characteristics. Accordingly, we
adjusted the conductivity of the subcutaneous
fat tissue to adjust the amplitudes of the ECG;
however, further refinement of the model for
each patient based on conductivity metric is
needed. The influences of variation in myocardial
conduction velocity and slowing or blockage
in the His-Purkinje system are also important
issues that need to be addressed in future
studies incorporating cutting edge experimental
results.

Furthermore, in this study, we simulated only
the electrical activity with a static heart model;
however, the feedback influence of mechanical
activity on the electrical activity of the heart is well
established and simulations taking into account
such effects have been reported.?6-2°

Finally, although the calculation of the cross-
correlation coefficient shows that the presented
results are the best from the models tested, they do
not ensure optimality of the model. This is because
of the inclusion of the manual iteration part in the
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procedure, which should be automated in future
studies.

Future Directions

To extend the applicability of ECG simulation
to a wider range of diseases at various stages,
modeling of the atria, coronary circulation, and
other anatomical structures coupled with the
integration of multiphysics phenomena is neces-
sary. However, such detailed modeling necessi-
tates the development of diagnostic techniques
enabling in vivo recording of the micro-anatomical
structure, tissue properties, and metabolism.
Detailed simulations also require acceleration of
the modeling process at each stage. Parametric
modeling is a powerful approach,®® but the final
fine-tuning still remains for personalized models.
Further studies and developments are clearly
needed.

Despite its long history, the inverse problem
approach still cannot provide a unique solution
for the determination of multiple activation sites
or the sequence of transmural activation even
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