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As for electrophysiological characteristics, AA, aftrio-
His, and His-ventricular intervals showed no significant
differences among the 3 groups. VA was more frequently
induced from the RVOT than from the RVA (57 [70%] vs
24 [30%], respectively).

Subsequent cardiac events during follow-up

We recommended all patients with prior VE episode, group
SD patients, and group T patients with prior syncope to
undergo an ICD implantation. For asymptomatic group T
patients, and group N patients without prior VF, ICD im-
plantation was performed only for those who wanted it after
informed consent. Forty-one of the 45 group SD patients
(91%), 25 of the 36 group T patients (69%), and 13 of the
27 group N patients (48%) underwent an ICD implantation.

There were no deaths during 82 * 48 months of follow-
up; 24 patients had VF events. All these 24 patients had
undergone ICD implantation, and VF was documented on
the recordings of the ICD. No patients without ICD expe-
. rienced any syncope. There were no significant differences
in the follow-up period among the 3 groups (group SD 83 =
50 months, group T 81 * 44, and group N 80 = 49, P =
.96). Significantly more VF episodes occurred in group SD
(16 of 45 [36%])) than in group T (3 of 36 [8%]) and in
group N (5 of 27 [19%]) (P = .012).

Figure 1 shows the results of the Kaplan-Meier analysis of
subsequent cardiac events. As previously reported, induction
of VA was not associated with subsequent cardiac events
(Figure 1A, logrank, P = .78). When we focused on the
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numbers of extrastimuli, group SD had a significantly higher
risk of subsequent cardiac events than did group T (log-rank,
P = 004), but there were no significant differences in the
subsequent cardiac event rate between group SD and group N
and between group T and group N (Figure 1B). Among 82
patients without prior VF episode, VA induction with ap
to 2 extrastimuli was a significant risk factor of subse-
quent cardiac events (Figure 1C, log-rank, P = .003),

In 81 patients with induced VA, the site of induction (the
RVA or the RVOT) and the coupling interval of extra-
stimuli at the time of VA induction (<200 ms or =200 ms)
were not associated with subsequent cardiac events (Figures
2A and 2B, log-rank, P = .57 and .52, respectively). The
cardiac event rate was associated with the number of extra-
stimuli, not with the site of induction and the coupling
interval (Figures 3A and 3B).

As for 42 asymptomatic patients, 2 of the 17 patients in
group SD experienced subsequent VF episodes, whereas none
of the 14 patients in group T and 11 in group N experienced
subsequent cardiac events. Although the number of patients
was small, group SD showed a significantly higher cardiac
event rate than did group T and group N (log-rank, P = .046).

Predictors of long-term prognosis

The results of Cox regression analysis are shown in Table 3.
In univariate Cox regression, history of VF, VA induced
with up to 2 extrastimuli, incidence of spontaneous coved-
type ST segment, and Late potential were significant pre-
dictors of subsequent cardiac events. Multivariate Cox re-
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Kaplan-Meier curves of subsequent cardiac events during follow-up. Kaplan-Meier curves of cardiac events {(A) depending on the overall

inducibility of ventricular arrhythmias (VFs and polymorphic ventricular tachycardia >15 successive beats) by up to triple extrastimuli, (B) in the 3 groups,
and (C) in the population of patients without history of VF depending on the 3 groups. Although the overall inducibility was not associated with subsequent
cardiac events, inducibility by up to 2 extrastimuli had significant predictive values for the occurrence of subsequent cardiac events. Group SD had a
significantly higher cardiac event rate than did group T. In the population of patients without previous VE, inducibility by up to 2 extrastimuli was strongly

agsociated with subsequent cardiac events,



up. Kaplan-Meier curves of cardiac events (A) depending on the induction site
and (B) the minimam coupling interval of extrastimuli at the time of induction.
Neither the site of induction, the right ventricular cutflow tract or the right
ventricular apex, nor the minimum coupling interval, longer or shorter than
200 ms, was associated with subsequent cardiac events.

gression demonstrated that the only predictive index was
VA induction with up to 2 extrastimuli except for history of
VE. Neither VA induction from the RVA nor the coupling
interval of extrastimuli <200 ms at the time of VA induc-
tion was a predictor of subsequent cardiac events.

Discussion
The major findings of the present study were the following: (1)
induction of VA by triple extrastimuli was not associated with
a higher incidence of subsequent VF, (2) patients with VA
induced by up to 2 extrastimuli had significantly more frequent
VF episodes during 7 years of follow-up, (3) neither the site of
VA induction (the RVA or the RVOT) nor the coupling inter-
val of VA induction (<200 ms or =200 ms) was associated
with the incidence of subsequent cardiac events.

We evaluated the prognostic role of VA induction by
PES and found that the number of extrastimuli that induced
VA was prognostic for patients with Brugada type 1 ECG.

Clinical significance of PES in patients with BrS
Conflicting data have been reported from several registrics as
to the prognostic value of PES in patients with BrS.*®7 Bru-
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A gada et al reported that PES was a good predictor of arrhythmic

events. Meanwhile, Priori et al and Probst et al argued that it

, ; was not a useful index. Meta-analysis data indicated that PES

Induction at RVOT was not useful for predicting subsequent cardiac events, and

2 - @7 the published ACC/AHA/ESC guidelines referred to PES as a

= class IIb indication in asymptomatic patients with BrS for risk

4% Induction at RVA stratification.’ > However, there were several limitations for

2 N=24) each registry such as the different PES protocols.'* Moreover,

5 0.4 these conflicting data may be related to the specific inclusion

= criteria of each registry. Recently, Giustetto et al® reported that

0.2 PES protocol up to 2 extrastimuli with ventricular effective
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1.0 7 present study also demonstrated that a PES protocol with up to

’ Induction by ExS < 200 ms 3 extrastimuli was not useful for risk stratification in patients

08 (N=47) with BrS. We presume that this result in part explains why
2 R T several registries reported conflicting data.

5 Induction by ExS = 200 ms Patients without VA induction, especially patients with
4;2 06 d\:{:% 4) - history of VF, had subsequent arthythmic events in the
% . present study (5 of 27 [19%]). In this respect, the present
£§ 0.4 study differs from the Italian study. We can cite 2 contrib-

) uting factors. First, our follow-up period was nearly 7 years,
0.2 which was much longer than that of the Italian study. Sec-
Log-rank, P=0.52 ond, we adopted only 1 basic cycle length, whereas Gi-
0 50 100 150 ustetto et al adopted 2 basic cycle lengths; hence, it is
Months of follow-up possible that we could not induce VA in some patients.
Figure 2 Kaplan-Meier curves of subsequent cardiac events daring follow- Underiying mechanism

Arrhythmogenicity in patients with BrS is possibly associ-
ated with both repolarization and depolarization abnormal-
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Figure 3 Incidence of subsequent cardiac events according to the num-

ber of extrastimuli, the site of induction, and the minimum coupling
interval at the time of induaction. Incidence of cardiac events (A} according
to the number of extrastimuli and the site of induction and (B) the number
of extrastimuli and the minimum coupling interval. The patients whose
ventricular arrhythmias were induced by up to 2 extrastimuli had a higher
incidence of cardiac events in both categories.
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Table 3  Predictive factors of subsequent cardiac events

Univariate analysis Multivariate analysis

Hazard ratio P value Hazard ratio P value
Hx of VF 4.59 (2.05-10.7) <.001 3.47 (1.50-8.27) .004
VA induced with double extrastimuli 3.21 (1.41-7.92) .005 3.03 (1.26-8.00) .013
Spontaneous coved-type ST segment 3.20 (1.28-9.65) 011 1.77 (0.67-5.56) .26
Late potential 2.72 (1.02-9.40) 046 1.77 (0.60-5.98) 34
SCN5A mutation 2.92 (0.96-7.33) .057 1.66 (0.47-4.63) 40
VA induction at the RVA 1.29 (0.47-3.07) .60
VA induced with CI < 200 ms 0.86 (0.37-1.91) J1
VA induced by PES 1.21 (0.48-3.64) 71
Family Hx of sudden death under age 45 1.18 (0.39-2.95) T4

(I = coupling interval; Hx = history; PES = programmed electrical stimulation; RVA = right ventricular apex; VA = ventricular arrhythmia; VF =

ventricular fibrillation. Parentheses represent 95% confidence interval.

ities. In the present study, patients with induced VA had
longer LAS40 (4917 vs 41x13; P = .042) and smaller
RMS40 (1510 vs 20%13; P = 0.034) than did noninduced
patients, which may reflect depolarization abnormality and
is concordant with our previous report.’®

There have been several reports regarding depolarization
abnormalities in BrS such as SCN5SA mutation or fragmented
QRS.'*"'® By using an experimental model, Aiba et al'®
showed that depolarization abnormalities played a significant
role in VF maintenance. Thus, if PES results reflect depolar-
ization abnormality, we could evaluate how easily VF contin-
ues through PES. The initiation of VF is thought to be due to
phase 2 reentry-induced premature beats (repolarization abnor-
mality).""*® It could be difficult to evaluate repolarization
abnormality through PES, and this is why PES in BrS camnot
completely predict subsequent cardiac events.

Clinical implication
According to the ACC/AHA/ESC guidelines, patients with
BrS with spontaneous ST-segment elevation and syncope
are a class ITa indication for ICD implantation.'®> However,
some patients with BrS experience neurally mediated syn-
cope, as previously reported, which should be distinguished
from syncope of unknown origin.*' Therefore, only the
history of syncope could lead to unnecessary use of ICD.
We showed that PES of up to 2 extrastimuli can predict
subsequent events of patients with prior syncope, demon-
strating the possibility that PES could help reduce the un-
necessary use of ICD in those patients (Figure 1C).

Meta-analysis studies of patients with BrS could not iden-
tify a significant role of PES for predicting subsequent arthyth-
mic events.'"*? However, many registries included in their
meta-analysis adopted PES protocol of up to 3 extrastimuli.
Triple extrastimuli could induce VA even in normal individy-
als and exaggerate nonspecific depolarization abnormality
leading to induction of nonspecific VA. This suggests that VA
induction by triple extrastimuli may be highly unnatural, re-
sulting in false-positive VA induction.

ACC/AHA/ESC guidelines have not yet delineated an
appropriate PES protocol in detail, such as the number of
extrastimuli. We showed that single extrastimulus or double

extrastimuli are adequate for PES for patients with BrS.
Although the number of patients was small, VA induction
with up to 2 extrastimuli was associated with subsequent
arthythmic events even in asymptomatic patients. Positive
and negative predictive values according to PES protocols
are shown in Table 4. Based on our criteria that VA induc-
tion was considered positive when VF or PVT with more
than 15 successive beats was elicited, a protocol of up to 2
extrastimuli showed that the positive predictive value (PPV)
was 36% and the negative predictive value (NPV) was 87%.
On the other hand, a protocol of up to 3 extrastimuli showed
that PPV was 23% and NPV was 81%. Even when we
consider only VF as an induction criterion, both PPV and
NPV were higher with up to 2 extrastimuli (Table 4). Based
on our data, protocols up to 2 extrastimuli were sufficient
for PES in patients with BrS. In the subgroup of 82 patients
without prior VF or aborted cardiac arrest, VF occurred in
9 of the 34 patients with VA induced by up to 2 extrastimuli.
No VF occurred in 27 patients with VA induced by triple
extrastimuli, and only 1 of the 21 noninducible patients
experienced VF. The PPV of PES protocol up to 2 extra-
stimuli was 26%, but the NPV was high at 98%. However,
a low PPV of PES can cause unnecessary use of ICD
implantation, especially for asymptomatic patients. We still
need to make a decision based on several indices combined,
as Delise et al** have recently reported.

Table 4  Positive and negative predictive values according to
protocols of PES

Protocols PPY NPV

VF and NSPVT >15 successive beats
PES with up to 2 ExS 16/45 (36%)
PES with up to 3 ExS 19/81 (23%)
Only VF
PES with up to 2 ExS 13/40 (33%) 57/68 (84%)
PES with up to 3 ExS 16/71 (23%) 29/37 (78%)

ExS = extrastimuli; NPV = negative predictive value; NSPYT = non-
sustained polymorphic ventricular tachycardia; PES = programmed elec-
trical stimulation; PPV = positive predictive value; VF = ventricular
fibrillation,

55/63 (87%)
22/27 (81%)
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Study limitations

This study has several limitations. First, this was a retrospec-
tive study. However, we believe that our data have validity
because this was not an interventional study but an observa-
tional study, and moreover, the follow-up periods of the 3
groups were not significantly different. Second, this study
consisted of a small population of 108 patients, insufficient to
fully evaluate the prognosis of patients with BrS. Further study
with a larger number of patients with BrS and with consistent
protocol of PES will be required to draw a firm conclusion on
the importance of the number of extrastimuli. If each registry
does not have a large enough number of patients, a meta-
analysis that can compare the numbers of extrastimuli could
validate the significance of PES. Third, we could have under-
estimated the cardiac event rate because the end point of the
patients without ICD was based on symptoms (syncope); thus,
asymptomatic cardiac events during sleep could be missed.
Fourth, we adopted only 500 ms as a basic cycle length, and so
VA could not be induced in some patients in the present study
" because this was shorter than in other studies that employed
more than 2 basic cycle lengths. However, VA was induced in
75% and VF was induced in 68% of the patients. This induc-
tion rate was comparable to that in other registries; this sug-
gests that a single basic cycle length of 500 ms is enough to
induce VA, We did not deliver extrastimuli coupled with
intervals shorter than 180 ms. Therefore, we could not assess
the significance of delivering extrastimuli with intervals shorter
than 180 ms. However, extra stimulus with shorter intervals
may exaggerate nonspecific depolarization abnormality, lead-
ing to induction of nonspecific VA. This issue needs to be
addressed. Fifth, the incidence of SCN5A mutation was rela-
tively low at 11%, even though we searched the entire coding
sequence of SCNSA. As previously pointed out, the incidence
of SCNS5A in Japan is lower than in Western countries, and so
this study agrees with previous data.*>** Finally, there were 46
patients (7 with prior VE, 21 with prior syncope, and 18
asymptomatic) with drug-induced type 1 ECG, which can be
misdiagnosed as BrS because of its false-positive ECG mor-
phology. However, the percentage of these patients was lower
than that in the FINGER study, and we confirmed the obvious
coved ST elevation induced by sodium-channel-blocker test in
patients with type 2 and type 3 ECG. :

Conclusion

The number of extrastimuli in PES that induced ventricular
arrthythmias served as a prognostic indicator for patients
with type 1 Brugada ECG. The site of induction and the
coupling interval of extrastimuli at the time of VF induction
were not prognostic indicators of patients with BrS. Qur
data suggest that PES in patients with type 1 Brugada ECG
should employ up to 2 extrastimuli, rather than 3.
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Effect of sodium-channel blockade on early repolarization in
inferior/lateral leads in patients with idiopathic ventricular
fibrillation and Brugada syndrome
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BACKGROUND A high incidence of early repolarization (ER) pat-
tern in the inferolateral leads has been reported in patients with
idiopathic ventricular fibrillation (IVF). Brugada syndrome (BS) is
characterized by J-peint or ST-segment elevation in the- right
- precordial leads and ventricular fibrillation, and some patients
with BS also have ER in the inferolateral leads.

OBJECTIVE To compare the clinical characteristics and effects of
sodium-channel blockade on ER between IVF patients with ER
(early repolarization syndrome [ERS]) and BS patients with or
without ER.

METHODS Fourteen patients with ERS and 21 patients with BS
were included in this study. ER was defined as an elevation of at
least 0.1 mV from baseline in the QRS-T junction in the inferoro-
lateral leads. Provocative tests with sodium-channel blockers were
conducted in all patients with ERS to distinguish ERS from BS.

RESULTS In the ERS group, all patients were male and most
patients experienced ventricular fibrillation during sleep or low
activity (79%}). ER was attenuated by sodium-channel blockers in
most patients with ERS (13/14, 93%) and BS (5/5, 100%),
whereas ST-segment elevation was augmented in the right precor-
dial leads in the BS group. The rates of positive late potentials

were significantly higher in the BS group (60%) than in the ERS
group (7%) (P <.01).

CONCLUSIONS Some similarities were observed between ERS and

BS, including gender, arrhythmia triggers, and response of ER to

sodium-channel blockers. Unlike the ST segment in the right

precordial leads in BS, ER was attenuated in patients with both

ERS and BS, suggesting a differential mechanism between ER in .
the inferolateral leads and ST elevation in the right precordial

leads. ‘

KEYWORDS Early repolarization; J wave; Idiopathic ventricular
fibrillation; Brugada syndrome; Sudden death; Sodium-channel
blocker

ABBREVIATIONS BS = Brugada syndrome; ECG = electrocardio-
gram; ER = early repolarization; ERS = early repolarization syn-
drome; IVF = idiopathic ventricular fibrillation; LPs = late po-
tentials; QTc = corrected QT interval; SAECG = signal-averaged
electrocardiogram; SCD = sudden cardiac death; VF = ventricular
fibrillation; VT = ventricular tachycardia

{Heart Rhythm 2012;9:77-83) © 2012 Heart Rhythm Society. All
rights reserved.

Introduction

Early repolarization (ER) pattern is often found in the gen-
eral population and has been considered a benign electro-
cardiographic finding, Its prevalence has been estimated to

Dr Shimizu was supported in part by the Research Grant for. the
Cardiovascular Diseases (21C-8, 22-4-7, H23-114) from the Ministry of
Health, Labour and Welfare, Japan, and Grant-in-Aid for Scientific Re-
search on Innovative Areas (22136011). This article was presented in part
at the American Heart Association 2010, Chicago, Illinois, November
13~17, 2010, and published as an abstract (Circulation 2010;122:A14948).
Address for reprints and correspondence: Dr Wataru Shimize, MD, PhD,
Division of Arrhythmia and Electrophysiology, Department of Cardiovascular
Medicine, National Cerebral and Cardiovascular Center, 5-7-1 Fujishiro-dai,
Suita, Osaka 565-8565, Japan. E-mail address: wshimizu@hsp.ncve.go.jp.

1547-5271/% -see front matter © 2012 Heart Rhythm Society. All rights reserved,

be between 1% and 5% of healthy adults."~* Idiopathic
ventricular fibrillation (IVF) presenting prominent ST-seg-
ment elevation in the inferior leads has been considered
as a variant of Brugada syndrome (BS).>® BS’ is char-
acterized by ST-segment elevation in the right precordial
leads V1 to V3 and is considered to have a high propen-
sity toward sudden cardiac death (SCD).*® Recently,
several reports have suggested the association of IVF
with ER in the inferior and/or lateral lead in the electro-
cardiogram (ECG).>'%"* ER is reported to be found
more frequently among patients with IVF than among
healthy control subjects.'®!> However, little is known
about the clinical and electrocardiographic characteristics
and the pharmacological response of ER in patients with
IVF and BS associated with ER and their different re-

doi:10.1016/j.hrthm.2011.08.017
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sponse from that of ST elevation in the right precordial
leads in patients with BS. The present study aimed to
investigate the similarities and differences between IVF
with ER (early repolarization syndrome [ERS]) and BS
with or without ER.

Methods

Patient characteristics
Among 38 patients with IVF, admitted to the National
Cerebral and Cardiovascular Center between 1994 and
2009, ER in the inferior and/or lateral ECG leads was
recorded in 14 patienis (37%). These 14 patients were in-
cluded in this study as an ERS group (all males, aged 2764
years, mean age 44.7 = 13.6 years). Twenty-one patients
with BS with a history of ventricular fibrillation (VF) or
aborted SCD were also included in this study. According to
the published guidelines,'®!” patients were diagnosed as
suffering from IVF if they had no structural heart disease
confirmed by noninvasive studies (physical examination,
ECG, exercise stress test, echocardiogram, and cardiac mag-
netic resonance imaging or computed tomography) and in-
vasive studies (coronary angiography and left ventricular
cineangiography). Long QT syndrome (corrected QT [QT¢]
interval =440 millisecond), short QT syndrome (QTc in-
terval <340 millisecond), and BS were also excluded to
diagnose a patient as suffering from IVF. To exclude BS, all
subjects in the ERS group were proven to be negative with
a pharmacological challenge with pilsicainide.®'®

The BS group consisted of 21 patients (19 males, aged
20-64 years, mean age 39.7 & 12.6 years) with an episode
of documented VF or aborted SCD. Eleven had a sponta-

avi

avl o

aVF =

neous type 1 ECG, and in the remaining, it was induced by
a sodium-channel blocker. Ethical approval of the present
study was obtained from the Institutional Review Comumit-
tee of the National Cerebral and Cardiovascular Center.

Electrocardiography

All available conventional ECGs (25 mm/s, 10 mm/mV)
were investigated in the search for ER. ER was defined as an
elevation of at least 1 mm (0.1 mV) in the J point (QRS-ST
junction) in at least 2 leads (Figure 1), either as QRS
sturring (smooth transition from QRS to the ST segment) or
as notching (a positive J deflection inscribed on the S
wave).!® The inferior (II, III, and aVF) and lateral (I, aVL,
and V4-V6) leads were evaluated. To exclude BS, no
J-point elevation must exist in the right precordial leads
(V1-V3).

All ECGs were interpreted blindly by 2 independent
cardiologists (H.K., W.S.). The following parameters were
assessed in lead II, which include P-wave duration and PQ
and RR intervals. QRS duration and QT interval were as-
sessed in leads I and V5. The QTc interval was calculated
using Bazett’s method. The amplitude of ER was assessed
in the inferior leads (II, III, and aVF), the lateral leads (I,
aVL, and V4-V6), or both, and the maximum ER amplitude
was measured. We selected leads I and V5 as representa-
tive of inferior and lateral leads for the analysis of ER
amplitude.

BS was diagnosed when a type 1 coved-type ST-segment
elevation (=0.2 mV at J point) was observed in >1 of the
right precordial leads (V1-V3) in the presence or absence of

Monitor ECG on the ambulance

Figure1  A:Twelve-lead ECGina patien{ with early repolarization syndrome. ER (arrow) was seen in the lateral leads (V4-V6) under baseline conditions.
B: Monitor ECG recorded during the arrthythmic periods in the same patient showed a consistent increase in the amplitude of ER, followed by initiation of

ventricular fibrillation. ECG, electrocardiogram; ER, early repolarization.
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a sodium-channel blocker in conjunction with documented
VF or polymorphic ventricular tachycardia (VT).

Drug challenge test

The drug challenge test was performed with intravenous
pilsicainide (1 mg/kg, maximum 50 mg, 5 mg/min) or
flecainide (2 mg/kg, maximum 100 mg, 10 mg/min). The
test result was considered positive if a type 1 Brugada ECG
appeared in >1 right precordial lead (V1-V3). Once again,
we excluded all patients with IVF but without sodium-
channel blocker challenge test from our study to clarify the
diagnosis of ERS.

Late potentials :

Late potentials (LPs) were analyzed by using a signal-
averaged electrocardiogram (SAECG) system (Arrhythmia
Research Technology 1200EPX, Milwaukee, WI). Three
parameters were assessed by using a computer algorithm:
(1) total filtered QRS duration (f~QRS), (2) duration of
low-amplitude signals <40 pV of the filtered QRS complex
(LAS ), and (3) root-mean-square voltage of the terminal
40 millisecond of the filtered QRS complexes (RMS ). LPs
were considered positive when at least 2 of the 3 parameters
were abnormal: f-QRS >120 millisecond, LAS,, >38 mil-
lisecond, and RMS,, <18 uV.

Statistical analysis

Continuous variables were expressed as mean value + SD.
A comparison between the 2 groups was performed with
Student’s t test for paired data. Categorical variables were
compared with Fisher’s exact test. A P value of <.05 was
regarded as being significant.

Results :

Clinical and electrocardiographic characteristics

In the BS group, 9 of the 21 patients (43%) with BS showed
ER in the inferior and/or lateral leads. A comparison of the
clinical and electrocardiographic characteristics of the 14
ERS group patients, 21 BS group patients, and 9 BS patients
with ER is shown in Table 1. The average age of 9 BS
patients with ER was lower than that of ‘the ERS group.
Except for that, no significant differences were observed in
baseline clinical characteristics with respect to age, gender,
family history of SCD, and activity at the time of cardiac
arrest. The number of premature ventricular complexes dur-
ing 24-hour Holter ECG was not different between the 2
groups.

Regarding SAECG parameters, the values of f~QRSd,
LAS,,, and RMS,q in 14 ERS group patients were 97.8 =
8.1 millisecond, 29.8 + 5.2 pV, and 50.0  24.2 millisec-
ond, respectively. The corresponding values in 21 BS group
patients were 119.8 = 17.3 millisecond, 47.0 = 19.2 uV,
and 17.8 * 13.4 millisecond, respectively. All these param-
eters were significantly different between the 2 groups. LPs
were positive in 1 of the 14 patients (7%) in the ERS group
and in 12 of the 20 patients (60%) in the BS groap. The rate
of positive LPs was significantly higher in the BS group
than in the ERS group (P <.01). We also compared the
SAECG parameters and the rate of positive LPs between 14
ERS group patients and 9 BS patients with ER. The ten-
dency was similar to the comparison between 14 ERS group
patients and 21 BS group patients; however, there were no
significant differences in the LAS, and rate of LPs because
of the small number of BS patients with ER.

Table 1  Clinical and electrocardiographic characteristics in the early repolarization syndrome group, the Brugada syndrome group,
and the Brugada syndrome with ER group
Group P value
ERS (n =14) BS(n=21) BSwithER (n =19) ERSvsBS ERS vs BS with ER
Clinical characteristics
Age (y), mean = SD 447 * 13,6 39.7 + 12,6  33.3 = 10.3 NS 045
Male gender, n/N 14/14 19/21 7/9 NS NS
Family history of sudden cardiac death, n/N 0/14 (0%} 1/21 (5%)  1/9 (11%) NS NS
(%)
Activity at the time of cardiac arrest, n (%)
Sleep 3 (21%) 9 (42%) 5 (55%) NS NS
Rest 8 (57%) 10 (48%) 3 (33%) NS NS
Others : 3 (21%) 2 {10%) 1 (11%) NS NS
Electrocardiographic characteristics
Presence of ER, n/N (%) 14/14 (100%)  9/21 (43%)  9/9 (100%) <.01 NS
Holter ECG, PVC in 24 h, mean = SO 49.4 * 169.3 1.9 *+ 4.2 23 £ 4.4 NS NS
Signal-averaged electrocardiography, mean = SD
f-QRSd {ms) 97.8 £ 8.1 119.8 = 17.3 111.6 = 11.5 <.0001 <.01
LAS o (uV) 29.8 £ 5.2 47.0 £19.2  33.8 * 14.5 <.01 NS
RMS,, (ms) 50.0 & 24.2 17.8 = 13.4 234 * 14.2 <.0001 <.01
Abnormal SAECG, n/N (%) 1/14 (7%) 12/20 (60%)  4/9 (44%) <.01 NS

Percentages may not total 100 because of rounding.

BS, Brugada syndrome; ECG, electrocardiogram; ER, early repolarization; ERS, early repolarization syndrome; f-QRSd, filtered QRS duration; LAS,q, duration
of low-amplitude signals <40 pV of QRS in the terminal filtered QRS complex; NS, not significant; PVC, premature ventricular contraction; RMS,q,
root-mean-square voltage of the terminal 40 millisecond of the filtered QRS complex; SAECG, signal-averaged ECG.
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Table 2 Baseline electrocardiographic parameters and their changes after administration of a sodium-channel blocker in the early
repolarization syndrome group, the Brugada syndrome group, and the Brugada syndrome with ER group
Mean = SD P value
ERS (n = 14) BS {n = 12) BS with ER (n = 5) "~ ERS vs BS ERS vs BS with ER
RR II (ms) 951 = 116 ‘930 * 116 1024 *+ 46 NS NS
ARRII (ms) —71 £ 41 ~12 = 17 —32 + 62 <.05 NS
P II (ms) 104 * 19 110 + 16 112 = 13 NS NS
AP II {ms) 10+9 21 £.13 24 16 <.05 <.05
PQ II (ms) 179 * 34 191 % 33 178 * 28 NS NS
APQ II (ms) 309 28 * 14 38+38 NS NS
QRS II (ms) 90 + 13 97 + 18 90 + 20 NS NS
AQRS 11 {ms} 10 = 10 23 + 21 14 *+ 21 NS NS
QRS V5 (ms) 84 + 8 91 + 19 82 + 21 NS NS
AQRS V5 (ms) 13 £ 8 29 *= 18 28+ 8 <.05 <.01
QT II (ms) 377 £ 19 370 = 14 374 £ 15 NS NS
AQT II (ms) 10 = 14 28 *= 18 16 x5 NS : NS
QTclI (ms) 388 + 20 385 + 24 370 £ 13 NS NS
AQTcII (ms) 10 = 14 29 £ 18 16 £5 <.05 NS
QT V5 (ms) 376 + 26 372 = 17 376 *+ 15 NS NS
AQT V5 (ms) 6+ 18 38 + 23 14 * 11 <.01 NS
QTcVs (ms) 387 * 23 387 * 24 372 £ 12 NS NS
AQTcV5 (ms) 7+19 40 + 25 14 * 11 <.01 NS

BS = Brugada syndrome; ER = early repolarization; ERS = early repolarization syndrome;

QT = QT interval; QTc = corrected QT interval; RR = RR interval.

Sodium-channel blocker infusion test

The sodium-channel blocker infusion test was performed in
12 of the 21 patients with BS, and the test result was
positive in all 12 patients. We compared the pharmacolog-
ical responses of several ECG parameters to a sodium-
channel blocker between 14 patients with ERS and 12
patients with BS (Table 2). There were no significant dif-
ferences in the baseline ECG parameters, including RR
interval, P-wave duration, PQ interval, QRS duration, and
QT interval in any leads. Shortening of RR (ARR II) was
significantly larger in the ERS group. Prolongation of P-
wave duration (AP II), QRS duration (AQRS V35), and QTc
interval (AQTc I, AQTc V5) was significantly larger in the
BS group compared with that in the ERS group.

Among 9 BS patients with ER, the sodium-channel
blocker test was performed in 5 patients. We also compared
the ECG parameters between 14 ERS group patients and 5
BS patients with ER (Table 2). Prolongation of P-wave
duration (AP II) and QRS duration (AQRS V5) was signif-
icantly larger in the BS with ER group compared with that
in the ERS group. . ‘

The ER amplitude and its responses to sodium-channel
blockers between 14 ERS group patients and 5 BS patients
with ER are shown in Table 3. In the ERS group, ER was
observed in the inferior leads (II, II, and aVF) in 9 patients,
in the lateral leads (I, aVL, and V4-V6) in 8 patients, and
in both the inferior and lateral leads in 3 patients. In the 9
BS patients with ER, ER was observed in the inferior leads
in 6 patients, in the lateral leads in 8 patients, and in both the
inferior and lateral leads in 5 patients. The baseline maxi-
mum ER amplitude among the inferolateral leads (pre-ER
max) in the BS group tended to be higher than in the ERS

group (0.244 = 0.082 vs 0.162 * 0.069 mV; P = .057). The -

= P-wave duration; PQ = PQ interval; QRS = QRS duration;

baseline ER amplitude in the inferior lead (pre-ER II) was
significantly higher in the BS group than in the ERS group
(0.236 = 0.081 vs 0.120 = 0.033 mV; P <.05). After
administration of a sodium-channel blocker, the ER ampli-

Table 3  Amplitude of ER in leads II and V5 before and after
the administration of a sodium-channel blocker test in the early
repolarization syndrome’ group and the Brugada syndrome with
ER group

Maximum amplitude

of ER in any Mean = SD

inferolateral BS with ER P
leads (mV) ERS {n = 14) (n = 5) value
Pre-ER max 0.162 = 0,069  0.244 = 0.082 NS
Post-ER max 0.081 + 0.061* 0.124 = 0.096% NS

AER 0.080 % 0.067

Amplitude of ER in
the inferior lead

0.120 £ 0.058 NS

(II) (mV) ERS (n = 9) BS (n = 5)

Pre-ER II 0.120 = 0.033 0.236 % 0.081 <.05
Post-ER IT 0.091 * 0.054* 0.104 * 0.086* NS
AER II 0.028 % 0.051 0.132 = 0.068 <.05
Amplitude of ER in

the lateral lead

(V5) (mY) ERS (n = 8) BS (n = 5)

Pre-ER V5 0.116 * 0.032 0.215 = 0.092 NS
Post-ER V5 0.010 * 0.022*  0.137 £ 0.094* NS
AER V5 0.106 % 0.026 0.077 = 0.071 NS

BS = Brugada syndrome; ER = early repolarization; ERS = early
repolarization syndrome; max = maximum; pre = before sodium-channel
blocker test; post = after sodium-channel blocker infusion; A = change.
*P .05 vs pre.
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tude was attenuated in all 5 patients with BS (100%) and in
13 of 14 patients with ERS (93%). ER attenuation was
occasionally associated with the appearance of an S wave in
both the groups (Figure 2). Therefore, the maximum ER
amplitude (ER max), ER amplitude in the inferior lead (ER
I1), and ER amplitude in the lateral lead (ER V5) all were
significantly decreased after the administration of sodium-
channel blockers (P <.05).-Figure 3 illustrates the differ-
ential response to sodium-channel blockers between the ER
in the inferolateral leads and the J point and ST segment in
the right precordial leads in a patient with BS. The coved-
type (type 1) ECG was unmasked and the J point in the right
precordial leads (V1-V3) was augmented by the sodium-
. channel blocker, whereas the ER amplitude in the infero-
lateral leads (I1, IIL, aVF, and V4-V6) was attenuated (Fig-
-ure 3B).

Discussion

The ER pattern in the inferior and/or lateral leads had been
considered benign, and it is often found in healthy young
individuals. Recently, several reports have attracted increas-
ing attention to the association of IVF with ER in the
inferior and/or lateral leads.>'®*~%! Haissaguerre et al'®
reported that ER was more frequently recognized in patients
with IVF than in control subjects and that there was a higher
incidence of recurrent VF in case subjects with ER than in
those without. Rosso et al'” also reported that ER was found
more frequently among patients with IVF than among
healthy control subjects. On the other hand, BS is also

A P
Baseline

Figure 2  Twelve-lead ECGs in a patient
with early repolarization syndrome under
baseline conditions (A) and after pilsicain-
ide administration (B). ER was seen in the
lateral leads (I, aVL, and V4-V35) under
baseline conditions (A, arrows). Intrave-
nous administration of 30 mg of pilsicain-
ide induced attenuation of ER and appear-
ance of an S wave in the lateral leads
(dashed arrows). Numbers above the ar-
rows indicate the amplitude of ER. ECG,
electrocardiogram; ER, early repolariza-
tion; S, S wave. ‘

QRS(V5) 90ms
QTc V5) 380ms

characterized by a high incidence of VF without structural
heart disease. The Brugada Consensus Report proposed that
type 1 coved-type ST-segment elevation in the right precor-
dial lead (V1-V3) in the absence or presence of a sodium-
channel blocker was required to diagnose BS.*? Considering
this diagnostic criterion, the sodium-channel blocker chal-
lenging test is essential to exclude BS. In order to investi-
gate pure ERS, the sodium-channel blocker challenging test
should be performed before the diagnosis of ERS. Unlike
previous studies,'®'> we conducted the sodium-channel
blocker challenging test in all 14 patients with ERS to
exclude BS in the present study.

Intravenous administration of sodium-channel blockers
has been used to ummask the Brugada ECG pattern in
patients with BS.?> On the other hand, in most patients
associated with ER in both the ERS group and the BS group
of the present study, the administration of a sodium-channel
blocker induced the attenuation or disappearance of the ER
and appearance of an S wave. Attenuation of the ER in the
inferolateral leads appears to be due largely to a slowing of
the transmural conduction so that inscription of the ER
occurs later on the descending limb of the QRS in both the
ERS group and the BS group. The S-wave appearance in the
inferolateral leads is also probably due to the conduction
delay induced by sodium-channel blockers. This may indi-
cate the differential mechanism between Brugada-type ST
elevation in the right precordial lead of BS and ER in the
inferolateral leads in both groups.
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Antzelevitch and Gan-Xin®* have proposed a new con-
cept that an outward shift in repolarizing current due to a
decrease in sodium- or calcium-channel currents or an in-
crease in outward currents such as a transieat outward
potassium current (I,;) can give rise to J-wave syndromes,
which includes BS, ERS, hypothermia, and acute ischemia—
induced VF. A prominent and pathological J wave, a slow
upright deflection between the end of the QRS complex and
the early portion of the ST segment, has been reported to be
seen often in hypothermia.”> However, the terms J-wave
syndromes and ERS have not been properly defined.”®

In some patients with BS of this study, type 1 Brugada
ECG was unmasked by a sodium- channel blocker in the
right precordial lead, while ER was attenuated in the infero-
lateral leads (Figure 3). Once again, this finding suggested
the differential mechanism between Brugada-type ECG in
the right precordial lead and ER in the inferolateral leads.

Moreover, as with a previous report,”’ the BS group
showed significantly larger prolongation of P-wave dura-
tion, QRS duration, and QTc interval compared with the
ERS group after a sodium-channel blocker infusion. Basic
electrophysiology including animal or mathematical models
must play an important role in determining whether the
cellular mechanism of ST-segment elevation in the right
precordial leads in BS and that of ER in the inferolateral
leads in both ERS and BS differ or not. ,

Our study showed clinical characteristics of ERS to be
similar to those of BS, including adult onset, male prepon-
derance, cardiac events occurred at rest or during sleep, and

Figure 3  Twelve-lead ECGs in a patient
with Brugada syndrome under baseline
conditions (A) and after pilsicainide ad-
ministration (B). ER was seen in the infe-
rior (1L, HI, and aVF) and lateral (V4-V6)
leads under baseline conditions (A, ar-
rows). Intravenous administration of 30
mg of pilsicainide unmasked coved-type
Brugada ECG and remarkably augmented
the J point and ST segment in the right
precordial leads (V1-V3) (B, dashed ar-
rows), while ER was attenuated in the in-
ferior and lateral leads (B, arrows). Num-
bers above the arrows indicate the
amplitude of ER. ECG, electrocardiogram;
ER, early repolarization.

rare ventricular arrhythmias on Holter ECG.?** On the
other hand, some apparent differences were found between
the 2 groups, including LPs on the SAECG. All 3 parame-
ters of the SAECG were significantly different between the
2 groups, and the positive rate of LPs was significantly
lower in the ERS group than in the BS group. The rate of
LPs has been previously reported to be high in BS.2% On the
other hand, Haissaguerre et al'® also reported a relatively
low rate (11%) of LPs in patients with ERS. LPs are re-
ported to be not only highly prevalent in BS but also
independent predictors of VI/VF inducibility.””*'"** LPs
are also considered to be linked to VF inducibility during
electrophysiological study and ventricular conduction delay
during VF induction in patients with BS?* as well as in
patients with VI/VF associated with organic heart diseases.
The ST-segment elevation in the right precordial leads and
arthythmogenicity in BS can be explained by both repolar-
ization and depolarization abnormalities in right ventricular
outflow.”>® The presence of LPs can be caused by conduc-
tion delay (depolarization abnormality) in the ventricle in-
cluding the right ventricular outflow tract. On the other
hand, from the experimental studies, LPs are explained on,
the basis of repolarization abnormality (late phase 2 up-
stroke and concealed phase 2 reentry) in the right ventric-
ular outflow tract.>® In the present study, the lower preva-
tence of LPs in the ERS group may indicate a differential
substrate for VF in patients with ERS compared with that in
patients with BS.
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Conclusions

ER can be seen in some patients with IVF and in a subgroup
of subjects with BS. Clinical similarities among them exist,
including age, gender, and arrhythmia triggers. Response to
sodium-channel blockade on ER in the inferolateral leads is
the same in both groups: a consistent diminution in ER
amplitude. This effect contrasts with the ST-segment eleva-
tion that is always observed in the right precordial leads in
BS, thus arguing for different pathophysiological mecha-
nisms.
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Abrupt Heart Rate Fallings in a Patient with
Biventricular Pacing: Latent Risk for Exacerbation

of Heart Failure
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This case report describes abrupt heart rate fallings below the lower pacing rate limit in a patient with
cardiac resynchronization therapy (CRT). Interrogated information including stored episodes or data
regarding the lead did not show any device problems and only simultaneous intracardiac electrogram
revealed the cause, T-wave oversensing during biventricular pacing. At this moment, CRT has become
an established modality for patients with severe heart failure. However, bradycardia below the lower rate
limit during biventricular pacing due to T-wave oversensing would exacerbate heart failure in patients
with CRT. We should notice this latent risk and correct the malfunction immediately. (PACE 2012;

35:655-658)

T-wave oversensing, CRT, device malfunction

Introduction

Many studies have demonstrated that cardiac
resynchronization therapy (CRT) is established
modality for patients with severe heart failure.’*
Not only heart failure symptoms, but also the
rate of mortality or hospitalization were improved
by CRT. To respond to CRT, there are several
factors. It is important to capture the ventricles
consistently by biventricular pacing with appro-
priate heart rate and we should be well aware
of CRT device malfunction.’ Postpacing T-wave
oversensing is one of pacing device malfunction
and can cause inappropriate bradycardia.* This
phenomenon appears only after pacing, so it
cannot be stored as episodes on the device leading
to be overlooked. Here, we report abrupt heart
rate fallings below the lower pacing rate limitin a
patient with CRT. Only simultaneous intracardiac
electrogram (EGM) revealed the cause, which
was T-wave oversensing during biventricular
pacing.

Case Report

The patient was a 68-year-old man who under-
went a valve replacement for aortic regurgitation
complicated with left ventricular dysfunction. He
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developed atrioventricular block and received a
pacemaker in 1994. Subsequently, he developed
dyspnea on effort with New York Heart Associa-
tion functicnal class III. On echocardiography, the
left ventricule was markedly dilated and its func-
tion was severely impaired with a left ventricular
ejection fraction of 24%. Both interventricular and
intraventricular dyssynchrony were confirmed.
He underwent removal of previous pacemaker
and implantation of CRT device with defibrillator
(CRT-D) (Concerto C174AWK, Medtronic Inc.,
Minneapolis, MN, USA). All procedures were
performed successfully without any complication.
Initially, the lower pacing rate limit was set
at 70 beats per minute (bpm). He continued
his hospitalization to adjust the medical therapy
for heart failure and CRT-D. Twelve days after
the implantation, his monitor electrocardiogram
displayed abrupt heart rate fallings below the
lower pacing rate limit (Fig. 1). Interrogated
and checked information Including the lead
impedance or capture threshold did not reveal
any device problem. There were no events that
suggested noises due to the lead fracture or
electromagnetic interference. Close monitoring
was continued. Finally, we could get intracar-
diac EGM during abnormal bradycardia pacing
simultaneously (Fig. 2}. The intracardiac EGM
showed T-wave oversensing during biventricular
pacing. Time from BV (biventricular pacing spike)
to TS (ventricular sense) was 394 ms and TS
maker located near the T wave. On the other
hand, time from TS to BV was 850 ms, which
was equal to the lower pacing rate limit at
70 bpm. These facts are consistent with the fact

©2010, The Authors. Journal compilation ©2012 Wiley Periodicals, Inc.
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Figure 1. Abrupt heart rate fallings below the lower pacing rate limit during biventricular pacing.
(A) The monitor electrocardiogram showed that abrupt bradycardia at 47 bpm started at the
middle of the third line (asterisk) and his heart rate spontaneously recovered to 70 bpm after a
while. (B) The enlarged figure of the monitor electrocardiogram showed abrupt bradycardia at

47 bpm.

of abrupt pacing heart rate fallings at 47 bpm.
We changed ventricular blanking period after the
pacing from 200 ms to 430 ms, and T-wave over-
sensing during biventricular pacing disappeared.
After adjustment of medical therapy for heart
failure, he was discharged. One month later, he
complained of multiple presyncopal episodes and
T-wave oversensing on intracardiac EGM wers
observed again. T-wave sensing occurred after the
postpacing blanking period. Finally, we adjusted
programmed sensitivity from 0.6 mV to 0.9 mV
and T-wave oversensing during biventricular
pacing has never been observed since then.

Discussion

T-wave oversensing remains an annoying
problem in currently available implantable car-
dioverter defibrillators (ICDs) and CRT-D.57 T-
wave oversensing is one of the most common
ventricular oversensing malfunction, occurring in
14% of the patients.® T-wave oversensing can be
divided into three categories: Postpacing, small
R wave, and large R wave. The most famous
malfunction regarding T-wave oversensing is
with small R wave. The ICDs automatically
adjust sensitivity in relation to the amplitude
of the preceding R wave, At the end of the

e56
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blanking period after each sensed ventricular
event, sensitivity is decreased to a starting value
related to the amplitude of the sensed R wave and
then decreases with time to a minimum value.
This auto-adjusting sensitivity after a sensed
ventricular event is useful for detecting ventricular
fibrillation (VF) and avoiding T-wave oversensing
during sinus thythm. However, it is sometimes dif-
ficultto avoid T-wave oversensing in ICD or CRT-D
patients with high T-wave/R-wave ratio. Patients
with an ICD or CRT-D whose device shows low-
amplitude R waves may require lower minimum
sensing thresholds to secure the detection of VF,
There is a report regarding Brugada syndrome
that the amplitude of T wave decreased and T-
wave/R-wave ratio changed spontaneously in the
clinical course, which led T-wave oversensing
and inappropriate shock.® This type of T-wave
oversensing is also reported in other heart diseases
such as hypertrophic cardiomyopathy and dilated
cardiomyopathy.’® In this situation, we fry to
manage T-wave oversensing noninvasively by de-
creasing the ventricular sensitivity, programming
longer postventricular sensing refractory periods,
and increasing the detection interval count in
the tachycardia zone. However, lead revision
or the device change to another brand with

PACE, Vol. 35
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Figure 2. Infracardiac electrogram during abnormal bradycardia pacing. (A) T-wave oversensing occurred at
ventricular sensitivity of 0.6 mV. Time from BV (biveniricular pacing spike] to TS (ventricular sense] was 394 ms and
TS maker located near the T wave. And time from TS to BV was 850 ms, which was equal to the lower pacing rate
limit at 70 bpm. (B) T-wave oversensing disappeared after seitting ventricular sensitivity by 6.9 mV.

more specific filtering to reject T-wave is often
necessary.

Postpacing T-wave oversensing can cause
inappropriate bradycardia pacing or delivery of
antitachycardia pacing at wrong rate.’* This
phenomenon appears only after pacing, so it
does not induce inappropriste VF dstection.
However, it could cause abnormal bradycardia
below the lower pacing rate limit, which could
be a latent risk for exacerbation of heart failure in
CRT patients. Postpacing T-wave oversensing is
relatively rare, partly because this problem is not
recognized as tachycardia event and is not stored
at device EGM. After a pacing pulse, the starting
point of the sensitivity threshold is different
from that initiated by sensing a spontaneous
R wave. A longer ventricular blanking period
is required after a ventricular paced event to
avoid sensing of T wave of paced beats, In most
ICD or CRT-D, ventricular blanking period after
bradycardia pace is programmable. In our case, we
extended postpacing blanking period in order to
avoid postpacing T-wave oversensing. However,
maximal extension of postpacing blanking period

PACE, Vol. 35

could not eliminate this problem so that we had
to reduce programmed sensitivity. In our case,
T-wave oversensing was transient. Although we
could not elucidate the cause of this phenomenon,
electrolytes balance, body position, and QT
interval were considered as the factors of transient
manner of this problem. Fortunately, we could
detect this event during the hospitalization.
However, these events were not recorded on their
device and frequently overlooked. Although our
patient did not develop syncope, this oversens-
ing might lead to catastrophic syncopal event.
Moreover, inappropriate bradycardia pacing could
cause heart failure deterioration, especially in a
CRT-D patient. We should recognize that T-wave
oversensing during biventricular pacing might be
overlooked and the only interrogated information
is inadequate to evaluate malfunction of CRT
device.

Conclusion

Here we experienced abrupt heart rate fallings
below the lower pacing rate limit because of
postpacing T-wave oversensing in a patient with

March 2012 e57
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CRT-D. Postpacing T-wave oversensing is rare
and this problem might be overlooked. As the
number of patients with CRT-D will increase
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Abstract—We developed a novel ordinary differential equa-
tion (ODE) model, which produced results that correlated
well with the Monte Carlo (MC) simulation when applied to
a spatially-detailed model of the cardiac sarcomere. Config-
uration of the novel ODE model was based on the Ising
model of myofilaments, with the “co-operative activation”
effect introduced to incorporate nearest-neighbor interac-
tions. First, a set of parameters was estimated using arbitrary
Ca transient data to reproduce the combinational probability
for the states of three consecutive regulatory units, using
single unit probabilities for central and neighboring units in
the MC simulation. The parameter set thus obtained enabled
the calculation of the state transition of each unit using the
ODE model with reference to the neighboring states. The
present ODE model not only provided good agreement with
the MC simulation results but was also capable of repro-
ducing a wide range of experimental results under both
steady-state and dynamic conditions including shortening
twitch. The simulation results suggested that the nearest-
neighbor interaction is a reasonable approximation of the
cooperativity based on end-to-end interactions. Utilizing the
modified ODE model resulted in a reduction in computa-
tional costs but maintained spatial integrity and co-operative
effects, making it a powerful tool in cardiac modeling.

Keywords—Cross-bridge, Monte Carlo simulation, Ordinary
differential equation (ODE) model, Contraction force,
Sarcomere kinetics.

INTRODUCTION

Mathematical modeling is an indispensable tool in
defining the mechanisms of activation and force gen-
eration of the cardiac sarcomere. Various mathemati-
cal models have been designed to replicate and
characterize the cellular processes and activities of
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the sarcomere and, recently, detailed structure and
filament properties have also been taken into
account.”*'%!® However, current models have yet to
replicate the anomalously high sensitivity of developed
force to changes in the free cytosolic calcium (Ca)
concentration, observed under both steady-state and
dynamic conditions. This aberrant effect is suggested
to be brought about by the “co-operative™ interactions
among intracellular molecules within the sarcomere.
One postulated mechanism of “‘cooperativity’ suggests
that the strongly-bound cross-bridge releases the steric
hindrance of tropomyosin to facilitate the attachment
of nearby cross-bridges. A further potential mecha-
nism underlying the “co-operative’ interactions is the
end-to-end interactions of regulatory troponin/tropo-
myosin (T/T) units along the thin filament. In either
case, the physical arrangement of each molecular
component is suggested to be a critical factor.

To reproduce the “co-operative” effects that occur
within the sarcomere, most current models utilize the
“phenomenological parameter tuning strategy” to
normalize the behavior of cross-bridges and to avoid
the necessity of determining the state of each regula-
tory unit and the interactions among them (mean-field
approximation). Although this approach enables the
use of ordinary differential equations (ODE), has a
lower computational cost, and has been reported to
provide a fairly good representation of experimental
data,"?'32%2! the models lack a representation of
spatial activity within the cell. This limits the predictive
ability of the models and hampers the potential for
direct comparisons with experimentally obtained
data.'®

Spatially-distributed models have been proposed
that are capable of mimicking the physical arrange-
ment of each functional unit within a cell, including the
cross-bridges in the thick and thin filaments of the
sarcomere.®!%!%*? In these models, the transition rates
of each unit are dependent on the states of neighboring

1865-5025/12/0300-0113/0 © 2011 The Author(s). This article is published with open access at Springerlink.com



114 WasHIO et al.

units and/or the cross-bridge strain to reveal any
potential “‘co-operative” mechanisms that occur.
Moreover, the models have been found to have excel-
lent reproducibility. However, the inherent and inevi-
table problem with this type of model is the necessity
of using the computationally expensive Monte Carlo
(MC) simulation. Although Rice et al."” reported an
analytical solution to their Ising model of myofila-
ments without MC simulation, its application is lim-
ited to the static state with a simple periodic boundary
condition. Very recently, Campbell er al.® proposed a
Markov model approach to represent the states of
regulatory units, but the computational costs again
limited the number of units studied in the model.
Here we propose a novel method for describing the
behavior of a spatially detailed co-operative model
using ODE in which the regulatory units are distrib-
uted along the sarcomere filament. Through modifi-
cations to the Ising model produced by Rice et al.,'” we
produced an ODE model that is applicable to a wider
range of experimental conditions, including accounting
for changes in sarcomere length (SL). Our modified
ODE model was found to correlate well with the MC
simulation over a wide range of dynamically changing
Ca concentrations. Moreover, our ODE model is
capable of recording the information of neighboring

units and reproducing the co-operative phenomenon
arising from molecular interactions along the sarco-
mere filaments. Importantly, this novel ODE model is
associated with greatly reduced computational costs,
thereby enabling its application for large scale models
of cardiac physiology.

METHODS

Description of the Model

The sarcomere model used in the present study is
illustrated in Fig. 1. The model consists of a pair of
thin filaments (AF) and a single thick filament (MF).
Myosin heads (MHs) are arranged symmetrically on
the thick filament with regular intervals on both sides
of the bare-zone (B-zone). The geometry of the model
is summarized in Table 1. To introduce SL as a factor
in the model, we assigned a functional unit to each MH
coupled with the opposing segment of thin filament
and indexed as /. This process conflicts somewhat
with the traditional practices used in sarcomere mod-
eling where the unit is commonly placed on the thin
filament. However, because the helical pitch of the
myosin filament is close to that of actin (composed of
seven monomeric actins) and regulated by a single
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FIGURE 1. Schematic of the sarcomere model (a). (a1) Relative position of filaments in the single overlapping state (SL>
2LA + LB). xga: position of the end of the right thin filament, x,z: position of Z-band of the right thin filament, x;: position of i, MH,
both measured from the right-hand edge of the bare zone. (a2) The double overlapping state (LM< SL<2LA — LB). X, o: position of
the end of the left thin filament. (a3) State of no overlapping at the MF ends (SL < LM). MF: thick filament, MH: myosin head, B-zone:
bare zone, AF: thin filament, SL: sarcomere length LA: thin filament length, LM: thick filament length, LB: bare zone length.
Dependence of the lumped parameters yra(SL, i) (b) and 7 a(SL, /) (c) on SL at individual unit (MH;).
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TABLE 1. Model parameters.

Parameter Value Units

Sarcomere geometry

LA (length of AF) 1.2 um *
LM (length of MF) 1.65 um *
LB (length of B-zone) 0.1 um *
nu (number of MHs) 36 Unitless *
Transition rates Ca-bound
Kon 80 M s >
Koit 80 s™! e
K, 80 M >
Kc,;ff 8 S——1 e
Transition rates N-P >
Qo 3 Unitless *
Slq 2.2 um >
aq 1.4 pm~? i
Kbasic 10 S~1 -
U 10 Unitless *
y 40 Unitless **
SL dependence
ar 0.1 um
a. 0.1 um
Time interval lengths
DT (for averaging in MC) 25 ms
At 25 us

Parameter values were adopted * from Rice et al.,?® ** from Rice
1.1® with modifications.

et al.
troponin/tropomyosin (T/T) complex, we believe this
strategy is rational. The model was assumed to be
symmetrical, and simulation was performed on half of
one sarcomere.

The co-operative four-state Markov model pro-
posed by Rice et al.'® was adopted for the present
model whereby the state of each functional unit is
characterized by the combination of Ca binding
(1: bound, 0: not bound) and cross-bridge formation
(P: permitted, N: not permitted; Fig. 2). To introduce
the co-operative mechanisms occurring in force gen-
eration, the factors y" and y™" were multiplied by the
transition rates from N to P and from P to N,
respectively, where n (=0, 1 or 2) is the number of
nearest-neighboring MHs in the P-state.

In addition, we modified the following rate con-
stants by multiplying the geometrical factors yra(SL,i)
and ¥y A(SL,7) (Figs. 1A1, A2, 1B and 1C) to introduce
a dependence on the filament overlap determined by
SL:

KnpO(SL 1) = 1A (SLy1)xra (SL, 1) Knpo,
Kfpl(SL 1) = 21A(SL, 1) xra (SL, i) Knpt s B
KOD(SL l) XRA(SL l) ons

K4 (SL,i) = xra(SL,D)K,

The factors yra(SL,i) and ypaA(SL,i) were defined
for each unit as the function of its position (x;) and the
degree of filament overlap, determined by the positions

@

ynl?npl

}/ﬁn KpnO

ey

K'on [Ca]
.

K off

FIGURE 2. The cooperative four-state Markov model. States
are coded with the combination of the Ca binding state (0: not
bound, 1: bound) and conformation for cross-bridge forma-
tion (P: permissive, N: non-permissive). Transitions among
the states are governed by the rate constant adjacent to each
arrow. To introduce the co-operative behavior for the transi-
tion between states P and N, the factors y” and y™" are mul-
tiplied by the transition rates from N to P and P to N,
respectively, where n is the number of neighboring MHs in the
P-state. The overlines for transition rates Knpo, Knpi, Kon and

K, indicate that these rates are modified according to the SL.
[Ca} denotes the free Ca concentration.

}/n Enpo }/_n Kpnl

of two thin filament ends (the free end (xpas) of the
right-hand side filament, the Z-band (x,z) of the right-
hand side filament and the free end (xp,) of the left-
hand side filament) (Fig. 1).

XAzZ = (SL - LB)/Z, XLA = LA — XAZ — LB,
XRA = Xaz — LA. (2)

When there are non-overlapping regions of the
two filaments (SL > 2LA4 + LB, Fig. 1Al), only the
units where x; > xra can form cross-bridges without
the modification to the rate constant. For those
cross-bridges located in non-overlapping regions
(x; € xgra), the rate constant becomes attenuated as
the distance to the MH extends further from the thin
filament end:

eXp(—(xRA—x,-)z/a%{), x; < XRA
Ara(SL,i)=<¢ 1,

exp <_<xi - XAZ)Z/CZ%{) y Xi = XAZ

XRA < X;<XaAz,

(3)

where a step function is smoothed at the ends so that
¥ra Changes continuously with respect to SL. The
third condition of Eq. (3) becomes effective for deter-
mining K50 and Koy in Eq. (1) when no overlapping
state appears at the right ends of MF (Fig. 1A3). The
genesis of the ascending limb in the force—length rela-
tion in regions of SL shorter than the optimal length is
a controversial issue. For this model, we assumed that
the formation of the cross-bridge was inhibited for
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MHs in the double overlap region of the thin filament
(Fig. 1A2, SL < 2LA — LB):

1, X > XLA
4)

The parameters ag and gy determine how rapidly
the MHs at the borders of overlapping zone lose their
capability to form attached bridges as they become
distant from the filament ends. The values were
adjusted to agree with the experimental force-length
relation and are listed in Table 1. Finally, the MHs at
the edges of the filament (i = 1 and nu) were assumed
to always have N-state neighbors on their null side.

— %\ /g2 A
XLA(SL7 l) = {CXp (_(XLA X,) /aL)a Xi < XLA )

Monte Carlo Simulation

The MC simulation was performed according to the
following rules. For a given random number r € [0, 1]
generated for each unit (ith MH) at each time interval
([t, t + A1), the state ‘w; (either ON, 1N, OP, or 1P) at
time 7 transitions to the new state ‘"% a; = Ta,(‘a;) dur-
ing the time interval [z, ¢ + Ar] at all MHs as follows:

IN, 0<r< AtKqy[Cal

Ta(ON)=¢ OP, AtKoy[Ca] <r<At(Kon[Ca]-+7"Knpo)
ON, At(Kon[Ca]+7" Knpo) <r<1
ON, 0<r<AtKy

Ta(IN)=<{ 1P, AtKyy<r< At(Koff+y”Knp1)

IN, At(Kot+y"Kap1) <r<1
IN, 0<r <Aty Kom
Ta(1P)=d OP, Aty Ko <r < Aty Komi +Kly)
1P, At(y™" Kpm +Kigp) <r<1
IP, 0<r<A‘K,,[Ca]
Ta(0P)={ ON, AR, [Ca] <r < Ar(R, [Cal+7~" Kono)
OP, At(K:,[Ca]+y™"Kpno) <r<1

The time interval At was chosen so that none of the
values with the coefficient A¢ in the third condition of
each rule set exceeds 1. The parameter 7 is the number
of nearest-neighboring MHs (i — 1th and i + Ith
MHs) in the P-state at time z.

These transition rate constants were adopted from
Rice er al.'” and modified. Some transition rates
between the P-state and N-state were calculated with
the parameters Q, Kpasic, 4 and y (Table 1) as follows:

KnpO = QKbasic/,u7 Knpl = QKupasic, Kpno = Kbasic'}’zy
Kpnl = Kbasic'y2> I<gn = Kon, Kff = Koff//L (5)

8}
| BIOMEDICAL ENGINEERING SOCIETY™
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To reproduce the SL dependence of [Casy} on force—
pCa relations,™'* we introduced the SL dependence of
0. We found that the best results were obtained with
the Q value decreasing from Qy = 3 linearly with
inclination ap = 1.4 um™" as the SL becomes shorter
from SLy = 2.2 pm.

(o, SL> SLq
Q(SL) = { 00— ag(SLo— SL), SL<SLy ©

The parameter values are summarized in Table 1.

Approximation by the ODE Model

There are 4™ combinatory states for the model
consisting of nu regulatory units. First, we introduced
a linear ODE that gives the transitions of probability
distribution of these combinatory states for a given Ca
transient. This ODE provides a probability distribu-
tion that correlated well with the previously described
MC simulation. However, the direct solution of this
ODE is impractical because of the large number of
degrees of freedom (4™ with nu = 36 in our case).
Therefore, we introduced a reduced ODE to obtain the
averaged probability of the four states at each regu-
latory unit for the solution of the original ODE.

Each of the four states is represented by four integers:

ON 1, IN« 2, 1P« 3, 0P < 4 (7)

The probability distribution “P” can then be rep-
resented as a linear combination of the 4™ combina-
tory states:

P= > Pki,..km)elkr, .. k), (8)

1<ky .k <4

The following conditions are fulfilled for the
coefficients.

Pk, ...
1Sk1~-kmls4

7km1) = 17 P(kl7~~'7kl1u) > 0 (9)

Here, the basis vector e(ky,...,k,,) corresponds to
the combinatory states of nu units given in Eq. (7), and
P(ky,....k,,) is interpreted as the probability of the
total number of units to take this combinatory state.

The vector space representing probability distribu-
tions is composed of m = 4" basis vectors. Because
we require nu = 36, the dimension m becomes so large
that a single vector cannot be stored in the memory of
a common computer. However, the transition kinetics
of the probability distribution can be expressed by a
simple linear ODE as follows.

For any given time 7z, we define a linear transfor-
mation ‘A that represents the transition kinetics at
time ¢ for the combinatory states by giving its action on
the basis vectors:
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‘A-elky,.. k)= Z Z " (ki) W (Kist))y

1<i<nu 1</<4

Xe(kl,.,.,ki_l,l,/Ci+1,...,k,m), (10)
where i indicates the N- or P-state by
Y(1) =N,¥(2) =N,y(3) =P,y(4)=P.  (11)

that the properties in Eq. (9) are preserved if the initial
distribution satisfies them.

Let D; and D" (1<i<nu, & n =P or N) be
projections from the combinatory probability distri-
bution vector space to the four-dimensional vector
space defined by

Di'ek,...,k,-,...,k,m = ki, 15
'AAE N1 is the (Lk)-component of the 4 x 4 matrix e ) = elk) (15)
given by and
‘:Kont[ca] -y —npO Kosr _ 0 7" Kpno
Kon'[Ca] =Kot — V" Knpt 77" Kpni 0
tAi , — on >0 np R pn ) . 12
(é 77) 0 B ynKnpl -7 nKpnl - Kgff K,ont[ca] _ ( )
7" Knpo 0 off =" Kpno — Ki,'[Cal

Here, 1 is determined from ¢ and # as the sum of the
P-state, the tramsition rates with the overlines are
determined from the position of the ith MH (as in
Eq. 1), and ‘[Ca] is the free Ca concentration at time 7.
From the assumption on the boundary, we can assume
that kg = k,,+1 = 1 always holds true in Eq. (10).

It is assumed that the probability distribution P at
time ¢ transposes to the mnew distribution
AP = T,,(P) at time ¢ + Az. Using the matrix ‘A
defined in Eq. (10), Tas(e(ky,- .., ku)) (the transition

of the specific combinatory state e(ki,..., ky,)) is
represented as follows:
TA,(e(kl, ce ,knu)) = e(kl, .. ;knu) + AFA-

e(ki, ... k) +O(AP). (13)

The third term from the right-hand side of Eq. (13)
is composed of components with coefficients greater
than or equal to the second order of Az. These com-
ponents correspond to the states that are different
from e(ky,...,k,,) for more than one unit. Thus, by
taking the limit Az — 0, the transition kinetics of the
probability distribution ‘P is given by the following
linear ODE.

ar ,
pr A-'P (14)

From Egs. (10) and (12), it is apparent that the
matrix ‘A has 2nu non-zero off-diagonal entries in each
column and row when it is represented as the 4™ x 4™
matrix on the basis of {e(ki,...,ku)}. It is also clear
that all off-diagonal entries are non-negative and that
their sum in each column cancels out exactly with the
corresponding diagonal entry. Hence, it can be shown

Dié-ﬂ -e(ky, .. .‘,kl-, ey ko)
[k ¥tk = and yl) = (16)

0 otherwise,

where e(k), (k = 1, 2, 3, 4) is the kth unit vector.

Let «]; denote the state probability that the i-th
MH is in state a(= ON, IN, OP, or 1P) and ¢, o, 5
denote the combinatorial probability that the ith MH
is in state a(= ON, IN, OP, or 1P), and the right and
left neighbors are in state & and n(=N or P), respec-
tively, at time ¢. Thus, with four-dimensional column
vectors:

‘p; = ['[ON],, [IN],,‘[1P],'[0P]]" = D;- ‘P (17)
and
P = [1E, 0N, nl,, “[€, IN, 7], '[&, 1P, ), '[€, 0P, ],]"
=D. P, &5 =N or P,(18)

The transition kinetics of the ith MH can be
described as follows:

d'p; t toém s
pr Z Ai(&m)-'pri=1,.. . nu (19)
&n=N,P

Understandably, this equation cannot be solved as
an ODE because it requires the combinatory proba-
bility ‘[, o, n]; at the right-hand side, whereas the
variables of the ODE are the state probabilities [a];.
Accordingly, the vector 'p;" and its component (‘[&, o,
n]s) require approximation using information available
from the MC simulation. For this purpose, we focus
on the correlation between the combinatory probabil-
ity '[¢, o, n]; and the state probabilities “[f](f = ON,
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