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Table | Baseline characteristics

Characteristics

Age (years) 660 = 97
Male (%) 109 (69.0)
SBP (mmHg) 1395 + 154
DBP (nunHg) 81.0 + 113
Heart rate (bpm) 709 + 144
Duration of AF
<1 year 41 (259)
=1, <5 years 57 (36.1)
=5 years 43 (2/.2)
Unknown 17 (10.8)
Coexisting conditions
Prior embolism (%) 12 (7.6)
Heart falluwre (%) 4(2.5)
Myacardial infarction (%) 3(19)
Angina pectoris (%) 3(1.9)
Cardiomyopathy (%) 4(2.5)
Valvular disease (%) 9{57)
Diabetes (%) 15 (9.5)
Hyperlipidaemia (%) 47 (29.7)
Echocardiograms
LvDd 475 + 49
LVEF 89.1 + 81
LAD 389 + 6.7
Treatment at baseline
Anti-hypertensive therapy (%) 120 (75.9)
AAD (%) 105 (66.5)
PAF frequency during observation period
Total PAF {days/month) 38 + 5.0
Symptomatic PAF 14 £ 30
Treatment at initial follow-up
Candesartan 80 = 2.7 mp/day
Amlodipine —
Diuretics (%) 200127)
B-Blockers (%) 48 (30.4)
Antiplatelet therapy (%) 46 (29.1)
Anticoagulant therapy (%) B0 (50.6)
Statins (%) 26 (16.5)

Candesartan (n = 158)

Amlodipine (n = 160) P-value
B5T£93 0.429
110 (68.8) 0.905

140.7 + 155 0.486
825 + 112 0.256
69.5 + 139 0.37%

0818

37(23.1)

66 (41.3)

41 (25.6)

16 (10)

12(75) 1.000
4(25) 1,000
1(0.6) 0370
4 (2.5) 1.000
3(19) 0.690

14 (8.8) 0.387

14 (8.8) 0848

47 (294 1.000

47.87 + 49 0.549
662 | 82 0.003
393 + 68 0618
124 (77.5) 0791
119 (74.4) 0141
48 + 63 0.11¢6

i3k 29 0.903

43 + 1.7 mg/day i
9 (5.6) 0.029

50 (313) 0.867

48 (30.0) 0.863

88 (55.0) 0.435

24 (15.0) 0.721

Data represent mean + SD or frequency. SBP, systolic blood pressure; DBP, diastolic blood pressure; PAF, paraxysmal atrial fibrillation; LVD+d, left veniricular diastolic diameter;
LVEF. left ventricular ejection fraction; LAD. left atrial dimension: AAD, antiarrhythmic drug bpm, beat per minute, Anti-hypertensive therapy includes ACE-inhibitors, angiotensin

receptor blockers, calcium channel blockers, B-blockers, a-blackers, and diuretics.

n=95), and a higher group (=139 mmHg. n = 105). There were
no significant differences between the two groups in the reduction
in AF frequency during the follow-up period in any subset analysis
(Table 3).

Discussion

In the present |-RHYTHM Il study, we tested a hypothesis that, in
patients with paroxysral AF associated with hypertension, cande-
sartan may exert beneficial effect on the frequency of paroxysmal
AF when compared with conventional hypertension therapy with

amlodipine. In our study population, we could not find any differ-
ences between the two therapies in the nature of paroxysmal AF
during the maximal follow-up of 1 year. These results were essen-
ally unaffected by subgroup analyses depending on the systolic BP
attained by the therapies. Our findings, in concordance with a
recent GISSI-AF study,”” do not support the concept that the
blockade of RAS may have a favourable effect on the occurrence
of AF beyond the control of BP.

There is considerable experimental evidence suggesting that the
administration of angiotensin [l-receptor blockers (ARB) may
prevent or reverse the progression of atrial fibrosis in association
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Table 2 Secondary endpoints
o
e CCB Candesartan Amlodipine P-value
0] .0 o8 _ o R . ool SR, ok SO
R - ) S . * sgp '
120 - g e oo e ool Cardiovascular events (%)
P Cardiovascular 0 (00) 0(00) -
90 4 P<0.001 death
Acute myocardial 0 {0.0) 0 (0.0)
80 ’\.;_; _L_: __;___‘__:__‘,__“_‘_ . _.-; DBP nfarction
N Stroke 0 (0.0) 3(18) 0.084
G D ]' é 3 4 5 é ? S é ilU 1'1 ]'2 Major bleeding 0(0.0) 1(0.6) 0.320
Months Heart faillure 0 (0.0) 0 (0.0) —
Development of 13(8.2) 24 (15.0) 0.080
Figure | The time-course of systolic blood pressure and dias- e G ) 2
tolic blood pressure in the candesartan (angiotensin ll-receptor (ihnnges '_n LAD 024k 58 Rl 2 A%
blacker) and amlodipine (calcium channel blocker) group. Changes in QOL assessment
There were significant differences both in systolic and diastolic AFQLQ! H09 + 56 F18 60 0246
blood pressure between the groups (P < 0.0001 by ANOVA). AFQLQ2 +15 + 38 +2.2 + 4.2 0.189
AFQLO3 +1.6 + 74 126 + 100 0412

Data represent mean = SO or frequency. AFQLQT. frequency of symptoms;
AFQLQ2. seventy of symptoms; AFQLQ3, limitations of daly activities and mental
anxiety (higher ts better in these components).

Table 3 Frequency of paroxysmal atrial fibrillation in
three tertiles of systolic blood pressure

A
Total AF Symptomatic AF

(days) (days)

1.0 [‘ 1.0

0.0 0.0
-1.0}F 1.0}
2.0 20}
=3.0 =3.0}F
4.0t 40l

B
(days)
5 T * ARB
- *CCB
4 4 .
-

i L T T o

31 s - . ® s
s & g5 .8 . . :TmaIAF

24

e

~— ey » Symplomalic
. o . S S A; 2] ic
0 +—r—r—r—r—r—T—7—r—T—T—7T
-10 1 2 3 4 5§ 6 7 8 9 1011 12

Months

Figure 2 (A) Difference in the frequency of atrial fibrillation
(daysimonth) between the observation period and the final
month of the follow-up (Left: Total atrial fibrillation, Right: Symp-
tomatic atrial fibritlation). Both in the candesartan (angiotensin
ll-receptor blocker) and amlodipine (calcium channel blocker)
groups, the atrial fibrillation days decreased, but there were no
significant differences between the two groups. (B) The time-
course of the frequency (days/month) of total atrial fibrillation
(dotted lines) and symptomatic atrial fibrillation (solid lines).

Candesartan Amlodipine P-value

Lower group

Baseline (day/ 35 F36(19) 54168(59) 0081

maonth)

Final follow-up 1.7 + 2.7 (48) 31 +49(58) 0.089

Difference 1.6 £ 4.4 (48) 24 +75(58) 0493
Middle group

Baseline 3.5 + 5.7 (42) 48 + 6.5 (52) 0306

Final follow-up 26 £ 54 (41) 27 £53(51) 0928

Difference =10 +48 (1) -22455(51) 0280
Higher group

Baseline 3.9 + 4.6 (61) 39 +52(43) 0936

Final follow-up 21 + 1.3 (57) 1.3+ 24 (44 0164

Difference -1.7 + 38 (57) 26 +42(43) 0265

Dara represent mean + SD. ( ), number of patients.

20

with AF."*7 2% Actually, a series of clinical studies also showed that
RAS inhibition had beneficial effects on the recurrence and per-
petuation of AF?' #* On the contrary. however, post hoc analyses
of the AFFIRM (Atrial Fibrillation Follow-Up Investigation of
Rhythm Management) and CTAF (Canadian Trial of Atrial Fibrilla-
tion) studies could not find any beneficial effects of RAS inhibition
on AF recurrence,”*’* making it controversial that the experimen-
tal concept can be applied to clinical practice.

Recently, the first prospective randomized control trial. the
GISSI-AF study,”” challenged this issue. The trial enrolled all
types of AF, evaluated the antiarrhythmic efficacy of valsartan
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when compared with a placebo in a double-blind manner. and has
demonstrated that valsartan was not associated with any beneficial
effects on AF recurrence. Also, the results were consistent in any
subgroups according to age, presence of heart failure. and usage of
ACE-inhibitors, beta-blockers and antiarrhythmic drugs.'”

e present |-RHYTHM Il study focused upon a specific pro-
portion of patients in the GISSI-AF study, patients with frequent
paroxysimal AF associated with hypertension, in order to answer
a question regarding which type of drug, ARB or CCB, is more
favourable as an anti-hypertensive therapy for these paticints,
The primary endpoint was also somewhat different from the
GISSI-AF study. We focused on the frequency of paroxysmal AF.
while the GISSI-AF trial evaluated the time to a first recurrence
of AF. Our study, using every-day TTM recordings, has revealed
that anti-hypertensive therapy with candesartan has no significant
advantage over amlodipine in the reduction in the frequency of
paroxysmal AF. These results would strengthen the evidence
from the GISSI-AF study.

In our secondary endpoint analysis, ~12% of the patients
showed progression into persistent AF. This figure is consistent
with a recent study’® that revealed the rate of progression of par-
oxysmal into persistent AF in a variety of paroxysmal AF patients
and identified hypertension as one of the potent risk. factors for AF
perpetuation. In the present study, we ascertained the similar pro-
gression rate in hypertensive patients with the use of daily TTM
recordings and also found that the rate was not significantly
affected by the administration of candesartan in a sample size of
>300 patients. The changes in the left atrial dimension were
also similar between the groups. which would be consistent with
this result on AF perpetuation. The present results of the
AF-specific QOL assessment are also plausible, because the fre-
quency and perpetuation of AF was similar between the groups.

In our study, the incidence of thrombo-embolic events tended
to be higher in the amledipine than in the candesartan group.
This might be inconsistent with the GISSI-AF study,’ where
strokes were more frequently observed in the valsartan group.
However, we believe that our observation may have resulted
from a by-chance occurrence due to the small number of patients
studied.

Recently. several reports have been made on the relationships
between anti-hypertensive drugs and AF primary prevention.”’
The effects of antihypertensive drugs on primary AF prevention
might differ from drug to drug, but remain a matter of controversy.
One of the difficult problems results from BP differences during long
047 Similarly, the present results could be

29

anti-hypertensive therapy.
influenced by the significant differences in BP between the two
groups. However, the AF frequencies were not different between
ARB and CCB in any of the subgroups divided according to the
attained BP levels at the final follow-up: this post hoc analysis
would suggest that the BP differences between the two groups
were unlikely to play a major role in the results of the present study.

Limitations of our trial should include (i} it is an open-label trial,
(i) lack of a placebo arm, (iii} relatively higher rate of anti-
arrhythmic drug usage in the amlodipine group, and (iv) a relatively
short follow-up period. Although this was an open-label trial, the
primary endpoint was blinded to the attending physicians and
patients, and also to the TTM diagnosis committee, in order to

minimize information biases. Because there was no placebo
control group, we could not know the relationships between BP
and the frequency of paroxysmal AF. The slightly higher rates of
antiarrhythmic drug usage in the amlodipine group (the difference
was statistically insignificant) might have affected the present
results. Moreover, our results should be applied to a short-term
follow-up of the patients,

In conclusion. under the conditions of the study and with statisti-
cal limitations, there were no differences in the frequency or per-
petuation of paroxysmal AF  with hypertension between
anti-hypertensive therapies using candesartan and amlodipine.
These data suggest that, for both patients and health-care provi-
ders, selection of anti-hypertensive drugs could be individualized
from other patient characteristics.
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Okada J, Washio T, Maehara A, Momomura S, Sugiura S,
Hisada T. Transmural and apicobasal gradients in repolarization
contribute to T-wave genesis in human surface ECG. Am J Physiol
Heart Circ Physiol 301: H200-H208, 2011. First published April 1,
2011; doi:10.1152/ajpheart.01241.2010.—The cellular basis of the
T-wave morphology of surface ECG remains controversial in clinical
cardiology. We examined the effect of action potential duration
(APD) distribution on T-wave morphology using a realistic model of
the human ventricle and torso. We developed a finite-element model
of the ventricle consisting of ~26 million elements, including the
conduction system, each implemented with the ion current model of
cardiomyocytes. This model was embedded in a torso model with
distinct organ structures to obtain the standard ECG leads. The APD
distribution was changed in the transmural direction by locating the M
cells in either the endocardial or epicardial region. We also introduced
apicobasal gradients by modifying the ion channel parameters. Both
the transmural gradient (with M cells on the endocardial side) and the
apicobasal gradient produced positive T waves, although a very large
gradient was required for the apicobasal gradient. By contrast, T
waves obtained with the transmural gradient were highly symmetric
and, therefore, did not represent the true physiological state. Only
combination of the transmural and the moderate apicobasal gradients
produced physiological T waves in surface ECG. Positive T waves in
surface ECG mainly originated from the transmural distribution of
APD with M cells on the endocardial side, although the apicobasal
gradient was also required to attain the physiological waveform.

electrocardiogram; computer simulation; T wave; body surface map;
M cells

DESPITE ITS LONG HISTORY AND worldwide use in clinical cardi-
ology for the diagnosis of various heart diseases, the cellular
origin of the ECG waveform is not fully established. In
particular, the genesis of the T wave remains controversial,
largely because of its implication in arrhythmogenesis (1, 4,
20, 22). The T wave was originally considered to result from
the heterogeneity of repolarization of the ventricle in the
apicobasal direction (19). However, more recently, the trans-
mural difference (gradient) of repolarization is considered im-
portant, as supported by the discovery of M cells isolated from the
canine ventricular wall (2, 32). M cells are distributed in the deep
subendocardium in the anterior wall, but are shifted to the deep
subepicardium in the posterior wall, and are characterized by a
longer action potential duration (APD) compared with the epi-
cardial and endocardial myocytes, creating a significant gradi-
ent (1). Subsequent studies identified similar type of cells in
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guinea pig, rabbit, pig, and human ventricular tissues (8, 33,
35, 51).

However, when measurements are made in more intact
preparations, there is accumulating evidence that the APD of
M cells becomes shorter, resulting in smaller transmural dis-
persion (23). For instance, measurement of the human ventri-
cles during cardiac surgery, rather than isolated cells or a
ventricular wedge, produced no significant transmural hetero-
geneity of repolarization (42). The electronic cancellation ef-
fect introduced by intercellular coupling through gap junctions
is considered the cause of these observations in intact prepa-
rations (5, 41), although experimental artifact has also been
suggested (1). During surgery or in animal experiments, sub-
jects receive anesthetic agents that may block sodium and/or
delayed rectifier potassium currents, causing preferential short-
ening of the APD of M cells (31). Furthermore, the plunge
electrode technique used in many studies may not necessarily
probe the whole area and depth of the ventricular wall (42, 48).
In a recent study, optical mapping revealed the distribution of
APD in human ventricular tissue (12); however, only the
posterior wall wedge was examined.

Computer simulation is widely used for studying cardiac
electrophysiology and allows detailed analysis of the normal
and abnormal electrical activity of the heart (18, 34, 46, 47).
Although computer simulation does not provide conclusive
data on actual tissue, if carefully designed, it can provide
important supporting information. In the present study, we
used this strategy to examine which pattern of APD distribu-
tion generated the normal waveform of the human surface
ECG. We previously reported our detailed model of the human
ventricles based on the human ventricular model of electro-
physiology (44, 45). We embedded this model into a torso with
the organ structures model and varied the distributions of M
cells and APD, according to experimental data, to calculate the
surface ECG. We found that both the apicobasal and transmu-
ral distribution of APD significantly influence the human
T-wave morphology.

MATERIALS AND METHODS

Human heart and torso model. The details of this model were
previously reported (50). We used a realistic model of the human heart
with a conduction system embedded into the torso model based on the
voxel-based, finite-element method. To save computational cost for
such a large-scale model, we used composite mesh composed of fine
mesh (0.2 mm) for the heart and the coarse mesh (1.6 mm) for the
torso regions and solved it using the multilevel solution technique.
The study protocol was approved by the Institutional Ethics Commit-
tee, and informed consent was obtained for the use of CT scan data.

http://www.ajpheart.org
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Heart model. The geometry of the three-dimensional voxel human
heart model (mesh size 0.2 mm) was based on the multidetector
computerized tomography data of the subject without cardiac dys-
function (Fig. 1A). We only analyzed the ventricles, although the total
number of elements covering the heart region was equal to
244,187,136. We mapped previously reported human data on the
spatial orientation of the myocyte (fiber orientation) to our model
(http://gforge.icm.jhu.edu/gf/project/dtmri_data_sets/) (Fig. 1B).

To each voxel element, we implemented the previously reported
ionic current model of human ventricular myocytes (45), and the
propagation of excitation was modeled as a continuous system using
the bidomain formulation (see supplemental material for details; the
online version of this article contains supplemental data) (14). An-
isotropy of action potential propagation was introduced by setting the
conductivity in the longitudinal (fiber) direction larger compared with
the transverse direction. We used the following values (Supplemental
Table S1), according to the previous report (15).

Conduction system. The conduction system is indispensable for the
analysis of ECG. We modeled the conduction system by one-dimen-
sional elements based on Tawara’s monograph (43), as shown in Fig. 24.
The electrophysiological properties were reproduced by the cell
model proposed by Stewart et al. (36). The network of the conduction
system consists of the free-running (insulated) part connecting the
atrioventricular node to the sites of earliest activation and the network
spreading from these sites along the endocardial surface. At each
terminal, this network is connected to the voxel mesh node, repre-
senting the myocardial tissue, and from there the excitation propagates
concentrically. Although the description by Tawara is qualitative, the
current model can be validated by the agreement of simulation results
of previously reported isochronal maps (Fig. 2, B and C) (9) and body

A
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surface voltage maps (Fig. 2D) (6, 40). In the simulation, we applied
a small current to the root of the conduction system to initiate
activation of the ventricles.

Torso model. The morphology of the voxel torso model was based
on the computerized tomography data (Fig. 1C). Each organ was
segmented manually (Fig. 1D), and specific conductivity (Supplemen-
tal Table S1) was assigned as previously reported (3, 21). Only the
conductivity of the body surface (skin) was adjusted to obtain the
physiological amplitude of ECG without changing its morphology.
With a 1.6-mm element size, the total number of elements covering
the torso was 40,038,400. In contrast to the heart tissue, the torso
domain can be viewed as a passive conductor. Therefore, the potential
¢ satisfies the generalized Laplace equation

] o’
_(GTi) =0
Bx,-

7 dx;
where GZ, is the conductivity tensor.

APD distribution. We altered the APD distributions (gradients) in
transmural and apicobasal (longitudinal) directions to determine the
effects on ECG. Using the Ten Tusscher model (45), we found that the
endocardial cells, M cells, and epicardial cells were modeled by
adjusting the transient outward K* and the slow component of
delayed rectifier K™ currents (/xs). Transmural gradient was created
by locating M cells in either the endocardial or epicardial sides
(10—40%, Fig. 3A, or 60-90%, Fig. 3B, from the endocardium,
respectively). However, regional differences in APD were attenuated
due to the intercellular coupling. We also tested conditions with no
transmural gradient in which all of the layers were composed of
epicardial cells (Fig. 3C). Transmural dispersion of APD, APD

Fig. 1. Heart and torso models. A: human heart
model with fine mesh. B: fiber directions mapped
in the ventricles. C: torso model. D: transparent
view showing the organs in the torso model.
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Fig. 2. Conduction system and ventricular ac-
tivation. A: the conduction system with Pur- D
kinje fiber network. B: cut-out view of the
ventricles showing activation sequence in
color. C: isochronal map of activation in the
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gradient, and the conduction velocity in these models are shown and
compared with the experimental data (note that the x-axes are reversed
for canine experimental data in Fig. 3, D-F). In Fig. 3D, APD
distributions are shown for three models. The APD gradient of the
model with M cells on the endocardial side (red line) showed general
agreement with the canine heart (24), although the experimentally
reported epicardial steep APD gradient was not observed in the
simulation (Fig. 3E). Similarly, the simulation results did not show the
epicardial gap in conduction velocity. Poelzing et al. (24) suggested
that the epicardial APD gradient and the gap in conduction velocity
are due to the heterogeneous expression of connexin 43 (Cx43), which
we did not take into considerations in this study. However, the APD
distribution reported for the human ventricular wall (12) did not show this
epicardial gradient, thus closely resembling our simulation results.

As for the apicobasal gradient, Szentadrassy et al. reported a
significant difference in the expression level of proteins forming the
Ixs channel between the apical and basal myocardium (38). We
observed a similar trend for the transient outward K* current channel,
although the difference in Kv4.3 was not significant. We modeled the
apicobasal difference by regionally changing the Ik density. How-
ever, as detailed information on the distribution was not available, we

introduced the linear apicobasal gradient with either 20 or 40% of the
basal-to-apical ratio; these values were estimated from reported pro-
tein levels of these channels (38). We simulated the ECG for the nine
combinations of these transmural and apicobasal APD gradients.

Computation. We used the IBM Blade Center consisting of 336
Power6 (4.0 GHz) processors for computation. The total number of
degree of freedom was three hundred million, which took 6 h to
calculate a single cardiac cycle.

RESULTS

Ventricular activation. Isochronal maps of ventricular acti-
vation are shown in Fig. 2, B and C, for the condition of
endocardial M cells with no apicobasal gradient. As the con-
duction system was identical, we observed similar isochronal
maps in all of the conditions tested; these data were similar to
those previously reported (9). The temporal changes in body
surface potential during the corresponding phase of ventricular
activation (Fig. 2D; see also Supplemental Movie S1) were
also in good agreement with published studies (6). Further-
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more, the QRS complex of surface ECG generated from these
body surface maps exhibited a similar standard morphology in
all conditions (Fig. 4). Overall, these data indicate the validity of
our modeling of the conduction system and also confirms that
APD has little effect on the activation sequence in the ventricles.

APD dispersion and T wave. APD dispersion had a signif-
icant effect on the morphology of T waves (Fig. 4). In the
normal cardiogram, the T waves were typically upright in I, II,
and the lateral precordial leads (17), but were all negative in
these leads in hearts with M cells on the epicardial side (Fig. 4,
G-I). Nevertheless, even without the M cells, T waves become
upright with a large apicobasal gradient (Fig. 4C). These data
suggest that both the transmural (endo- to epicardial) and
apicobasal gradients can generate upright T waves in these
leads. Indeed, we obtained ECG with upright T waves in the
following four conditions: condition C, no M cell with 40%
apicobasal gradient; condition D, endocardial M cell with no

apicobasal gradient; condition E, endocardial M cell with
20% apicobasal gradient; and condition F, endocardial M
cell with 40% apicobasal gradient.

Nevertheless, there were significant differences in the T-
wave characteristics between the conditions. In condition C,
maximum amplitudes of T wave were small in both limbs, with
the precordial leads measuring only 0.1 mV in V6. The T
waves in the other conditions had a similar peak amplitude, but
differed in morphology, particularly in their symmetry. For
quantitative comparison, we calculated the asymmetry ratio
defined as the ratio of the two areas (beginning-to-peak and
peak-to-end) under the T curves of precordial leads for these
conditions (Table 1). Asymmetry ratios in condition C were all
less than unity, confirming the inverse asymmetry of the T
waves in this condition. Interestingly, there was an inverse
asymmetry (symmetry ratio << 1) in V6 for conditions with
endocardial M cells, but without a large apicobasal gradient
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(conditions D and E). In healthy subjects, an asymmetry ratio
of 1.5 was reported (17), and a correlation between T-wave
symmetry and sudden death was suggested. In this regard, we
consider that condition F may be the most physiological
condition for generating a healthy ECG.

Table 1. Symmetry ratio

V2 V3 V4 V5 V6

M cell at endocardium. No

apicobasal gradients 1.6 174 180 138 0.70
M cell at endocardium. Apicobasal

gradients 20% 175 176 173 159 094
M cell at endocardium. Apicobasal

gradients 40% 1.70 170 166 159 1.02
No M cell. Apicobasal gradients 40% 0.79 0.83 096 0.82 0.71

Body surface potential during the repolarization phase.
Finally, we compared the body surface potential maps of four
conditions (C, D, E, F) at the timing of peak T wave, which
showed physiological T-wave morphology (Fig. 5) with the
previously reported equipotential map of healthy human sub-
jects (39). On the anterior thoracic surface, the positive voltage
region of the experimental data (Fig. 3C of Ref. 39) extends
down to the lower body, thus resembling condition F in our
simulation. On the posterior surface, the 0-mV line ran
obliquely in the middle of the back so that the positive region was
also observed. Taken together, condition F showed the closest
appearance to the experimental data. The data for different tim-
ings can be seen in the Supplemental Movies. Overall, these data
suggest that the normal surface ECG waveform cannot be ob-
tained with either transmural or apicobasal gradient of APD alone.
Most probably, both contribute to the genesis of surface ECG.
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Condition E

Condition C Condition D

DISCUSSION

Computer simulation is a powerful tool in cardiac electrophys-
iology studies. Various models have been used to examine ECG
wave morphology, although studies typically treat either a small
number of cell models coupled in series (5, 10, 25) or a tissue
block (wedge) (7, 26). Recently, an ionic current model based on
large-scale simulation of the heart was developed, although stud-
ies using this model are either without the torso (27) or do not
examine physiological conduction (52). To the best of our knowl-
edge, this is the first report where surface ECG was simulated
based on the ionic current model and anisotropic propagation with
the bidomain reaction diffusion equation in a model with realistic
morphology of the human torso and heart.

APD dispersion and T-wave morphology. The results of our
simulation suggest that the physiological morphologies of T
waves are generated mainly by the transmural distribution of
APD, although the contribution of the apicobasal gradient is
also important. Although recent studies suggest that the can-
cellation effect in the intact heart can minimize transmural
dispersion (5, 41, 42), a large apicobasal gradient is required to
observe positive T waves in limb and left precordial leads
under such conditions (Fig. 4C). Even when using a relatively
large apicobasal gradient we could only obtain a highly sym-
metric, thus nonphysiological, T-wave morphology. Further-
more, the amplitude of the T wave in V6 was very small and
symmetric in shape only with the transmural gradient, which is
also a nonphysiological morphology.

Recently, experimental evidence of a transmural APD gra-
dient was reported in the human heart (12). However, in
contrast to animal data (mainly from electrode recordings),
two-dimensional mapping in this study identified M cells
clustering in an isolated island, rather than forming a contig-
uous layer, in 60% of nonfailing ventricular wedge prepara-
tions. Furthermore, although the number of samples was lim-
ited, that study may suggest the presence of an apicobasal
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Condition F

Fig. 5. Body surface potentials at the T-wave
peak. Top row shows the anterior thoracic
surface, and the bortom row shows the pos-
terior surface of the results obtained with
models C, D, E, and F, from left to right. Red
dashed lines indicate the 0-mV line.

gradient, because these islands were shifted to the basal end in
most of the graphs. We simulated the effect of uneven M-cell
distribution by reducing the fraction of the M-cell region in the
apex. Furthermore, as the data from Glukhov et al. (12) were
only taken from a limited region of the left ventricular (LV)
wall, we used the smooth apicobasal distribution of M cells and
obtained a physiological ECG.

Regional differences. The effect of APD gradient differed
among the different leads (see Fig. 6). In the absence of

Fig. 6. Diagram showing the effect of lead position on T-wave morphology. The
line connecting the V6 lead and the hypothetical zero point crosses the ventricular
wall perpendicularly so that the T wave mainly reflects the transverse APD
gradient (red arrow). The line connecting the V4 lead and the zero point crosses the
wall at an oblique angle so that the T wave is influenced by both transverse (red)
and apicobasal gradients (blue arrow).
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transmural gradient, the amplitude of the T wave in V6 was
small and relatively indifferent to the apicobasal gradient. In a
previous study that recorded transmural ECG at 0, 45, —45,
and 90° angles relative to the transmural axis, the amplitude of
the T wave was highly dependent on the angle and peaked at
0° (53). If we assume that the reference electrode (putative 0
potential) is in the center of the LV, the line connecting this
electrode and the V6 lead crosses the LV wall in almost a
perpendicular manner and also becomes perpendicular to the
apicobasal gradient. On the other hand, because the lines
connecting V3 or V4 cross the wall at a shallow angle, T-wave
amplitudes are sensitive to the apicobasal gradient. A similar
logic may apply to the effect of the transmural gradient when
comparing T waves in V5 and V6 among the three conditions
without apicobasal gradient. These T waves were either nearly
flat, positive, or simply negative (monophasic), thus faithfully

ADP DISTRIBUTION AND T-WAVE MORPHOLOGY

reflecting the transmural gradient. Although genesis of surface
ECG is not this simple, useful information on APD distribution
may be obtained from these comparisons.

Study limitations. Although our simulation faithfully repro-
duced the physiological ECG waveform, multiple factors needed
to be included in our model for further improvement. First,
considering the anisotropy in conduction property of the myocar-
dial tissue, the fiber orientation could have a significant impact on
the ECG morphology. To examine this possibility, we compared
the ECGs obtained with either human (http:/gforge.icm.jhu.edu/
gf/project/dtmri_data_sets/) or rabbit (30) fiber orientation (Fig. 7)
and found no appreciable difference between them. However, as
there are numerous reports indicating the deviations of fiber
orientation in diseased hearts (13, 16), further studies are required.
Second, in this simulation, the APD gradient was introduced by
the heterogeneous expression of K* channels based on the ad-
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opted cell models (44). However, other molecules are also ex-
pressed heterogeneously and thus contribute to the transmural
APD gradient. For example, Poelzing et al. (24) reported signif-
icantly lower Cx43 expression in the subepicardial layer of the
canine LV. Furthermore, downregulation of Cx43 was correlated
with the short APD and conduction velocity in this layer. More
recently, Poelzing et al. also showed that such heterogeneity in
Cx43 expression is significant in anterior LV, and that the poster
region lacking Cx43 heterogeneity exhibits flat APD distribution
across the wall (37). A similar Cx43 downregulation was reported
in the epicardial layer in the human ventricles (12). However, they
also showed some discrepancies with the canine heart: /) although
they studied only the posterior-lateral part of the LV, a significant
difference in Cx43 expression was observed transmurally;
2) although the number of observations was limited, the APD
distribution did not show the steep gradient in the epicardial
region as shown in the canine heart; and 3) downregulation of
Cx43 in failing human heart resulted in the reduction of local and
global transmural APD gradient, thus showing clear contrast to
the animal study. Because of these discrepancies between the
studies and the lack of information on the whole ventricle, we did
not include the effect of Cx43 and only examined effect of the
different cell species in our study.

In addition to Cx43, various other ion channels and exchang-
ers are expressed heterogeneously across the ventricular wall.
For example, the protein levels of sarco(endo)plasmic reticu-
lum Ca®*-ATPase 2 and ryanodine receptor channel are re-
duced, whereas the Na/Ca exchanger is upregulated, in the
endocardium of the guinea pig ventricle (49). Furthermore,
although the number of specimens was small, sarco(endo)plas-
mic reticulum Ca®*-ATPase 2 mRNA levels were downregu-
lated in endocardial tissue, while Na/Ca exchanger expression
was comparable to the epicardial tissue obtained from the
human heart (28). Transmural heterogeneity was also reported
for the late component of Na currents (29, 54) and the Na-K
pump (11). Although APD is influenced by the complex
interplay of currents and ion concentrations mediated by these
molecules, inclusion of these changes to the model may not
drastically change the simulation results, as long as the longer
APD is distributed to the endocardial side. Nevertheless, fur-
ther analysis including these factors is required. Finally, the ST
segments in our model appeared to be unusually flat rather than
being upslope in some leads. This was likely caused by the flat
plateau phase of action potential generated by the ion current
model we used (44, 45).
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A Three-Dimensional Simulation Model of Cardiomyocyte Integrating
Excitation-Contraction Coupling and Metabolism

Asuka Hatano,* Jun-ichi Okada, Takumi Washio, Toshiaki Hisada, and Seiryo Sugiura
Department of Frontier Science, The University of Tokyo, Kashiwa, Chiba, Japan

ABSTRACT Recent studies have revealed that Ca®* not only regulates the contraction of cardiomyocytes, but can also func-
tion as a signaling agent to stimulate ATP production by the mitochondria. However, the spatiotemporal resolution of current
experimental techniques limits our investigative capacity to understand this phenomenon. Here, we created a detailed three-
dimensional (3D) cardiomyocyte model to study the subcellular regulatory mechanisms of myocardial energetics. The 3D
cardiomyocyte model was based on the finite-element method, with detailed subcellular structures reproduced, and it included
all elementary processes involved in cardiomyocyte electrophysiology, contraction, and ATP metabolism localized to specific
loci. The simulation results were found to be reproducible and consistent with experimental data regarding the spatiotemporal
pattern of cytosolic, intrasarcoplasmic-reticulum, and mitochondrial changes in Ca®*; as well as changes in metabolite levels.
Detailed analysis suggested that although the observed large cytosolic Ca®" gradient facilitated uptake by the mitochondrial
Ca?* uniporter to produce cyclic changes in mitochondrial Ca®* near the Z-line region, the average mitochondrial Ca®* changes
slowly. We also confirmed the importance of the creatine phosphate shuttle in cardiac energy regulation. In summary, our 3D
model provides a powerful tool for the study of cardiac function by overcoming some of the spatiotemporal limitations of current

experimental approaches.

INTRODUCTION

In addition to their essential role in supplying energy to the
heart, cardiac mitochondria have been observed to take up
and release calcium (Ca®*) in cardiomyocytes. However,
although the Ca**-buffering capacity of the mitochondria
is potentially significant, its contribution to excitation-
contraction coupling through the regulation of cytosolic
[Ca®*] has been proven to be negligible (1). Moreover,
recent studies have identified further functional significance
of mitochondrial Ca®" flux, in that it provides a signal to
activate the electron transport chain and ATP synthesis
(2,3). Because the change in cytosolic Ca”* concentration
also serves as the signal for sarcomere contraction (the
primary energy-consuming function of the myocyte), Ot
flux to the mitochondria may constitute a feed-forward regu-
latory mechanism for rapid fine-tuning of energy balance
within the myocardium. Whether such a feed-forward
mechanism is indeed stimulated by the beat-to-beat changes
in the mitochondrial calcium concentration (fast 6 i
uptake model) or by integrated changes in cytosolic Ca**
concentration (slow Ca”*" uptake model) remains to be
determined (4,5).

Prior studies have demonstrated, using Ca>" indicators,
that mitochondrial Ca®* concentration changes from beat
to beat (6,7); however, the high potential of signal interfer-
ence from cytosolic Ca®" cannot be excluded in these
studies (5,8). On the other hand, where the cytoplasmic
Ca?* fluorescence was minimized, both slow (9-11) and
fast (12,13) mitochondrial Ca** uptake has been reported.
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Recent studies using genetically targeted mitochondrial
Ca®* probes reported the occurrence of fast Ca®* uptake
by the mitochondria, but with the slow decay of mitochon-
drial Ca®* still apparent (14,15). Aside from the technical
issues involved, research into the mode of mitochondrial
Ca** uptake has demanded important mechanistic consider-
ations. First, whereas the physiological Ca®" transient peaks
at 1-2 pmol/L under normal physiological conditions, the
half-maximal effective concentration (ECsy) of the Ca®*
uniporter is reported to be much higher (16,17). Put simply,
for the mitochondria to take up a significant amount of Ca®*
in this setting, the mitochondria must sense a transient
increase in localized [Ca®'] (in the microdomain). To
date, the existence of such a microenvironment has been
suggested only indirectly or theoretically (13,18,19).
Second, because mitochondrial Ca** cycling dissipates
both membrane potential (AW) and ApH across the mito-
chondrial inner membrane, additional energy is required
for their maintenance. In this sense, it is questionable
whether the beat-to-beat adjustment of mitochondrial ATP
synthesis to energy demand is cost-effective. Despite the
recent advances in equipment and techniques, the current
experimental approaches cannot provide us with sufficient
resolution with regard to both space and time to resolve
these unanswered questions.

Computer simulations are now used for a wide array of
applications, facilitating the understanding of complex
biochemical and physical processes, including those
involved in the bioenergetics of cardiomyocytes (13,20—
23). In addition to its potential as an alternative to exhaus-
tive experiments, computer simulation also enables unob-
structed observation of biological processes, as well as
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accurate quantification of the processes occurring beyond
the resolution limits of methods currently employed.
However, the majority of simulated models constructed to
date have primarily focused on the interactions of specific
chemical species and elementary processes, with less atten-
tion afforded to the geometric aspects of organelle function
or the physics underlying Ca** movement.

We previously developed a three-dimensional (3D) cardi-
omyocyte model based on the finite-element method, in
which the Ca®* wave and resultant contraction were repro-
ducible and authentic (24). The study presented here signif-
icantly extends this line of research, enhancing the
cardiomyocyte model by adding detailed subcellular struc-
tures, including the sarcolemma with t-tubule system, the
SR (sarcoplasmic reticulum), the myofibril, and mitochon-
dria. By solving the elementary processes in each organelle,
diffusion of Ca** and energy metabolites, and deformation
of the sarcomere induced by active contraction, this model is
shown to successfully reproduce changes in cytosolic, intra-
SR, and mitochondrial Ca?t during contraction in various
inotropic states observed by other experimental methods.
Detailed analysis suggests that although the observed large
cytosolic Ca®* gradient facilitates uptake by the mitochon-
drial Ca®" uniporter to produce beat-to-beat changes in
mitochondrial Ca®>* concentration ([Ca“]) near the Z-line
region, the average mitochondrial [Ca®*] changes slowly.
We also confirmed the importance of the creatine phosphate
shuttle in cardiac energy regulation. Our 3D model of
cardiac excitation-contraction and metabolism provides
a powerful tool for in-depth analysis of cardiac physiology
and function, expanding the temporal and spatial limits of
current experimental approaches.

MATERIALS AND METHODS

This model is an extension of our previous 3D cardiomyocyte model (24) to
include metabolic processes as well as three features that distinguish it from
our earlier model:

1. Detailed subcellular structures, including the sarcolemma with t-tubule
system, SR, myofibril, and mitochondria, are reproduced in 3D space,
arranged based on published reports. :

2. The effect of specific reactions occurring within each functional compo-
nent (metabolites or ions) able to diffuse across the cytosolic space in
3D, enabling observation of secondary effects at remote loci.

3. The contraction (cross-bridge) model was modified to include the depen-
dence of force generation on metabolite level, sarcomere length, and
shortening velocity. Force generation and the resultant deformation of
finite elements were repeated to reproduce the true physiological
contraction of the myocyte.

The 3D finite-element model of the myocyte

Fig. 1 A displays the structure of the 3D myocyte model. To reduce the
computational cost, the segment was modeled to contain three myofibrils
of one sarcomere length, together with the adjacent cell membrane and
organelle. The rationale behind the modeling was that it reproduced longi-
tudinal periodicity and axial symmetry of the myocyte. It was assumed that
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FIGURE 1 (A) 3D cardiomyocyte model consisting of three myofibrils
of one sarcomere length, including adjacent cell membrane and organelles.
The finite-element method was used for modeling. (B) Detailed illustration
of the model near the t-tubule region including the pathways for Ca®*
regulation. J, represents Ca>* flux by either the uniporter (UNI) or the
Na*-Ca®" exchanger (NCX), uptake by NSR (up), release from JSR
(rel), transfer from NSR to JSR (#r), transfer from subspace to cytosol
(xfer), or binding to troponin C (troponin). I, represents the Ca*" current
from the LCC (Ca), sarcolemmal Ca** pump (pCa), Na*-Ca*t exchanger
(NaCa), or background current (Cab). In this region, mesh sizes were made
finer for more detailed analysis.

in a cylindrical myocyte containing 40 myofibrils, three radially arranged
myofibrils occupied the space between the cell membrane and the center
of the myocyte. At the final stage, further reductions were implemented
so that only one-quarter of this model (halved in both length and width)
was included for analysis. Such modeling of the small symmetrical segment
due to the limited computational power prevented reproduction of local
heterogeneity and the axial elements of the t-tubule structure. To overcome
this, models were tested in which the t-tubule was partially deleted.
Although local deletion of t-tubule induced slight delays in both the
upstroke and decay of local Ca*" transients, global behavior of the cell
(Ca®* transient, ADP, and SR [Ca®"]) was not notably altered (Fig. S5
and Fig. S6 in the Supporting Material). In addition, L-type Ca®* channels
(LCCs) are not distributed in the axial elements of t-tubules (25); therefore,
omission of the axial element from the model would not significantly affect
Ca®" handling. Accordingly, the original model illustrated in Fig. | was
found to be sufficient and was used subsequently for all simulations. The
3D structure was modeled on a hexahedral solid finite-element model,
consisting of 1861 nodes and 581 elements. The total numbers of degrees
of freedom were 6164 for mechanical analyses and ~20,000 for physiolog-
ical simulation. Subcellular components including the mitochondria, myofi-
bril (A-zone, I-zone, and M-line), junctional and network SR (JSR and
NSR, respectively), cell membrane, and t-tubules were located at the appro-
priate nodes to reproduce the anatomical structure and occupy the relative
volume (1,26-28). Because the function of each subcellular component was
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primarily based on the mathematical formulation proposed by Cortassa
et al. (28), modeling of the excitation-contraction coupling of the guinea
pig myocyte, the volume ratio of subcellular components (29), and ion
channel distribution (30) was also adjusted based on the guinea pig cardio-
myocyte. Each subcellular component could exchange ions and/or metabo-
lites into the surrounding cytosol, and these molecules diffused freely
through the cytosolic space.

Reaction-diffusion equations

Several investigations of Ca®* dynamics utilizing 3D models have been
reported (24). The study described here adopted these formulas for calcu-
lating the transport and exchange of metabolites and signaling molecules.

The multiple reaction-diffusion fields for Ca®>t and five substrates,
including creatine (Cr), creatine phosphate (CP), inorganic phosphate
(Pi), adenosine triphosphate (ATP), and adenosine diphosphate (ADP),
were defined in the cytosolic space. The reaction-diffusion equations
have the x axis in the longitudinal direction, with the z axis in the radial
direction, as described below.

At a node where a functional component exists,

% = V-(D{V[s],)
+f{([ca*], [C),, [CP);, [Pil;, [ADP],, [ATPY).
M
Alternatively,
%S% = V-(D;V[s])- @

S denotes one of the six substrates, i indicates the location (node), Df
is a diagonal matrix describing the diffusivity of substrate S, [S]; is the con-
centration of § at position i, and f? is the function describing the reaction of
substrate S.

Details of the reaction and diffusion processes near Ca®* release sites are
illustrated in Fig. 1 B. In this model, the LCC node, JSR node, subspace
node, and cytosolic node are colocalized to the Ca®* release site but possess
their own Ca®* concentrations for finite-element analysis. The current
through the LCC (Ic,) flows into the subspace and activates ryanodine
receptors located on the JSR node. Ca®* released from the JSR (J.)
also flows into the subspace and thereafter moves to the cytosolic node to
diffuse throughout the entire cytosol. Within the cytosolic space, Ca*t is
taken up by the Ca®* uniporter of the mitochondrial node, bound to
troponin C in the A-zone thin filament, and sequestered by SERCA2 on
the NSR before eventually being transported back to the JSR. Further
details outlining the model can be found in the Supporting Material. Similar
calculations were performed at each node and for all the ions and metabo-
lites, where pertinent.

Mitochondria and energy metabolism

To incorporate the high ECsg of the Ca™ uniporter, we adopted the model
proposed by Dash et al. (31). Because mitochondria are exposed to a large
cytosolic Ca®* gradient, it was hypothesized that a Ca®* gradient may also
exist in the mitochondrial matrix, enabling it to activate the tricarboxylic
acid cycle to regionally upregulate NADH and ATP synthesis. To reproduce
this process, the reaction-diffusion equation of Ca®* inside the mitochon-
drial matrix was performed separately considering impermeability of the
mitochondrial inner membrane. The exchanges of ions and metabolites
between the cytosol and matrix via the inner membrane were mediated
by channels and uniporters. The transport of ions and energy metabolites
is diagrammed in Fig. S3.
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ATP synthesized within the mitochondrial matrix is released into the
intermembrane space via the adenine nucleotide translocator (ANT) and
transferred to the site of ATP utilization via one of two major pathways,
direct diffusion or creatine phosphate (CP) shuttle. In the CP shuttle, ATP
is converted to easily diffusible CP by mitochondrial creatine kinase
(Mit-CK) localized within the intermembrane space. After diffusion of
CP to the site of energy utilization, CP is converted back to ATP through
an inverse reaction. The myofibril is the major site of energy utilization,
where the ATP regenerating system is localized at the M-line as M-line-
bound CK (32). Because no regenerating system exists at the A-zone,
I-zone, or Z-line, regenerated ATP diffuses to the A-zone from the
M-line. The relative contribution of these two pathways to energy transfer
is examined in this study.

Excitation-contraction coupling
and myocyte shortening

To establish the link between cross-bridge kinetics and energy metabolism,
we adopted the sarcomere model developed by Negroni et al. (33), with
a modification made by Matsuoka et al. (34). This model was positioned
at each point of the A-zone and generated force depending on the local
Ca™" and energy-metabolite concentrations. Using these force values, the
mechanical equilibrium was calculated using the finite-element method,
assuming hyperelasticity of the material (material properties are listed in
Table S2 and Table S3, with validation in Fig. S7 and Fig. S8).

Study protocol

Simulations were performed at 0.5, 1, and 2 Hz. Data obtained at the 200th
contraction (pseudo-steady state) were compared. The effect of §-adren-
ergic stimulation was examined by upregulation of both the LCC
(to 125%) and SR Ca®** pump (to 200%) based on prior reports (35,36).
The transient response after an abrupt increase in pacing rate from 0.25
to 2 Hz was also examined. The parameters for slow (maximum rate of
mitochondrial Ca** uniporter (V™) = 5.0 x 10~° mM/ms, maximum
rate of mitochondrial NCX (V™%yex) = 2.0 x 10°* mM/ms) and fast
(V™ i = 2.0 x 107> mM/ms, V™ ey = 8.0 x 10~ mM/ms) mitochon-
drial Ca** handling were applied, and the steady states and transient
responses were compared.

Computation

Computation was performed using an Intel Xeon CPU (3.2 GHz) and
required 1000 s for a single cycle of 1 Hz contraction. All program codes
were written in-house.

RESULTS

Ca** transients during contraction under
steady-state conditions

Changes in [Ca®*"], force, and [ADP] during free contrac-
tions at 1 Hz are illustrated as time-lapsed 3D images in
Fig. 2, with other metabolites and mitochondrial Ca** illus-
trated in Fig. S10 and Movie S1. Ca’" released from the JSR
attains a high cytosolic concentration at both ends of the
sarcomere but fades rapidly via uptake by the NSR as it
diffuses toward the M-line (Fig. 2, left column). Force
generation by the cross-bridges follows the [Ca**] in the
A-zone (Fig. 2, middle column). Accumulation of ADP
also follows the course of force generation; however, spatial
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FIGURE 2 Time-lapse images displaying the spatial distribution of
[Ca**], force, and [ADP]. Each panel represents one-quarter of one sarco-
mere. Numbers on the left indicate time (ms) after the onset of contraction.

distributions were shifted toward the periphery (Z-line) due
to the regeneration of ATP at the M-line and an enhanced
ATP utilization rate (expressed as the rise in ADP level)
caused by the high local [Ca*") (Fig. 2, right column). In
this simulation of 1 Hz, sarcomere shortening was found
to be 9%. Membrane potential and currents are shown in
Fig. S9.

To further examine the spatiotemporal distribution of
Ca*" displayed in Fig. 2, local Ca** signals were sampled
at various points in the cytosolic space and SR under both
shortening and isometric conditions and plotted with the
time course of length and force for each contraction mode
(Fig. 3). The beginning of both shortening (Fig. 3 A) and
isometric (Fig. 3 E) contraction was associated with an
immediate rise in Ca®" within the subspace (peaking at
~100 uM). This rise coincided with a reduction in SR
Ca* (Fig. 3, B and F). Ca”" transients in the submembra-
nous space (~20 nm from the t-tubule (Fig. 3 I)) were plotted
with cytosolic [Ca**] (Fig. 3, C and G). Similar to the
subspace, submembranous Ca>* transients peaked rapidly,
although they only reached ~4 uM, comparable to previous
experimental findings (Fig. 3 J (37)). Cytosolic [Ca®*] was
averaged over the entire model except mitochondrial space,
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FIGURE 3 Ca®* transients at various loci are displayed in response to
changes in length (A) or force (E) for unloaded (left column) and isometric
(right column) contraction. Ca®>" transients were sampled at the SR and the
subspace (B and F), the [-zone and A-zone (C and G), and the submembrane
(D) and whole-cytosolic (averaged) regions (H). (I) Positions referred to in
panels C-H. (J) Experimental data for the submembrane and bulk cytosolic
Ca** transients (reproduced from Weber et al. (37) by copyright permission
of the American Heart Association).

assuming that the experimentally recorded Ca*" signal
reflects the fluorescence averaged over the sarcomere. The
averaged cytosolic Ca>* transients determined by the
current simulation were in agreement with published exper-
imental results (Fig. 3 J (37)), supporting the validity of this
model. Within the cytosolic space, data were recorded along
the center of the sarcomere at two points, 0.1 pm (I-zone)
and 0.7 um (A-zone), respectively, from the Z-line (Fig, 3,
D and H). In the I-zone, the Ca** transient peak was lower
(~1.6 uM) and delayed (~40 ms under free contractions and
~50 ms under isometric conditions) after depolarization.
Ca®" peaks at the A-zone were further reduced and delayed
(~65 ms) compared to the I-zone under both isometric and
free conditions.

Investigating the issue of a fast- or slow-uptake model for
mitochondrial Ca®* handling, we compared the simulation
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results based on the fast and slow parameter sets with exper-
imental observations (13). For this purpose, mitochondrial
and cytosolic Ca*" transients were compared before and
after positive inotropic intervention (Fig. 4, C and D (13)).
Positive inotropy was stimulated by upregulation of both
the LCC and the SR Ca*" pump. Inotropic intervention
increased the peak amplitude of the cytosolic Ca*" transient
and accelerated its rapid decay (Fig. 4 A, dashed line) when
compared to control (solid line), as reported in the experi-
ment (Fig. 4 C (13)). Global mitochondrial Ca>" transients
averaged over the entire mitochondrial space increased in
amplitude and baseline levels (compare Fig. 4 B, solid and
dashed lines) in both fast (red lines) and slow (black lines)
models. The fast model produced greater magnitudes of
mitochondrial [Ca®"] compared to the slow model, thus
reproducing the experimental results (Fig. 4, C and D).
However, observing the local mitochondrial Ca®* transient
near the Ca®* release site under slow model conditions, its
amplitude was found to be even larger than under fast model
conditions (blue lines). Please note that its steep upstroke
also resembles the experimental observation.

Transient responses

The responses of [Ca* Jmito and [NADH] to abrupt changes
in pacing rate were compared between the simulation pre-
sented here (Fig. 5, A and B) and the experimental results
reported by Brandes and Bers in rat trabeculae (Fig. 5, C
and D (38)). Following the experimental protocol of
Brandes and Bers (38), the pacing frequency was abruptly
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FIGURE 4 (A and B) Cytosolic (A) and mitochondrial (B) Ca*" tran-
sients subjected to control (solid line) or positive inotropic (dashed line)
conditions. Averaged mitochondrial Ca®" transients under slow (black
line) and fast (red line) parameters for mitochondrial Ca®>* handling, and
local mitochondrial Ca®* transient under slow parameters are compared
in B. (C and D) Prior experimental data for cytosolic (C) and mitochondrial
(D) Ca™* transients from Maack et al. (13) are provided for comparison (by
copyright permission of the American Heart Association).
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FIGURE 5 Simulated transient response of [Ca], (A) and [NADH] (B)
are compared to prior experimental observations of NADH (C) and mito-
chondrial Ca>* (D) after an increase in stimulation frequency from 0.25
to 2 Hz in rat cardiac trabeculae (reproduced from Brandes and Bers (38)
by copyright permission of the Biophysical Society). Under the simulation
model, two sets of parameters, fast (red line) and slow (black line), are used.

increased from 0.25 Hz to 2 Hz, then relaxed back to
0.25 Hz. Both the fast and slow parameter sets were applied
under these conditions, and the results were compared.
When subjected to the fast parameters, the change in pacing
rate caused a significant increase in mitochondrial Ca®"
transient amplitude (Fig. 5 A, red line). In contrast to the
experimental results, the simulation failed to reveal either
undershooting or overshooting of NADH (Fig. 5 B (red
line) and D (38)). In contrast, under the slow parameters,
the NADH response displayed both undershooting and over-
shooting (Fig. 5 B, black line), correlating with the rise of
mitochondrial Ca** (Fig. 5 A, black line), consistent with
the experimental results. Taken together, the mitochondrial
Ca®* transient produced by our simulation model is consis-
tent with experimental findings only under slow Ca®*
handling parameters.

Energy metabolism

Temporal changes in the concentrations of energy metabo-
lites at various loci within the sarcomere were plotted
with [Ca®] at three different pacing rates (Fig. 6 and
Fig. $10). The concentration of Ca>* was found to decrease
rapidly after peaking near the Z-line with a progressive
delay in its peak timing when approaching the M-line
(Fig. 6, top row). ADP accumulation was found to occur
in the Z-line half of the sarcomere, but displayed no delay
in its timing (Fig. 6, second row). The concentration of crea-
tine increased gradually but homogeneously along the fiber
direction due to its high diffusivity (Fig. 6, third row). These
trends were common to all three pacing conditions tested. In
contrast, the response of ANT activity (Vanr) in the mito-
chondria displayed a unique dependence on the pacing
rate (Fig. 6, bottom row). At low pacing (0.5 Hz), Vanr
peaked at ~100 ms near the Z-line (early peak), with
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FIGURE 6 Spatiotemporal patterns of (top to bortom) [Cah']c,.o,
[ADP]eyio, [Crleyo, and ANT exchange velocity. Results for loading of
0.5 Hz (left column), 1 Hz (regarded as control) (middle column), and
2 Hz (right column) are compared. Each panel presents data from half of
one sarcomere, with the Z-line at the top and the M-line at the bottom, after
each stimulus, Maximum values (dark red) are given by black numbers
above the panels, and minimum values (dark blue) by white letters in the

panels.

a less prominent peak also apparent (yellow green) at
~400 ms near the M-line (late peak), which coincided
with the peak of Cr. The late peak became diminished
with increased pacing, and at 2 Hz was no longer evident.

The total amount of ATP synthesis occurring within the
sarcomere was compared with the amount converted to CP
when subjected to 0.5, 1, or 2 Hz of pacing. The fraction
of energy supplied by the CP shuttle system was calculated
to be 48.8% (76.1 of 155 umol L™" s™') at 0.5 Hz, 47.4%
(114 of 241 pmol L™" s™') at 1 Hz, and 46.5% (183 of
393 umol L' s™!) at 2 Hz.

DISCUSSION
An integrated model of cardiomyocyte function

This study employed a 3D cardiomyocyte model in which
the electrical, energetic, and mechanical dynamics were
integrated with detailed ultrastructures. There have been
several previous attempts to develop computational models
capable of coupling electrophysiology and Ca** handling
with mitochondrial energetics (28,34); however, because
the majority of these models are lumped-parameter models,
assuming microcompartments of reaction pools to avoid the
computationally challenging partial differential equations,
these models only provide us with spatially averaged
behavior of ions and metabolites. More intricate models
that account for the spatiotemporal pattern of subcellular
activities have been developed, but these models have
focused only on the transfer of energy metabolites (20,39).
To our knowledge, this is the first 3D model to define
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myocardial energetics coupled with both electrophysiology
and Ca>" handling, and to be capable of reproducing the
reaction-diffusion phenomena involved in cardiac energy
production and utilization. The results obtained using this
model go a long way toward explaining some of the contro-
versies currently debated in the field of myocardial energy
dynamics, as this model is not subject to the spatiotemporal
resolution limitations imposed by current experimental
techniques.

Comparison with previous experimental studies

The current simulation model successfully reproduced
fundamental contractile characteristics of the cardiac sarco-
mere. Not only was the average cytosolic [Ca®**] (~1 uM)
amplitude and [Ca]sg profile typical of a cardiac sarcomere
(Figs. 3, B and F, and 4, A and C), but the subcellular distri-
butions and temporal changes of Ca®* were also consistent
with previous investigations. For example, Weber et al. (37)
estimated the submembrane [Ca®"] ([Ca®*],y), sensed by
the Na-Ca exchanger (NCX) by determining the NCX tail
current and bulk [Ca®"] ([Ca®*],) transient. They revealed
that the [Ca®*')y, reaches its peak in <32 ms of the
action-potential upstroke, and to a level higher than bulk
[Ca**] (Fig. 3 I). Consistent with this observation, submem-
brane [Ca**] in our simulation was found to peak at 10 ms
(~4 uM) (Fig. 3, C and G). Observing the subspace [Ca®*],
no experimental data have been reported to date, although
several numerical estimates using detailed diad geometry
(40,41) yield values similar to those of the simulation pre-
sented here (Fig. 3, B and F). As for the effect of contraction
mode, the peaks of local Ca*" transients under isometric
conditions were found to be higher in the submembrane
region and I-zone, but reduced in the A-zone compared to
the Ca®" transients under free contraction (compare
Fig. 3, C and G, and Fig. 3, D and H). Furthermore, the
time to peak in the I-zone was faster by 10 ms. These differ-
ences in Ca** dynamics observed under different loading
conditions are due to the increase in diffusion distance
caused by widening of the myocyte; however, we are
unaware of any comparable experimental data. On the other
hand, the global Ca** transient did not differ between the
isometric and free-contraction modes (compare Fig. 3, C
and G). This finding supports a previous study by White
et al. indicating that altering length had no effect on the
global Ca®* transient in guinea pig myocytes (42). In
contrast, Yasuda et al. reported a significant increase in
Ca®" transient peak during shortening contraction in rat
ventricular myocytes (43). The cause of this discrepancy
remains to be confirmed, but the strain dependence of
affinity of Ca’" for troponin C, which we did not incorpo-
rate into this model, could be a factor.

Some studies using >'P NMR (44,45) have identified
cyclic changes in high-energy phosphate levels (~10%)
during the cardiac cycle. However, other studies have found






