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Abstract

Aim: To examine whether dynamic characteristics of the peripheral vagal
control of heart rate (HR) are altered in chronic heart failure (CHF).
Methods: The right vagal nerve was electrically stimulated according to a
binary white noise signal, and the transfer function from vagal nerve stim-
vlation {VINS) to HR was estimated in the frequency range from 0.01 to
1 Hz in five control rats and five CHF rats under anaesthetized conditions.
The rate of VNS was changed among 10, 20 and 40 Hz.

Results: A multiple linear regression analysis indicated that the increase in
the VNS rate angmented the ratio of the high-frequency (HF) gain to the
steady-state gain in the control group but not in the CHF group. As a
result, the dynamic gain of the transfer function in the frequencies near
1 Hz decreased more in the CHF group than in the control group.
Conclusion: Changes in the dynamic characteristics of the peripheral
vagal control of HR may contribute to the manifestation of decreased HF
components of HR variability observed in CHF.

Keywords transfer function, vagal nerve stimulation, white noise analysis.

Heart rate (HR) is mainly governed by the auto-
nomic nervous systern. The dynamic HR response to
autonomic nervous activity is important for moment-
to-moment adjustments of cardiac function during
daily activity. High-frequency (HF) components of
HR variability (HRV) are considered to be an index
of vagal nerve activity, because the dynamic HR
response to vagal nerve activity is faster than that
to sympathetic nerve activity (Akselrod er al. 1981,
Berger et al. 1989, Kawada et al. 1996, Mizuno et al.
2010). The HF components of HRV are known to be
decreased in diseased conditions such as chronic heart
failure (CHF; Task Force of the European Society of
Cardiology 1996, Olshansky ez al. 2008). The inter-
pretation of the HF components can depend on the

activity to HR. For instance, the decreased HF compo-
nents may indicate diminished vagal outflow from the
central nervous system if the transduction property is

not changed between normal and CHF conditions, On
the other hand, there is alsc a possibility that the
decreased HF components are merely the result of
impaired transduction property from vagal nerve
activity to HR in the HF range. To better understand
the significance of the decreased HF components of
HRYV observed in CHF, quantification of the transduc-
tion property becomes essential.

The input—output transduction property of a biolog-
ical system usually reveals dynamic characteristics
(Sagawa 1983). That is to say, the amplitude and the
phase lag of the system response vary depending on
the frequency of the input modulation. In the case of
the vagal control of HR, the transduction property
has low-pass characteristics {Berger et al. 1989, Kaw-
ada ez al. 1996, Mizuno et al. 2010). The amplitude
of the HR response is large when the frequency of
vagal modulation is low, and the amplitude of the HR
response becomes smaller as the frequency of vagal
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modulation increases. It remains unknown, however,
whether the dynamic characteristics of the peripheral
vagal control of HR are altered in CHF. To test the
hypothesis that dynamic characteristics of the periph-
eral vagal control of HR are altered in CHEF, the
transfer functions from efferent vagal nerve stimula-
tion (VNS) to HR were compared between normal
control rats and rats with CHF following myocardial
infarction.

Materials and methods

The study is conform with Good Publishing Practice
in Physiology (Persson & Henriksson 2011). Experi-
ments were performed on adult male Sprague-Dawley
rats.

CHF rats

Mpyocardial infarction was induced under halothane
anaesthesia by ligating the left coronary artery in 8-
week-old rats according to a previously established
procedure (Li et al. 2004, Kawada et al. 2010). After
recovered from the anaesthesia, the rats were fed with
standard laboratory chow ad libitum and with free
access to water. Rats that survived for 8 weeks after
myocardial infarction were used for the CHF group.

Animal preparation

Rats were anaesthetized with an intraperitoneal injec-
tion (2mLkg™!) of a mixture of urethane
(250 mg mL™Y) and a-chloralose (40 mg mL™%), fol-
lowed by a maintenance dose of intravenous continu-
ous infusion of the anaesthetic mixture. The trachea
was intubated and artificial ventilation was performed.
An arterial catheter was lnserted into the right femoral
artery to monitor arterial pressure. A body surface
electrocardiogram was recorded, and HR was detected
through use of a cardiotachometer.

To avoid a possible contribution from reflexes aris-
ing from cardiopulmonary regions and aortic arch, the
vagi and the aortic depressor nerves were sectioned at
the neck. To minimize reflex changes in efferent sym-
pathetic nerve activity, bilateral carotid sinuses were
isolated from the systemic circulation (Shoukas er al.
1991, Sato et al. 1999, Kawada er al. 2010), and
intracarotid sinus pressure was held at 120 mmHg
during VNS.

A pair of stainless steel wire clectrodes (Bioflex
wire, AS633; Cooner Wire, Chatsworth, CA, USA)
was attached to the sectioned distal end of the right
cervical vagus for efferent VNS. The nerve and elec-
trodes were secured and insulated with silicone glue
{Kwik-Sil; World Precision Instruments, Sarasota, FL,
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USA). The pulse duration was set to 2 ms. The pulse
amplitude was set to supramaximal in each rat using
10-Hz constant VNS so that increasing the amplitude
did not further decrease HR. The resultant amplitude
ranged from 2.0 to 3.5 V.

Protocols

In five control rats and five CHF rats, VNS was
turned on and off every 500 ms according to a binary
white noise signal. The input power spectrum of VNS
was reasonably constant up to 1 Hz, and the transfer
function from VNS to HR was estimated up to 1 Hz.
Three inténsities of VNS (10, 20 and 40 Hz) were
tested in random order in each rat. To avoid possible
confusion in later transfer function descriptions, VNS
frequency will hereafter be referred to as the
VNS rate. The binary white noise input using each
VNS rate was applied for 15 min.

Data analysis

Data were sampled at 1000 Hz using a 16-bit ana-
logue-to-digital converter and stored on a dedicated
laboratory computer system. The transfer function
from VNS to HR was estimated by treating VNS as the
system input perturbation and HR as the system output
response {Mizuno et gl. 2010). The coherence was also
calculated as an index of linear dependence of the sys-
tem output on the input perturbation. The coherence
takes values from zero to unity. Zero coherence indi-
cates total independence between the input and output
signals. Unity coherence indicates that the output was
perfectly explained by linear dynamics of the input.

Transfer function model

While we previously used a first-order low-pass filter
with pure dead time to describe the transfer function
from VNS to HR in rabbits (Kawada et al. 1996,
Nakahara et al. 1998, Miyamoto et al. 2004, Mizuno
et al. 2007), this model was not necessarily the best
model to describe the transfer function from VNS to
HR in rats (Mizuno et al. 2010). To better describe
the estimated transfer function in rats, we employed a
following new model (Kawada et al. 2012):

H(f,} = —K <)1 ““““ 5{ N R) g“?‘”ﬂ"’f

where j denotes the imaginary units; K (in bpm Hz ™)
is the steady-state gain which is an asymptote of
dynamic gain of H{f) as the frequency tends to zero;
fc (in Hz) is the corner frequency corresponding to a
first-order low-pass filter; L {in s) is the pure dead
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time; and R (no units) is the ratio of the HF gain to
the steady-state gain. As the frequency increases
beyond the corner frequency toward infinity, the
dynamic gain of H(f) asymptotically approaches XR.
When R equals zero, H(f) reduces to a simple first-
order low-pass filter with pure dead time used in the
previous studies. Hereafter in this study, R is referred
to as ‘relative HF gain’,

Statistical analysis

All data are presented as mean :t SE. Differences in
transfer function parameters were analysed by a multi-
ple linear regression as follows (Glantz & Slinker
2001y

p = C+ Byns X Dyns + Benr X Donr + Blnteraction X
Dyns % Dear
+ By X Dyyg + -+ Bypa X Dya
4+ By XDyp 4+ Bua X Dug

where p represents each parameter value; C is a
constant term or an intercept of the multiple linear
regression; Byns is a coefficient for the VNS effect;
Dyng 18 a dummy variable encoding the VNS rate
(Dyns = 0 for 10 Hz, Dyns =1 for 20 Hz, and
Dyng = 2 for 40 Hz); Bewpr is a coefficient for the
CHF effect; Depr is a dummy variable encoding the
CHF animals (Dcwur = 0 for the control rats, and
Deyr = 1 for the CHF rats); Brueraction 18 2 coefficient
for the interaction effect between Dyns and D
D, through D, are dummy variables encoding five
different animals in the control group; D,; through
D,4 are dummy variables encoding five different ani-
mals in the CHF group (see Table 1); and B,
through B,,4 and B, through B,s are coefficients for
inter-individual variations. Note that C is an estimate
of the parameter value corresponding to the transfer
function obtained by 10-Hz VNS (Dyng = 0) in the
control group (Degr = 0). Byws, Bopr and Brueraction
were tested as to whether they were significantly dif-
ferent from zero, with a significance level set at
P < 0.05 (Glantz & Slinker 2001).

Results

Figure 1 represents typical results obtained from a
control rat. Dynamic HR responses to the binary
white noise inputs using 10, 20 and 40-Hz VNS are
shown in Figure 1a. After the onset of VNS, HR
decreased intermittently in response to the binary
VNS. As the VNS rate increased, the magnitude of
dynamic HR response increased. The group-averaged
decreases in mean HR relative to the pre-stimulation
HR were 5444, 84+ 14 and 137 £+ 17 bpm
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Table | Dummy variables encoding experimental animals

Dnﬂ sz Dm?} Dm4 sz‘i Dnz Dn?, Dn4

Control 1 0 0 0 0 0 0 0
no. 1

Contrel 0 1 0 0 0 0 0 0
no. 2

Control 0 0 1 0 0 0 0 0
no. 3

Control 0 0 0 1 0 0 0 0
no. 4

Control ~1 -1 -1 -—1 Q 0 0 0
no. §

CHF 0 0 g 0 1 0 0 0
no. 1 .

CHF 0 4] 0 0 0 1 0 0
no. 2

CHF 0 0 ] 4] 0 0 1 0
no. 3

CHF 0 0 0 0 0 0 0 1
no. 4

CHF 0 0 0 6 -1 -1 -1 - i
no. 5

To encode five different animals, four dummy variables are
needed in each group. The encoding does not cross the
boundary between the control and chronic heart failure
(CHF) groups. Effects coding was used to model the inter-
individual differences (Glantz & Slinker 2001).

{13 £ 1, 19 £ 3, and 32 £ 3%) during 10, 20 and
40-Hz VNS respectively. Transfer functions from VNS
to HR are depicted in Figure 1b. The solid lines are
the calculated transfer functions, and the grey smooth
lines are the corresponding model transfer functions.
The dynamic gain became smaller as the frequency
increased during 10-Hz VNS, indicating low-pass
characteristics of the system. The dynamic gain, how-
ever, did not fall off smoothly during 20-Hz VNS,
and the gain plot exhibited a plateau in the frequen-
cies above 0.3 Hz. The gain plot became much flatter
during 40-Hz VNS. The phase approached —7x radians
at the lowest frequency, reflecting the negative HR
response to VNS, The coherence was close to unity in
the frequencies below 0.1 Hz and decreased slightly in
the frequencies above 0.1 Haz.

Figure 2 shows typical results obtained from a CHF
rat. The magnitudes of dynamic HR responses to bin-
ary VNS were smaller than those in the control rat
(Figs 2a vs. la). The rapid restorations of HR to base-
line HR were not observed during 20- and 40-Hz
VNS in the CHF rat, The group-averaged decreases in
mean HR relative to the pre-stimulation HR were
46 + 8,71 + 12 and 157 £ 24 bpm (12 £ 2,18 £ 3
and 38 £ 6%) during 10, 20 and 40-Hz VNS respec-
tively, The transfer function from VNS to HR
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Figure 1 (a) Typical experimental data showing the binary white noise input using vagal nerve stimulation (VNS} and corre-
sponding heart rate (HR) response in a control rat. The VNS rate was changed among 10, 20 and 40 Hz. (b) Transfer functions
from VNS to HR corresponding to the time series data. The thin black lines indicate the estimated transfer functions. The bold
grey lines indicate the fitting results of the model transfer functions.

revealed low-pass characteristics in the CHF rat
(Fig. 2b}. In contrast to the normal rat, the increase in
the VNS rate did not manifest a plateau of the
dynamic gain in the higher frequency range. The
phase approached —n radians at the lowest frequency
and delayed smoothly as the frequency increased. The
coherence was close to unity during 10-Hz VNS,
There were decreases in coherence in the frequencies
above 0.4 Hz during 20-Hz VNS. The coherence
became lower during 40-Hz VNS compared to that
during 20-Hz VNS,

Figure 3 depicts group-averaged transfer functions.
The shape of the transfer function during 10-Hz VNS
was similar between the control and CHF groups,
except for a nearly parallel downward shift in the gain
plot in the CHF group. The shape of the transfer func-
tion during 20-Hz VNS differed between the control
and CHF groups in that there was a plateau in the
gain plot above 0.5 Hz in the control group. The
plateau in the gain plot became more overt and

© 2012 The Authors . )
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occurred above 0.3 Hz during 40-Hz VNS in the con-
trol group. The relative HF gain in the model transfer
function Is frequency independent, which means that
the increase in the relative HF gain reduces the phase
delay (Fig. 4b, middle}. As can be seen in Figure 3,
the magnitades of phase delay from —r radians in the
higher frequency range were smaller in the control
group compared to the CHF group during 20 and 40-
Hz VNS, The results of the multiple linear regression
analysis on the transfer function parameters are sum-
marized in Table 2.

Discussion

Although HF components of HRV are known to be
decreased in CHF (Task Force of the European Soci-
ety of Cardiology 1996, Olshansky et al. 2008), the
present study is the first to demonstrate changes in the
dynamic characteristics of the peripheral vagal control
of HR in CHF.
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Figure 2 {a) Typical experimental data showing the binary white noise input using vagal nerve stimulation (VNS) and
corresponding heart rate (FHR) response in a rat with chronic heart failure. The VNS rate was changed among 10, 20 and

40 Hz. {b) Transfer functions from VNS to HR corresponding to the time series data. The thin black lines indicate the estimated
transfer functions. The bold grey lines indicate the fitting results of the model transfer functions.

Effects of CHF and VNS rate on the steady-state gain

The steady-state gain, K, determines vertical location
of the transduction property in the gain plot (Fig. 4a,
top) without influencing the phase plot (Fig. 4a, mid-
dle). An increase in the steady-state gain is associated
with an augmented step response of HR (Fig. 4a, bot-
tom). The effect of CHF {Bcyp) on the steady-state
gain was significantly negative (Table 2), suggesting
overall depression of the peripheral vagal control of
HR in the CHF group compared to the control group.
Several factors are considered to attennate the HR
response to VNS as follows. Bibevski & Dunlap
(1999) have suggested that parasympathetic ganglionic
transmission is attenuated in heart failure. Angioten-
sin II, which is known to be increased in CHF condi-
tions {Riegger 1985), attenuates myocardial interstitial
acetylcholine release in response to VNS (Kawada
et al, 2007) and reduces the dynamic gain of the
transfer function from VNS to HR (Kawada et al.
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2009). Du et al. (1998) demonstrated that blockade
of angiotensin Il type 1 receptors by losartan-
enhanced bradycardia induced by VNS in rats with
chronic myocardial infarction. Besides the effect of
CHF, the effect of VNS rate {Byns) on the steady-
state gain was also significantly negative, suggesting
that the HR response became saturated and did not
increase in proportion to the increased VNS rate. The
decrease in the steady-state gain at higher VNS rates
is consistent with the study by Berger et al. (1989)
where the canine atrial response was examined.
Interactions exist between the sympathetic and para-
sympathetic nervous systems in regulating HR. In a pre-
synaptic mechanism, noradrenaline released from the
sympathetic nerve endings inhibits acetylcholine release
from the vagal nerve endings through ¢y-adrenergic
receptors (Wetzel et al. 1985). In a postsynaptic mecha-
nism, accumulation of cyclic AMP in the sinus nodal
cells by p-adrenergic stimulation augments the dynamic
vagal control of HR (Nakahara ef 4l 1998). Levy
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Figure 3 Group-averaged transfer functions from vagal nerve stimulation (VNS) to heart rate obtained from the control group
{black lines} and the chronic heart failure {(CHF) group {grey lines). The thick and thin lines indicate mean and mean & SE

respectively.

{1971} termed the phenomenon that the vagal control
of HR is augmented by concomitant sympathetic acti-
vation as accentuated antagonism. In a present study,
changes in efferent sympathetic nerve activity were min-
imized within individual animals by disabling the ba-
roreflexes. However, it is plausible that the CHF group
had higher basal sympathetic tone than the control
group {Riegger 1985). While the accentuated antago-
nism does not conform to the attenuation of the steady-
state gain, the presynaptic inhibition might have con-
tributed to the attenuation of the steady-state gain in
the CHF group.

Effects of CHF and VNS rate on the relative HF gain

The relative HF gain, R, modifies the transduction
property of dynamic gain in the higher frequencies
(Fig. 4b, top). An increase in the relative HF gain
reduces the phase delay (Fig. 4b, middle) and
enhances the initial drop seen in the step response of
HR (Fig. 4b, bottom). A new finding of the present
study is the augmentation in the relative HF gain with
increasing the VNS rate, as evidenced by the positive
Bywg on the relative HF gain (Table 2). Furthermore,
the effect of VNS rate on the relative HF gain was
totally cancelled by the interaction effect (the negative

© 2012 The Authors
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Bieraction With approximately the same absolute value
as the positive Byyg), indicating that the increase in
the VNS rate did not augment the relative HF gain in
the CHF group. It can be interpreted that increasing
the VNS rate enhanced the initial drop of the step
response of HR in the control rats but not in the
CHEF rats. A previous study in rabbits has shown that
a direct action of acetylcholine through muscarinic
potassium (Kacp) channels plays an essential role in
the HR control at high VNS rates compared to a cyc-
lic-AMP-mediated indirect pathway (Mizuno et al.
2007). Because Kaep changels regulate rapid HR
response, it is conceivable that the increase in the
VNS rate increased the contribution of Kacpn chan-
nels, resulting in the augmentation of dynamic gain in
the higher frequency range in the control group. The
density of Kacyn channels and the sensitivity of Kach
channels to Gi-mediated channel activation are
reduced in atrial myocytes isolated from failing
human hearts compared to donor atria (Koumi et al.
1994). The reduced Kacp channel density and sensi-
tivity may lead to the loss of the high VNS rate-
induced augmentation in the relative HF gain in the
CHEF group.

Cerutti ef al. (1991) defined the HF band in rats to
be above 0.75 Hz based on the spectral analysis of
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Figure 4 Schematic presentation of the effects of transfer function parameters. Gain plots (top panels), phase plots {middle pan-
els) and step responses of heart rate (HR) derived from the transfer function (bottom panels) are shown. {(a) The steady-state
gain, K, determines overall responsiveness of HR. (b} The relative high-frequency gain, R, determines the magnitude of initial
drop of the HR response. {¢) The corner frequency, fc, determines the rapidness of the HR response. In all panels, the solid lines
represent the transfer function and step response derived from 10-Hz vagal nerve stimulation in the control group. The dotted
lines indicate the effects of twofold increase in each parameter. The dashed lines indicate the effects of decreasing each parame-

ter to 0.5-fold of the control value.

Table 2 Results of multiple linear regression analysis

C BVNS BCHF B}memctim RZ
K (bpm Hz ™) 8.87 & 0.42 -0.93 & 0.32** ~2.31 £ 0,59** 0.04 £ 046 0.87
fo (Hz) 0.050 + 0.015 0.004 + 0.012 —-0.005 = 0.022 0.044 + 0.017* 0.72
L (s} 0.31 3 0.02 0.04 & 0.02 0.03 £ 0.03 ~0.0002 £ 0.027 0.54
R 0.14 4+ 0.04 0.15 & 0.03** —0.03 £ 0.06 —0.14 & 0.04** 0.77
~3 dB point {Hz} 0.042 &+ 0.032 0.053 £+ 0.025* 0.006 £+ 0.046 ~0.008 % 0.035 0.49

K: steady-state gain; fer corner frequency; L: pure dead time; R:

the ratio of high-frequency gain to the steady-state gain in the

transfer function from vagal nerve stimulation (VNS) to heart rate; —3 dB point: the point at which frequency the dynamic gain
decreases by 3 dB relative to the steady-state gain; C: constant; Byws: coefficient for the effect of VNS rate; Bepr coefficient for
the effect of chronic heart failure (CHF); Binteracon: coefficient for the interaction between the effects of VNS rate and CHF.

*P < 0.05 and **P < 0.01 by a multiple linear regression analysis.

HRV. In this frequency band, the discrepancy in the
dynamic gain between the control and CHF group
became magnified during 20- and 40-Hz VNS (Fig. 3).
Therefore, the depression of the HF components in
CHEF can occur due to changes in the dynamic charac-
teristics of the peripheral vagal control of HR even if
the vagal outflow from the central nervous system
remains unchanged. The upper frequency bound of

500

the HF band was 3.85 Hz (a half of 1/130 ms) in the
study by Cerutti et al. (1991). In the present study,
however, the transfer function was identified only up
to 1 Hz. This is because HR decreased as low as
100 bpm (1.66 Hz) during intense VNS (Fig. 1a). If
we assume that 1.66 Hz is an effective sampling fre-
quency of the HR signal, the valid upper bound for
the spectral calculation becomes 0.83 Hz.

© 2012 The Authors
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Effects of CHF and VNS rate on the corner frequency

The corner frequency, fc, determines horizontal loca-
tion of the transduction property in the gain plot
(Fig. 4c, top). The effect of the corner frequency on
the phase plot is rather complex due to the presence
of relative HF gain (Fig. 4c, middle). An increase in
the corner frequency accelerates the step response of
HR (Fig. 4¢, bottom). The effect on the corner fre-
quency was significantly positive only in the interac-
tion effect (Biyeraction)s Suggesting that the increase in
the VNS rate increased the corner frequency in the
CHF group alone. However, if we calculate the corner
frequency based on another definition (the point at
which the dynamic gain decreases by 3 dB from the
steady-state gain), the effect of VNS rate (Byng) was
significantly positive and the interaction effect became
insignificant (Table 2). Berger et al. (1989) pointed
out that the dynamic gain of the transfer function fell
off at a lower frequency when lower mean VNS rates
were used, which is consistent with the positive effect
of the VNS rate on the —3 dB point. Further studies
are required to identify the mechanism for changes in
the corner frequency induced by the increase in the
VNS rate. Nonlinearity of the HR response may be
involved in the changes in the corner frequency,
because the coherence values were lower during
40-Hz VNS, especially in the CHF group.

Limitations

Several limitations need to be noticed. Because this
study was performed under urethane and «-chloralose
anaesthesia and surgical preparation, autonomic tone
might have been different from conscious physiological
conditions. The anaesthesia and surgical preparation
might have also affected the autonomic control of HR.
However, becanse we stimulated the distal end of the
sectioned vagal nerve and observed the HR response
under the same experimental settings, comparison
between the control and CHF groups may be valid.
We have examined three intensities of VNS rate.
Although comparing the VNS rate to physiologic levels
is difficult, if we assume that physiologic levels of effer-
ent vagal nerve traffic exert a 10% reduction relative to
a baseline HR (Mizuno et gl 2011), judging from
the per cent decrease in mean HR during VNS, 10-Hz
VNS may be most relevant in the physiologic sense. The
40-Hz VNS must be interpreted as an extreme case.

Conclusion

We have shown that the dynamic characteristics of
the peripheral vagal control of HR differ between the
control and CHF groups. In the CHF group, the high

© 2012 The Authors
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VNS rate-induced augmentation in the relative HF
gain was not observed. As a result, the dynamic HR
response to VNS was significantly depressed in the HF
range in the CHF group compared to the control
group. In addition to the reduced vagal outflow from
the central nervous system and attenuated parasympa-
thetic ganglionic transmission, changes in the dynamic
characteristics of the peripheral vagal control of HR
may contribute to the manifestation of decreased HF
components of HRV observed in CHF. The depression
of the HF components does not necessarily indicate
the reduced vagal outflow from the central nervous
system. The VNS is explored as a replacement treat-
ment of diminished vagal tone in CHF (Li et 4l. 2004,
Schwartz  2011). Careful interpretation may be
required as to the depression of HF components in
CHF if it is used to assess the vagal tone for the selec-
tion of possible target patients of the VNS therapy.
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Appendix A mathematical model for the
transfer function from VRS to HR in rats

The newly proposed transfer function model has a
degree of freedom sufficient to describe the transfer
function from VNS to HR observed in the present
study. The fitting was performed in the frequency
domain to minimize the following error function
(Kawada et al. 2012).

fe=fxk

where log indicates a complex logarithmic function,
is the fundamental frequency of the Fourter transforma-
tion, k is the index of frequency, and £ is the k-th fre-
quency. H{fy) and M{f;) are the estimated and model
transfer functions respectively. This error function
allows simultaneous approximation of gain and phase.
N indicates the number of data points to fit and was set
to 102 to approximate the transfer function up to 1 Haz.
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Abstract. In short QT syndrome, inherited gain-of-function mutations in the human ether a-go-
go-related gene (hERG) K channel have been associated with development of fatal arrhythmias.
This implies that drugs that activate hERG as a side effect may likewise pose significant arrhyth-
mia risk. hERG activators have been found to have diverse mechanisms of activation, which may
reflect their distinct binding sites. Recently, the new hERG activator ICA-105574 was introduced,
which disables inactivation of the hERG channel with very high potency. We explored character-
istics of this new drug in several experimental models. Patch clamp experiments were used to
verify activation of hERG channels by ICA-105574 in human embryonic kidney cells stably-
expressing hERG channels. ICA-105574 significantly shortened QT and QTc intervals and mono-
phasic action potential duration (MAPy) in Langendorff-perfused guinea-pig hearts. We also ad-
ministered ICA-105574 to anesthetized dogs while recording ECG and drug plasma concentrations.
ICA-105574 (10 mg/kg) significantly shortened QT and QTc intervals, with a free plasma concen-
tration of approximately 1.7 uM at the point of maximal effect. Our data showed that unbound
ICA-105574 caused QT shortening in dogs at concentrations comparable to the half maximal ef-

fective concentration (ECso, 0.42 uM) of hERG activation in the patch clamp studies.

Keywords: hERG activator, QT and QTc interval, KCNH2, I, channel, pro-arrhythmia

Introduction

The rapid delayed rectifier K™ channel current (/)
conducted by the human ether a-go-go-related gene
(hERG, now termed KCNH2) channel is a major con-
tributor to repolarization of the cardiac action potential
(1). Loss-of-function mutations in hERG are associated
with long QT syndrome (type LQT-2), which is a syn-
drome characterized by prolonged QT intervals on the
electrocardiogram (ECG) and a ventricular tachycardia
called torsades de pointes (TdP) (1, 2). There is an ac-
quired form of long QT syndrome typically caused by
blockade of /x, by commonly prescribed drugs, which
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can result in serious consequences including lethal ar-
rhythmias and/or cardiac sudden death (3). In contrast,
little is known about the consequences of enhanced acti-
vation of the hERG channel, whether induced by genetic
mutations or by pharmacological intervention. A form of
inherited short QT syndrome (SQT-1) associated with a
gain-of-function mutation in the hERG channel was first
reported in 2004 (4). At the cellular and tissue level,
hERG activators have been employed to simulate SQT-1
and explore the cellular basis for its arrhythmogenesis.
Based on structure—action-relationship analysis of hRERG
channels, previous hERG activators can be classified into
at least two types. The drug RPR260243 binds to residues
located near the intracellular end of the S5 and S6 trans-
membrane segments of the hERG channel and augments
Ik currents by a dual mechanism of slowed deactivation
and attenuated P-type inactivation. Alternatively, PD-
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118057 binds to the pore helix and the nearby S6 segment
and enhances I, currents by attenuating inactivation with
little effect on deactivation.

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

Materials and Methods

Patch-clamp experiments

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

Animals

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

ECG and MAP in Langendorff-perfused guinea-pig
hearts

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

ECG recordings in anesthetized dogs

Surface lead Il ECG was measured in four anesthetized
male beagles (body weight, 11 —17 kg) as described
previously (12). The dogs were anesthetized initially
with 30 mg/kg sodium thiopental, i.v. (Mitsubishi Tanabe
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Pharma, Osaka) and maintained in the anesthetized
condition with inhalation of 1% halothane (Takeda
Chemical Industries, Osaka). The ECG data were ac-
quired with a polygraph system (RM-6000; Nihon
Kohden, Tokyo) and recorded on graph paper as well as
onto a computer at 1 kHz. Data analysis was performed
with software WinVAS3 Verl.1 (Physio-Tech, Tokyo)

or manually using calipers. The ECG parameters studied -

were spontaneous heart rate, QRS duration, PR, QT, and
QTc intervals. ICA was administered at two doses, 1 and
10 mg/kg, as a 10-min intravenous infusion every 30 min
and compared with vehicle-only infusion. In two of the
four dogs, a 3 mg/kg dose was studied as well. Each ECG
parameter was evaluated before the start of infusion and
at 5, 10, 15, 20, and 30 min after the start of infusion at
each dose. In addition, at the highest dose of 10 mg/kg
ICA-105547, ECG parameter evaluation was extended to
include the time points 45 and 60 min after the start of
the infusion.

Analytic determination of drug exposure

Plasma concentration of the drug was determined in
the plasma samples obtained from the same animal in
which surface ECG was monitored. Blood was sampled
from the femoral vein at 5, 10, 20, and 30 min after the
start of drug infusion and additionally at 60 min for the
highest dose. The plasma was collected from the super-
natant of blood samples except for the vehicle sample
after centrifugation at 1500 g for 30 min at 4°C and
stored at —80°C until the drug concentration was mea-
sured. Plasma concentration of ICA-105574 was deter-
mined by HPLC (Agilent 1200, Agilent Technologies or
CLASS-VP, Shimadzu, Kyoto) and MS/MS (API 3000
or API 5000; AB SCIEX, Foster City, CA, USA). The
protein binding ratio of ICA-105574 in canine plasma
was determined by a micro-scale ultracentrifugation
method (13) using UPLC/MS/MS (Waters, Milford, MA,
USA). Estimated free drug plasma concentrations were
calculated using the results of the protein binding ratio
(98.8%).

Statistics

All values are presented as the mean = S.E.M. Graphi-
cal and statistical analysis were carried out using Origin
8.0J (Microcal, Northampton, MA, USA) or SAS (SAS
9.1.3, SAS Institute, Cary, NC, USA), respectively.
Statistical significance was assessed with Student’s z-test
for paired comparisons and adjusted by a Bonferroni
method for multiple comparisons, unless otherwise noted.
Time-dependent effects of ICA were analyzed in each
group using one-way repeated measures ANOVA with
the time as the factor of the analysis, followed by a
Bonferroni post hoc test. Differences with P value < 0.05

were considered to be significant.

Chemicals

ICA-105574 was synthesized by the Medicinal Chem-
istry Research Laboratories of Mitsubishi Tanabe Pharma
Co. In the in vitro and ex vivo experiments, ICA-105574
was dissolved with DMSO (Sigma-Aldrich, St. Louis,
MO, USA) as a stock solution and diluted with bath solu-
tion or Krebs-Henseleit solution just before use. The final
concentration of DMSO in test solutions was 0.1% (v/v).
For the in vivo experiments, ICA-105574 was dissolved
with vehicle (10% N,N-dimethylacetoamide; Kanto
Chemical Co., Inc., Tokyo), 70% polyethylene glycol
400 (Wako Pure Chemical Industries, Ltd., Osaka), and
20% water for injection (Otsuka Pharmaceutical Factory,
Inc., Tokushima) up to 10 mg/mL. '

Results
ICA-105574 increased hERG currents during the depo-

larization step
Figure 1 confirms that ICA-105574 synthesized by us

activated hERG currents as described previously (5).

ICA-105574 enhanced the hERG currents during test
pulses to 10 mV in a concentration-dependent manner.
The ECso value was estimated as 0.42 + 0.04 uM with a
Hill coefficient (ng) of 2.5 £+ 0.3. The maximal increase
in current amplitude (Em.) for ICA-105574 was 5.5+
0.3—fold greater than the control current. ICA-105574
had little effect on the peak tail currents at =50 mV (Fig.
1A) and at —120 mV (Fig. 1B), and it slowed deactivation
as described previously (5).

Analysis of the I-V relationship (Fig. 1B) showed that
ICA-105574 enhanced peak hERG currents at test volt-
ages (Vt) more positive than —50 mV (5). Under control
conditions, the I-V relationships produced a bell-shape
curve (maximal at 0 mV) which reflects the inward rec-
tification of hERG channels resulting from slow activa-
tion and fast inactivation (14, 15). ICA-105574 at 2 uM
significantly enhanced peak hERG currents at Vt greater
than —50 mV and abolished the inward rectification,
suggesting that the P-type inactivation was progressively
shifted to positive potentials as previously reported (5).
As aresult, the relative increase in peak currents induced
by the activator was more significant at very positive Vit
higher than 10 mV. This result implies that ICA-105574
enhances outward cationic currents during the plateau
phase of the action potential, resulting in acceleration of
ventricular repolarization and shortening of APD.

QT shortening effects of ICA-105574 in guinea pigs
We tested whether ICA-105574 affected ECG and
MAP in guinea-pig Langendorff hearts (Fig. 2). ECG or
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Fig. 1. Effects of ICA-105574 on hERG currents recorded from
HEK?293 cells stably expressing hERG. A: Concentration-dependent
activation of hERG currents by ICA-105574 elicited by 10-mV test
pulses (—50 mV return) from a holding potential of —80 mV as indi-
cated above the traces. Shown are representative traces (left) in the
absence (control; open circle) and presence of ICA-105574 (0.3 uM:
light gray circle, 1 uM: dark gray circle, 3 uM: black circle) and a
concentration-dependent curve of hERG activation (right). Plots show
the mean £ S.E.M. of peak amplitudes at the test pulses (/.st) normal-
ized to control amplitudes before the application of ICA-105574
(n=>5-7). Two or three concentrations were tested in a single cell.
The curve represents the best fit of data points with a logistic model
of nonlinear regression (ECso = 0.42 + 0.04 uM, ny=2.5+0.3). B:
Effects of ICA-105574 at 2 uM on the I-V relationship of hERG cur-
rents. Membrane currents were elicited by 3-s test pulses to voltages
ranging from —70 to +50 mV in 10-mV increments (—120 mV, return)
as indicated above the traces. Representative traces in the absence
(below voltage protocol) and presence of 2 uM ICA-105574 (upper
right) are shown. In the lower panel, the mean + S.E.M. of normalized
amplitude to each maximum amplitude of . in the absence of the
drug are plotted against the test pulse voltages (n = 8).

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

intervals and QTc (B) and QTc¢ (V) intervals were as well
(data not shown). In addition, MAPy recorded at 300
bpm was also shortened by application of 3 uM ICA-
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105574 (P values <0.05, Student’s #-test adjusted by
Bonferroni method vs. vehicle control, n=35). Other
ECG parameters such as spontaneous heart rate, PR in-
terval and QRS duration, were not changed. Because the
bath solution containing ICA-105574 at concentrations

higher than 3 uM produced precipitant in the aerated

Krebs-Henseleit solution, we could not increase the
concentration to higher than 3 M.

Effects of ICA-105574 on ECG parameters in anesthe-
tized dogs

To test in vivo effects, we next examined the effects of
ICA-105574 on the surface ECG in anesthetized dogs.
Typical traces of lead II ECG are shown in Fig. 3A, and
the time course of changes in the ECG parameters are
plotted in Fig. 3B. Values of ECG parameters are sum-
marized in Table 1. The administration of 1 mg/kg ICA-
105574 had no effect on ECG parameters except for an
increase in heart rate by 18% of the pre-treatment control
(n=4, P<0.05), similar to that caused by the vehicle
(17%, n=2), probably due to effects of the solvent.
Administration of the drug at 3 mg/kg (n = 2) or | mg/kg
(n =2) produced no changes. Administration of 10 mg/
kg ICA-105574 significantly shortened QT and QTc (V),
with a maximal change at 10-min after the start of drug
infusion, and significantly increased heart rate by 55% of
the pre-treatment control (n =4, mean from 83 to 121
bpm, P < 0.01). The heart rate recorded at 10 mg/kg was
higher than that of vehicle (by 17%), indicating that ICA-
105574 affected the heart rate at this dose. After infusion
of 10 mg/kg ICA-105574 for 5 — 20 min, QTc (V) inter-
vals were maximally shortened by 20% relative to the
pre-treatment control, respectively (P <0.01). QTc (B)
and QTc¢ (F) intervals were changed as well as QTc (V)
(data not shown).

Drug concentration in plasma

The time courses of free plasma concentrations of
ICA-105574 are summarized in Fig. 4. The peaks of free
drug plasma concentrations were observed at 10-min
after the start of infusion (1 mg/kg: 0.16 £ 0.02 uM,
n=4;3 mg/kg: 0.46 uM, n=2; and 10 mg/kg: 1.67 £ 0.23
uM, n=4), corresponding to the time of maximal
changes in ECG parameters (Fig. 3).

Discussion

The major finding of this work is that intravenous ad-
ministration of the novel hERG activator ICA-105574
significantly shortens rate-corrected QT intervals and
moderately increases heart rates in anesthetized dogs.
This has a major impact on understanding of in vivo ef-
fects of hERG activators on cardiac electrophysiology.

A variety of drugs has been reported to cause acquired
long QT syndrome through inhibition of the hERG chan-
nel. The non-clinical guidance detailed in the Interna-
tional Conference on Harmonization (ICH), S7B suggests
that the potential of compounds to interact with Ik,
(hERG) and to prolong the QT interval in non-rodent
species should be evaluated prior to clinical trials. Com-
pared with the enormous amount of accumulated knowl-
edge on hERG blockers (16), information on the in vivo
effects of hERG activators is limited.

At cellular levels, it has been reported that there are at
least two types of hERG activators (17). The type 1 acti-
vator RPR260243 induces delayed deactivation and a
positive shift in the voltage-dependence of inactivation
(18, 19). In type 2, PD-118057 (20), its analogue PD-
307243 (21), NS1643 (22, 23), and A935142 (24) act
primarily to attenuate inactivation. ICA-105574, the drug
used in the current study, was initially classified as a type
2 drug because it exhibits a robust depolarizing shift in
the voltage dependence of inactivation with modest
changes in activation and deactivation (5, 6). Recently, a
site-directed mutagenesis study (6) revealed that the
binding site on hERG channels for ICA-105574 was
distinct from those of RPR260243 (type 1) and PD-
118057 (type 2), suggesting that ICA-105574 could be
classified as a third type of hERG activator. The binding
site for ICA-105574 has overlap with the binding sites of
the other two types of activators and with common in-
hibitors (Y652). Thus, the underlying effects on hERG
are expected to vary between classes and between drugs
within classes (25).

Selective hERG inhibitors act to delay repolarization
and prolong QT intervals on the ECG in vivo at free
plasma concentrations comparable to hERG ICso. How-
ever, effective potential in vivo is not always comparable
to in vitro efficacy for off-target drugs, which have ef-
fects on autonomic nervous systems or multiple channels
or metabolism, or have indirect effects on the hERG
channel such as block of trafficking (16, 26, 27). In the
in vivo experiments (Fig. 3), ICA-105574 at a high dose
(10 mg/kg) increased heart rates and shortened PR inter-
vals, while ICA-105574 did not affect heart rates and PR
intervals in excised Langendorff hearts (Fig. 2). Thus,
the autonomic nervous system might be involved in the
effects on heart rates and PR intervals possibly by affect-
ing blood pressure (no data). Furthermore, plasma protein
binding may affect the effective dose by limiting effec-
tive exposure in vivo and should be considered when
discussing the correlation between in vitro and in vivo
studies. There is little information on this correlation for
hERG activators. In the current study, we showed that
ICA-105574 shortened QT and QTc¢ intervals in vivo at
similar concentrations to which ICA-105574 activates
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hERG currents in vitro, suggesting that ICA-105574 is
selective for the hERG channel. To our knowledge, this
is the first report to show in vivo effects of an hERG-
activating compound against validated drug plasma
concentrations. The reason that we used anesthetized ani-
mals in this study was that stable ECG was obtained

continuously under controlled with drug plasma concen-
trations compared with conscious animals. The halothane
probably reduces repolarization reserve through suppres-
sion of a slow component of delay rectifiers and the ha-
lothane anesthetized dog model has an extent of repolar-
ization thought to be similar to that in healthy human
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Fig. 3. Effects of ICA-105574 on ECG in anesthetized dogs. A: Shown are representative ECG traces pre-treatment (control)
and after 10 mg/kg ICA-105574 intravenous infusion. B: Time-dependent changes in ECG parameters at each time point after
vehicle (open squares) or 1 (closed squares), 3 (open triangles), and 10 mg/kg (closed triangles) ICA-105574 administration. Error
bars represent the S.E.M. PR: PR interval; QRS: QRS width; QT: QT interval; QTc: corrected QT interval; (V) represent QT
interval corrected by Van de Water’s formula. The numbers of ECG complexes measured were 4 each for the 1 and 10 mg/kg
ICA-105574 administration data and 2 each for the vehicle and 3 mg/kg ICA-105574 administration data. C: Relative changes in
ECG parameters in B were calculated by normalizing values of vehicle or ICA-treated to the pre-treatment values in each

animal.
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Table 1. ECG data of anesthetized dogs

Control ICA ICA Recovery after ICA

(Pre-treatment) (1 mg/kg) (10 mg/kg) (10 mg/kg)
Heart rate (bpm) 83+11 97 £12* 126 + 11%#** 102+ 11*
PR (ms) 119+8 120+ 9 105 + 10* 115+ 11
QRS (ms) 46+ 1 472 48 +2 47 +2
QT (ms) 284+ 12 270+ 12 200 & 9*** 261 + 10%*
QTc (V) (ms) 3057 301+10 245 & 8¥** 295+38
QTc (B) (ms) 330+15 341+ 19 288 & |3k 338+ 14
QTc (F) (ms) 314+9 315+13 255 & 10%** 310+ 10

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

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

volunteers (28).

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

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

Limitations

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

Therefore, the results were not sufficient to assess our
hERG activator’s potential for pro-arrhythmia. As a fu-
ture direction, additional pro-arrhythmic intervention
such as extra-pacing or sympathetic nervous stimulations
may help to provide evidence for whether hERG activa-
tors such as ICA-105574 are pro-arrhythmic or anti-
arthythmic. Because analyzing cardiac dispersion
sometimes helps to understand the mechanisms of pro-
arrhythmic effects, the data obtained from larger animals,
such like dogs in this study, may help provide clues for
novel mechanisms.
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Background: Recent studies, supported by advances in computer science, have successfully simulated
the excitation and repolarization processes of the heart, based on detailed cell models of electrophysiology
and implemented with realistic morphology.

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

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

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

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

CRT, computing, electrocardiogram, mapping

Introduction

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

©2013, The Authors. Journal compilation ©2013 Wiley Periodicals, Inc.
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has recently been revisited.® In fact, many attempts
simulating the ECG based on either a mono- or bi-
domain formulation of the cell model for cardiac
electrophysiology implemented in image-based
models of animal and human hearts have been
reported,* though relatively few studies combine
these heart models with an image based torso with
various organs segmented to reproduce a realistic
ECG.

The major reason for eliminating a realistic
torso model from the ECG analysis is the
computational cost inherent in such large-scale
simulation. Researchers have circumvented this
problem by using the boundary element method
(BEM) either with the torso (thorax) as the
isotropic volume conductor”® or with a realistic
torso model using the two step approach. In this
approach, a priori obtained electrical activity of
the heart is mapped onto a coarse torso model
and the body surface potential is calculated using
either the approximate transfer matrix® or a finite
element solution.® Despite detailed discussion of
the convergence and accuracy of these methods,®”’
we are still unsure whether such approaches
ensure clinically approved accuracy for diseased
individuals with complex anatomy of both the
thorax and heart accompanied by highly variable
modes of cardiac excitation and repolarization.

Recently, we developed a method to simulate
the human body surface ECG using image-based
finite element models of the ventricles and torso,
in which various organs are segmented.’® By
applying a multilevel solution technique to a
composite mesh consisting of a fine mesh for the
heart and a coarse mesh for the torso regions,*! we
solved the large-scale dynamic bi-domain problem
in a computationally efficient manner. In the
study, we applied this technique to the patient-
specific simulation of the body surface ECG. Al-
though the number of subjects studied was small,
we were able to successfully reproduce the body
surface ECGs for patients under various diseased
conditions, thereby showing the potential of this
technique for clinical application in the future.

Method

In this study, the clinical data of patients were
analyzed retrospectively. The study conformed
to the standards set by the latest revision of
the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of The
University of Tokyo. Informed consent was
obtained from all patients regarding the use of
their clinical data.

Study Subjects

Four patients whose laboratory data, in-
cluding computer tomography (CT) scans, were

310 March 2013

Table I.

Patient Characteristics

Patient # Sex Age Diagnosis

1 M 62 chest pain

2 M 73 OMI, p-CABG, CLBBB,
CHF, p-CRT

3 M 65 HCM (dilated phase),
CHF, p-CRT

4 M 26 AR (p-AVR), CHF, Marfan

syndrome susp

OMI = old myocardial infarction; p-CABG = status after cardiac
artery bypass graft; CLBBB = complete left bundle branch
block; CHF = congestive heart failure; p-CRT = status after the
implantation of cardiac resynchronization therapy device; HCM =
hypertrophic cardiomyopathy; AR = aortic regurgitation; p-AVR =
status after aortic valve replacement; susp: suspect of.

available were involved in this study. Profiles of
the subjects are given in Table I. Patient #1 had an
episode of chest pain, but the clinical investigation
revealed no signs of organ abnormalities, and thus
he was considered normal. The other three pa-
tients suffered from severe congestive heart failure
and had undergone implantation of dual chamber
pacemakers for cardiac resynchronization therapy
(CRT). For these two patients, the data before and
after the CRT were analyzed.

Finite Element Model

Details of finite element models of the human
heart and torso have previously been reported.?%
As in these previous studies, only the ventricles
were modeled and the human ventricular myocyte
model of electrophysiology by Ten Tusscher et
al. was adopted.’'® In addition to the three cell
types, that is, endocardial, M-, and epicardial
cells, a Purkinje network with high conduction
velocity was modeled on the endocardial surface.
The average size of each element of the heart
model was 0.4 mm but, due to the dilatation of the
diseased hearts, the number of elements ranged
from 25,067,520 to 64,000,000. We mapped the
fiber orientation to each model. However, because
there is no available technique for measuring the
fiber orientation of beating hearts, we applied
the same orientation obtained from the literature
(http://gforge.icm.jhu.edu/gf/project/dtmri_data_
sets/). For patient #3, a CT scan was performed
only for the heart region, and thus a part of the
thorax on the right hand side was excluded.
Because no deformity was found on the chest
X-ray, we constructed the torso model by
substituting the missing part with a mirror image

of the left hand side of the chest.
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Figure 1. Workflow showing the simulated ECG fitted
to the actual ECG. We adopted a stepwise strategy to
sequentially adjust QRS complexes, T waves, and their
amplitudes.

Patient Specific Adjustments to the Model

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

In a previous study, we found that variations
in the distribution of cell types with different
action potential duration (APD) either in the
transmural or apico-basal direction do not change
the QRS morphology appreciably (see Fig. 4 in
Okada et al.1%). Accordingly, in the next step, we
adjusted the QRS morphology prior to adjusting
the distribution of these cell types. Starting
from the baseline morphology of the conduction
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system, which realizes a normal sequence of
excitation,'®® we shifted the earliest sites of
excitation on the endocardium by modifying
the distribution of the free-running part of the
conduction system to find optimal sites for each
patient. To facilitate this procedure, we calculated
the instantaneous depolarization (QRS) vector
(depicted by arrows in the time-lapse images of the
torso in Fig. 3) as the sum of the local excitation
vectors in the heart (depicted by small arrows
in the time lapse images of the heart in Fig.
2) and simultaneously visualized these in the
torso and heart models, respectively (see also the
supplementary movie S1). By interactively con-
sidering the relationship between the excitation
propagation in the heart and the accompanying
changes in magnitude and direction of the depo-
larization vector at any desired moment via the
guidance of simultaneously visualized ECGs, the
optimal sequence of excitation could be estimated
in an efficient manner. Third, the distribution of
different cell types was adjusted to reproduce the
patient specific T-wave morphologies. Again, for
a normal heart, the cell distribution identified in
our previous study'® was applied. The adjustment
strategy for a failing heart was based on the two
studies. Recently, Glukhov et al. reported that
while myocytes with a long APD, presumably M
cells, are clustered on the endocardial side in
normal human ventricles, such heterogeneity in
the APD disappeared in a failing myocardium.'®
Accordingly, for a diseased myocardium, we
allocated a single type of failing myocyte model
proposed by Winslow et al.'® in which the
reduction of IK1 and Ito currents, down regulation
of the SR Ca?*-ATPase, and up regulation of the
Na*-Ca®* exchanger were introduced. The region
of the failing myocardium was adjusted according
to the patient ECG.

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

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

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