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Aims

and results

The clinical efficacy in preventing the recurrence of atrial fibrillation (AF) is higher for amiodarone than for dronedarone.
Moreover, pharmacotherapy with these drugs is less successful in patients with remodelled substrate induced by chronic
AF (cAF) and patients suffering from familial AF. To date, the reasons for these phenomena are only incompletely under-
stood. We analyse the effects of the drugs in a computational model of atrial electrophysiology.

The Courtemanche—Ramirez—Nattel model was adapted to represent cAF remodelled tissue and hERG mutations
N588K and L532P. The pharmacodynamics of amiodarone and dronedarone were investigated with respect to their
dose and heart rate dependence by evaluating 10 descriptors of action potential morphology and conduction properties.
An arrhythmia score was computed based on a subset of these biomarkers and analysed regarding circadian variation of
drug concentration and heart rate. Action potential alternans at high frequencies was observed over the whole drone-
darone concentration range at high frequencies, while amiodarone caused alternans only in a narrow range. The total
score of dronedarone reached critical values in most of the investigated dynamic scenarios, while amiodarone caused
only minor score oscillations. Compared with the other substrates, cAF showed significantly different characteristics
resulting in a lower amiodarone but higher dronedarone concentration yielding the lowest score.

Conclusion Significant differences exist in the frequency and concentration-dependent effects between amiodarone and dronedar-
one and between different atrial substrates. Our results provide possible explanations for the superior efficacy of
amiodarone and may aid in the design of substrate-specific pharmacotherapy for AF.
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I ntrOd ucti on Atrial fibrillation is treated with various antiarrhythmic drugs, such

Atrial fibrillation (AF) is a relevant arrhythmia due to its high preva-
lence’ and association with severe complications such as stroke,
making efficient AF prevention and therapy a major clinical challenge.
In patients with chronic AF (cAF), a long-term adaptation of the sub-
strate known as atrial ‘remodeling’ promotes the maintenance of and
susceptibility to AF (‘AF begets AF)." Moreover, an increased suscep-
tibility to AF is observed in patients with various gene mutations
(‘familial AF).2

as amiodarone and dronedarone.’ Due to their effective inhibition of
potassium currents, both drugs are usually classified primarily as
Class Ill agents, even though both drugs exert effects on multiple
ion channels. Dronedarone is a derivative of amiodarone which
was designed to reduce tissue accumulation and adverse side
effects such as thyroid toxicity.* Besides certain differences in the
inhibitory effects on ion channels, both drugs differ markedly in
their pharmacokinetic properties: Amiodarone has a biological
half-life of several weeks, caused mainly by accumulation in a third
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What’s new?

e Action potential alternans as a potential proarrhythmic mech-
anism was observed for a wide range of dronedarone concen-
trations but only a narrow range ofamiodarone concentrations.

o Considering relevant drug concentration and heart rate varia-
tions, a newly proposed arrhythmia score peaks to critical
values for dronedarone but not for amiodarone.

e In a remodelled substrate due to chronic atrial fibrillation
(cAF), the effect of amiodarone and dronedarone differs sig-
nificantly. Compared with a healthy substrate, the best score
was obtained usingaloweramiodarone but a higher dronedar-
one concentration.

e |n contrast to the other substrates, cAF yielded worse scores
for increased heart rates considering relevant concentrations
of both drugs.

compartment due to its lipophilic properties. In contrast, dronedar-
one is less lipophilic and has a much shorter biological half-life of
<24 h? In the clinical setting, amiodarone proved to be more effect-
ive in AF recurrence prevention than dronedarone.’

In this study, we investigated the complex effects of these drugs
evaluated in an in-silico model of human atrial electrophysiology.
We hypothesized that (i) the mode of action for amiodarone and
dronedarone differs particularly with respect to temporal variations
in drug concentration (due to different pharmacokinetics) and heart
rate and (ii) the effects differ for different atrial substrates.

Besides a control model, the drug effects were investigated in a
substrate representing cAF-induced remodelling and in two human
ether-a-go-go-related gene (hERG) mutations (L532P and N588K)
as models of familial AF.

Methods

Modelling different substrates

The Courtemanche—Ramirez—Nattel (CRN) model of human atrial
myocytes® was used to model cellular electrophysiology in the physio-
logical case (‘Control’). To investigate the influence of the pharmaco-
logical agents on different substrates, the model was adapted.

Chronic AF-induced remodelling was represented by altering the
maximum conductance of a subset of the ionic currents based on
values extracted from the literature as described before (A. Loewe,
M. Wilhelms, O. Dé&ssel, G. Seemann, submitted). In brief, the
maximum conductance of the transient outward potassium current /,,
was reduced by 65%, that of the inward rectifier potassium current 1,
and the slow delayed rectifier potassium current Iy was increased by
100%, that of the ultra-rapid delayed rectifier potassium current I,
was reduced by 50%, and that of the L-type calcium current I, was
reduced by 55%. Additionally, the maximum current of the sodium
calcium exchanger I, c, Was increased by 60%, and that of the sarcoplas-
mic leak current I p eak Was increased by 50%. The cell capacitance was
increased by 20% and the monodomain conductance o was left unaltered
in tissue simulations.

To modelthe two hERG mutations L532Pand N588K, the formulation
of Ix, was changed as described before.” In brief, 10 parameters were
tuned to match measurement data of L532P mutants® using a hybrid

optimization approach.” For N588K, half activation and half inactivation
voltages, as well as the slope of the corresponding Boltzmann functions
and the time constants of the gate, were adjusted according to data
published by McPate et al.'® The altered I, formulation represented
myocytes being homozygous for the mutations with their characteristic
behaviour: premature activation for L532P and delayed inactivation for
N588K. Heterozygous expression was approximated by adding an
additional [, current with unaltered parameters to the model and by
reducing the maximum conductance of both g, formulations to 50%.
In this way, a 1: 1 mutant to wild-type ratio was assumed.

Modelling the effect of amiodarone and
dronedarone

Toaccountfortheimpact of the pharmacological agents amiodarone and
dronedarone, the maximum conductance of the cardiac ion currents was
reduced according to the Hill equation: § = [1 4 (ICso/D)"*] " with 6
being the degree of channel blockade ranging from 0 to 1, ICsq being
the half-maximal inhibitory concentration, D being the free drug concen-
tration, and nH being the Hill coefficient.

The respective ICso and nH values were extracted from the literature
(Table 1). For amiodarone, I e g ICa,L,14 Inacar” and I8 were
affected. For dronedarone, I,,"” IKS,18 INa,13 ICaVL,19 and I%ﬂr were affected.
The resulting Hill curves describing the level of inhibition are shown in
Figure S1 in the Supplementary online material.

The steady-state plasma concentration of amiodarone is reported to
range between 1 and 2 pg/mL*" corresponding to 1.55-3.11 uM. The
therapeutic concentration of dronedarone is reported to be between
84 and 147 ng/mL,?* corresponding to 0.15-0.26 WM. The effect of the
pharmacological agents was modelled for 15 logarithmically spaced
free drug concentrations ranging from 0.23 to 23.0 wM for amiodarone
and from 0.021 to 2.1 wM for dronedarone.

Restitution in one-dimensional tissue strand

Excitation propagation was simulated in a one-dimensional (1D) tissue
strand using the monodomain model. The size of the strand was 20 x
0.1 x 0.1 mm>. The electrophysiological characteristics under the influ-
ence of the drugs were analysed at 20 different basic cycle lengths (BCLs),
distributed linearly in the frequency domain ranging from 200 to 1300 ms.
To compensate for oscillations of the ion concentrations due to different
steady-states for different drug concentrations and BCLs, the system was
initialized for 50 beats in a single-cell environment followed by 5 beats in
the tissue strand.

Table I Pharmacological inhibition of cardiac ion
channels

Amiodarone Dronedarone
ICso(#M) nH Source ICso(pM) nH  Source
Igr 2.80 091 (12) 0.0591 0.80 (18)
Ikur - - 1.00 1.00 (21)
Iks 3.84 0.63 (13) 5.60 051 (19)
INa 4.84 0.76 (14) 0.54 203 (14)
lear 5.80 1.00 (15) 0.83 275 (20)
Inaca 3.30 1.00 (16) - -
Inak 15.60 1.00 (17) - -

Half maximal inhibitory concentrations (ICsg) and Hill coefficients (nH) for
amiodarone and dronedarone extracted from the literature.

9T0Z ‘¥T 4840100 U0 1s8nb Aq Woy papeojumoq


http://europace.oxfordjournals.org/lookup/suppl/doi:10.1093/europace/euu230/-/DC1
http://europace.oxfordjournals.org/lookup/suppl/doi:10.1093/europace/euu230/-/DC1

iv32

A. Loewe et al.

Restitution curves were calculated as described before.”> The markers
AP duration (APD) at 50% (APDso) and 90% (APDs) repolarization and
its slope with respect to the diastolic interval (dAPDgo/dDI), AP ampli-
tude, maximum diastolic potential (MDP), conduction velocity (CV), ef-
fective refractory phase (ERP), wave length (WL), triangulation index
(Tl),and temporal vulnerable window (VW) were obtained. The diastolic
interval (D) was determined as the difference of BCL and APDgg. The Tl
as ameasure for the linearity of the repolarization phase being associated
with early afterdepolariza‘cions24 was defined as (— Vi app90/2/ (VinNoteh
— MDP) — 1)*2 with V., appoos2 being the value of the transmembrane
voltage (V,,) after half of APDgg had passed and Vi, notch being Vi, at
the first time step after the upstroke for which the absolute value
of the slope dV,,/dt was <0.4 V/s. If this condition was not fulfilled
within the first 50 ms after the upstroke, the maximum of V,,, was consid-
ered. For the determination of the VW, a premature stimulus was applied
at the centre of the strand after five regular waves had passed from the
front of the strand. The duration of the time interval during which the
second stimulus induced unidirectional block was defined as the VW.

Furthermore, the resulting AP sequences for each BCL and concentra-
tion combination were categorized. Action potentials were considered
valid if Vi max exceeded —45 mV and the upstroke velocity exceeded
10 VIs. Decreasing APs were defined as an APDyq reduction of >3%
from beat to beat. Furthermore, blockade of all APs, a single AP, or con-
tinuous 2 : 1 conduction formed categories. Sequences of valid APs with
>3% variation in APDgyg were categorized as ‘alternans’.

Scoring

To allow for a compact assessment of the evaluated biomarkers, the
markers CV, ERP, APDso, dAPDgo/dDI, Tl, VW, and AP category were
scored on a continuous scale with one being the best and six being the
worst score with respect to arrhythmogeneity. The upper and lower
bounds for each marker are shown in Table 2. For the evaluation of the
trajectoriesin the BCL-concentration space described below, the individ-
ual scores were interpolated bilinearly.

The overall score was determined as the mean of the single scores. If
one marker yielded 5.5 or worse or two markers yielded 5 or worse,
the overall score 6 was assigned.

Pharmacokinetic scenarios

To assess the biomarkers on a typical trajectory through the two-
dimensional BCL-concentration space, pharmacokinetic scenarios with
dynamic heart rate variations were defined. For amiodarone, a 200 mg
daily dose® was administered at 8 am yielding a 20% increase in

Table 2 Boundaries for the scoring of biomarkers

Value for Score 1 Value for Score 6

CV (mm/s) 800 300
dAPD/dDI (1) -03 15
TI (%) 15 95
ERP/ERP, (%) 130 60
APDso/APDsoo (%) 130 60
VWW, (%) 60 130

A continuous score ranging from 1 to 6 was assigned to each biomarkeraccording to
the boundary values given in the table. ERP, APDsg, and VW were related to the
respective values without pharmacological influence (subscript 0). For the AP
category, scores were assigned from 1 to 6 as follows: normal, alternans, decreasing
AP, single block, 2:1 block, and complete block.

concentration?® with respect to the assumed standard concentration of
2.3 wM. For dronedarone, 400 mg doses were administered twice a
day*? at 8 am and 8 pm yielding an assumed increase of 50%. At the
time of administration, a reduction of the standard concentration levels
by 20 and 50% was defined, respectively. The baseline deviations were
modelled using Gaussians. For a second scenario, the drug was
assumed to be taken with food resulting in a three-fold increase of the
bioavailability for both agents.®

The heart rate was assumed to be 70 beats per minute (b.p.m.) (BCL =
857 ms) during the day. Eight episodes of physical stress with an increase
of the heart rate up to 120 b.p.m. (BCL = 500 ms) were distributed over
the day. From 11 pm to 6 am, the heart rate during sleep was assumed to
be 50 b.p.m. (BCL = 1200 ms). For the cAF substrate, the same heart
rate course was considered for the sake of comparability. The courses
of the heart rate and the drug concentration regarding the two scenarios
are shown in the Supplementary online material, Figures S2 and S3.

Numerical methods

The ordinary differential equations of the CRN model were solved using
the Rush—Larsen scheme for the gating variables and a forward Euler
scheme for the remaining variables. The time increment was set to
10 ws. Excitation propagation in tissue was simulated by the parallel
modular solver acCELLerate®® using the monodomain model on a
finite difference grid. The grid was composed of cubic voxels with a
side length of 0.1 mm. The monodomain conductivity o-was set to an iso-
tropic value of 0.076 S/myieldinga CV of 750 mm/s at a BCL of 1000 ms
in the control model.

Results

Dose and frequency response

Using the 1D tissue strand, APs were analysed for different BCLs and
drug concentrations. Concentration-induced block could be
observed for amiodarone concentrations >23 M in the cAF sub-
strate, and dronedarone concentrations >1.09 wMin all substrates
(see Supplementary material online, Figure $4). Frequency-induced
block was observed for all substrates but cAF. The BCL below
which block was observed decreased with increasing drug concen-
tration resulting in a step-like pattern. The cutoff BCL was higher
for dronedarone than for amiodarone.

For non-blocked APs, the biomarkers were analysed on the tissue
level with respect to their dose (Supplementary material online,
Figure S5) and frequency (Supplementary material online, Figure S6)
response. Below, the results are summarized and quantified for rep-
resentative BCL and concentration values. Action potential ampli-
tude was decreased for higher concentrations. For the control
model and a BCL of 1008 ms, the amplitude decreased from
83.9 mV without any drug to 54.3 mV for 23 wM amiodarone and
to 62.1 mV for 1.09 wM dronedarone. Action potential amplitude
was almost unaffected by dronedarone concentrations <0.1 uM,
whereas an effect could be observed for amiodarone concentrations
of >0.32 wMand higher. For BCLs of >600 ms, amplitude increased
again when the dronedarone concentration was raised from 0.56 to
0.78 pM. In general, lower BCLs were associated with smaller ampli-
tudes. The frequency dependence was markedly decreased in the
cAF substrate. For 0.23 wM amiodarone, the difference in amplitude
between the lowest and the highest BCL was 3.1 mV for cAF and
between 15.4 and 19.9 mV for the other substrates. For 0.021 uM
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dronedarone, the difference was 3.8 mV for cAF and between 14.1
and 22.9 mV for the other substrates, respectively.

The dose responses of APDsg, APDgg and ERP were bell-shaped
for amiodarone. For dronedarone, they showed a monotonic in-
crease towards higher concentrations followed by a marked drop
beyond a cutoff concentration. The peak amiodarone concentration
was between 6.1 and 8.6 M for control, L532P and N588K, and
3.2 uM for cAF. The amplitude of the APDs bell curve was largest
for control (160 ms, +86%), followed by N588K (144 ms, +86%),
L532P (117 ms, +96%), and cAF (28 ms, +23%) and showed
similar courses for APDgy and ERP. For control and N588K, a
second smaller peak was observed for an amiodarone concentration
of about 1/5 of that of the main peak. The APDso, APDgq, and ERP
cutoff dronedarone concentrations were between 0.56 and
0.78 M for all substrates. For the cAF substrate, the drop was not
as rapid as for the other substrates. The restitution properties did
not differ significantly between substrates and were not markedly
altered by varying concentrations of amiodarone and dronedarone.
Less pronounced ERP prolongation for lower BCLs is known as
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reverse use dependence and occurred in the controland N588K sub-
strates for amiodarone (see Supplementary material online, Figure
§7). For dronedarone, ERP prolongation was decreased for low
BCLs in the cAF and L532P substrates—to a lower degree, though.
Figure 1 shows exemplary curves fora BCL of 852 ms (A, B), an amio-
darone concentration of 2.3 WM (C), and a dronedarone concentra-
tion of 0.21 wM (D), respectively.

The slope of the APDgy with respect to the DI showed
marked oscillations for concentrations close to cutoff. Towards
lower BCLs, the slope increased. This behaviour was most pro-
nounced for the L532P substrate followed by control and N588K.
Besides that, no significant dose- or frequency-induced effects
were observed.

Conduction velocity was decreased by increased drug concentra-
tions. As was the case for the AP amplitude, the CV was unaffected by
dronedarone concentrations <<0.1 WM. Inter-substrate variations
were marginal: the lowest CVs obtained using amiodarone were
268, 324,267,and 268 mm/s for control, cAF, L532P, and N588K, re-
spectively. For dronedarone, the values were 417, 505, 414, and
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1 20 1 1 1 1 1
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D 440

400
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320

280

240
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Figure | Effective refractory phase for different concentrations of amiodarone (A) and dronedarone (B) ata BCL of 852 ms. Vertical dashed lines
represent the standard concentration of the respective drug, horizontal dashed lines the baseline ERP without drug. Effective refractory phase for
different BCLs and 2.3 wM of amiodarone (C) or 0.21 wM of dronedarone (D). Data points were interpolated using cubic splines.
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416 mm/s. For BCLs >500 ms, the CV showed no frequency de-
pendence; for lower BCLs, the CV was decreased. In the cAF sub-
strate, the CV showed no frequency dependence down to BCLs as
low as 200 ms.

The MDP showed a tendency towards hyperpolarization for
higher amiodarone concentrations. For dronedarone, the tendency
was opposite. The amplitude of the change was smaller than
2.5 mV in all cases. For lower BCLs, the MDP was depolarized by
up to 4.8, 2.1, 6.1, and 6.2 mV for control, cAF, L532P, and N588K,
respectively. The Tl exhibited a course qualitatively similar to the
ones of the APD markers with a marked drop of the triangulation
~3 wM amiodarone for the cAF substrate and ~6 uM for the
other substrates. Outside that region, higher concentrations were
associated with an increased Tl. For amiodarone concentrations
<1 uM, no effect could be observed. Using dronedarone, the Tl
was decreased for increasing concentrations. However, for the cAF
substrate, no change was observed for concentrations up to
0.6 M. The Tl was increased for shorter BCLs.

The temporal VW without drug influence was between 1.5 and
2 ms for the control, L532P, and N588K substrates and vanished
with increasing amiodarone concentrations. The initial VW for the
cAF substrate was between 0.3 and 0.4 ms. The VW was unaffected
by dronedarone for concentrations far from cutoff. Comparing the
substrates, all but cAF showed rapid drops of the VW close to the
cutoff frequency. As was the case for APD, cAF showed a smoother
transition. The VW showed almost no frequency-dependence for
BCLs >400 ms. For shorter BCLs, a slight prolongation of the VW
was observed. For dronedarone and the L532P substrate, this in-
crease was associated with marked oscillations.

The WL as the product of ERP and CV exhibited a general ten-
dency towards shorter WL for increased amiodarone concentra-
tions. However, the peaks originating from the ERP curves were
superimposed on that pattern. These peaks almost restored the
WL obtained with zero drug concentration. Dronedarone caused a
WL increase for concentrations up to 0.15 uM for cAF and
0.29 M for all other substrates followed by a significant drop. The
WL prolongation compared with zero drug concentration was up
to 52 mm (22%) for control, 19 mm (16%) for cAF, 101 mm (64%)
for L532P, and 70 mm (34%) for N588K. The frequency response
of the WL was dominated by that of the CV.

Scores

Figure 2 shows the resulting total score based on the single scores (see
Supplementary material online, Figure $S8). The drug-free baseline
score at a BCL of 1000 ms was 2.33, 2.57, 2.75, and 2.53 for
control, cAF, L532P, and N588K, respectively. The CV score
yielded higher, thus worse, values for higher concentrations with
little frequency and substrate dependence. For BCLs close to
cutoff, a slight tendency towards higher scores could be observed.
This tendency was more pronounced for dronedarone. The dose de-
pendence was qualitatively similar for dronedarone, although the
highest score was 4 for cAF and 5 for all other substrates compared
with 6 for amiodarone.

The ERP score dose response for amiodarone showed a bathtub-
like shape with minima at 6.17, 3.19, 4.44, and 6.17 uM for control,
cAF, L532P, and N588K, respectively. For lower concentrations, a
slight tendency towards higher scores could be observed for lower

BCLs. For higher concentrations, this behaviour was inverted. For dro-
nedarone, the ERP score decreased with increasing concentrations for
all substrates but cAF. cAF dose response showed a minimum at
0.15 M. For the other substrates, hot spots with high scores could
be observed for BCLs close to cutoff for some concentrations. The
scores for APDsq were qualitatively similar to those for ERP.

dAPDgo/dDl scores were dominated by hot spots close to the con-
centrations associated with ERP score minima for amiodarone and
hot spots close to the cutoff BCL for dronedarone. Besides that, a
slight tendency towards higher scores for lower BCLs could be
observed. The Tl scores exhibited marked minima at amiodarone
concentrations associated with ERP score minima. Around these
concentrations, atendency towards higher scores could be observed
for lower BCLs and higher concentrations resulting in a step-like
pattern. For low concentrations in the control substrate, higher
BCLs yielded lower scores as well. Scores for dronedarone were
consistent with those for ERP. However, the frequency dependence
yielding higher scores for lower BCLs was more pronounced for Tl
than for ERP. The L532P substrate yielded scores as high as 4.9 for
small concentrations.

The VW scores showed a general tendency towards lower values
for higher amiodarone concentrations. For dronedarone, this ten-
dency was not as pronounced. Hot spots appeared for BCLs close
to cutoff for some concentrations of both drugs. For dronedarone
in the cAF substrate, hot spots could also be identified for higher
BClLs.

Pharmacokinetic scenarios

The courses of the score along the previously defined trajectories in
the BCL-concentration space are shown in Figure 3. The score for the
amiodarone ‘food’ scenario varied between 1.6 and 2.5 for control,
1.8 and 2.5 for cAF, 2.1 and 2.4 for L532P, and 1.7 and 2.4 for
N588K. That for the dronedarone ‘food’ scenario varied between
1.6 and 5.1 for control, between 1.9 and 6.0 for cAF, between 1.7
and 5.1 for L532P, and between 1.6 and 5.1 for N588K.

Foramiodarone, phases of physical stress lead to a reduction of the
score during phases of high concentration and an increase of the
score during phases of lower concentration with the exception of
the cAF substrate for which a stress-induced increase was observed
in all phases. In general, the circadian rise of concentration yielded
higher scores with the exception of the cAF and the L532P substrate.

For dronedarone, the score peaked above 5 during high concen-
tration, low BCL phases for all substrates in the ‘food’ scenario. In
the scenario in which dronedarone was taken without food, peaks
above 2.5 could only be observed in the cAF substrate during low
concentration, low BCL phases. In general, the rise in concentration
in the food’ scenario caused an increase of the score. However, for
the cAF substrate, the score was lowest during the transition from
high to low concentration and vice versa. The circadian concentra-
tion variation in the ‘non-food’ scenario yielded a significant change
in the score only for the cAF substrate. A decreasing BCL resulted
in higher scores for all substrates.

Discussion

Weinvestigated the effects of amiodarone and dronedarone at differ-
ent BCLs and drug concentrations in a computational model of
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Figure 2 Totalscoreforamiodarone (A—D) and dronedarone (E—H') and the four different substrate control (A and E), cAF-induced remodelling
(Band F), hERG mutation L532P (Cand G), and hERG mutation N588K (D and H'). The scores range from 1 (best) to 6 (worst). The total score was
based on the individual scores for CV, dAPDgo/dDlI, Tl, ERP/ERPg, APDso/ APDsg 0, and VW/VW,. If two markers yielded scores of 5 or worse, or one
marker yielded a score of 5.5 or worse, the total score 6 was assigned. Otherwise, the total score was computed as the mean of the marker scores.

human atrial electrophysiology. In addition, the atrial substrate was
modified to represent atrial remodelling in chronic AF as well as
two mutations associated with familial AF.

Action potential amplitude and CV were associated with the
degree of sodium current blockade. Once Iy, was reduced by
more than 80%, APs could no longer be elicited. As baseline I,
was reduced in the cAF substrate, block occurred for lower

concentrations. For low BCLs, the MDP was depolarized due to in-
complete repolarization favouring the formation of ectopic beats.
Action potential alternans was observed for amiodarone concentra-
tionsin the upper range of the ‘food’ scenario. However, AP alternans
was observed for all dronedarone concentrations at BCLs close to
cutoff. This characteristic was most pronounced for the control sub-
strate and might be one of the factors explaining the inferior efficacy
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Figure 3 Total score along the trajectories through the BCL-concentration space (see Supplementary material online, Figures S2 and $S3). The
score was calculated in the same way as for Figure 2. The pharmacological agents amiodarone (A—D) and dronedarone (E—F) were assumed to

be taken with (solid line) or without food (dashed line) resulting in differing bioavailability. The lower panels indicate times of sleep, drug intake

and exercise, as well as food intake for the ‘food’ scenario.

of dronedarone in terms of AF recurrence prevention compared
with amiodarone.?”*8

The amiodarone concentration yielding the lowest score was
lower for cAF than for the other substrates. For dronedarone, the op-
posite was observed. Regarding the circadian course of the score
along the trajectories in the BCL-concentration space, amiodarone
yielded only minor oscillations. For dronedarone, peaks to critical
scores could be observed for all substrates considering the food’
scenario and for the cAF substrate in both scenarios providing a
second indication for inferior efficacy.

Acceleration of the heart rate caused critical scores for some dro-
nedarone concentrations. Interestingly, the score was improved by
BCL decrease for some amiodarone concentrations in all but the
cAF substrate. Reverse use dependence was observed in the

control and N588K substrates for amiodarone, while it occurred
only in the other two substrates for dronedarone.

On the whole, the drugs showed markedly different effects in the
cAF substrate. The drop of APD, ERP, and VW for high concentra-
tions was not as pronounced as for the other substrates and the
VW was shorter. In contrast to the other substrates, the ERP score
was not decreased by higher dronedarone concentrations for cAF.
These differences resulted in peaks to critical scores in the cAF sub-
strate even for the scenario considering smaller concentration
changes.

. . 29-32
Previous studies

investigated the effect of hypothetic and
existing Class lll antiarrhythmic agents on ventricular electrophysi-
ology using computational models. The focus was drug safety with

respect to torsades de pointes. However, there are only few studies
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assessing atrial electrophysiology. Tsujimae et al.** modelled voltage
and time-dependent I inhibition caused by dofetilide, vesnarinone,
and quinidine. Inthe work by Wilhelms,*" I, blockade was proposed
asthe reason foramiodarone-induced rotor termination which might
be addressed by future research onthe 2D tissue level. In the work by
Scholz et al.,>* the effect of I, inhibitor kinetic properties on rotor
termination was investigated. In the work by Aslanidi et al.*> the
change of APDyj restitution induced by dronedarone was assessed.
The present study is, to the best of our knowledge, the first to
create a comprehensive, substrate-specific model of atrial myocytes
under the influence of amiodarone and dronedarone.

Shinagawa etal.>®
ministration in healthy and atrially tachypaced dogs. They described

investigated the effect of chronic amiodarone ad-

an ERP prolongation due to amiodarone in the healthy dogs, which
was also reproduced in this study. However, the restoration of ERP
and ERP rate adaptation in tachypaced dogs could not be reproduced.
A reason might be the different effects of amiodarone under acute
and chronic administration. Moreover, a CV reduction of ~200 mm/s
without significant rate dependence was observed,*® which could
be reproduced for an amiodarone concentration of 4.4 uM. In the
work by Sun et al.>” acute in-vitro superfusion with either 10 WM dro-
nedarone or 10 M amiodarone caused a similar reduction of APDgg
without change of frequency dependence in rabbit muscle prepara-
tions. This behaviour could not be reproduced in the present
study. However, these quantitatively similar effects for both drugs
cannot be explained by the ICsg and nH values found in the literature.
In guinea pigs, dronedarone did not alter MDP significantly'® as was
the case in this study.

Shinagawa et al3¢ reported regionally heterogeneous effects of
amiodarone which could be integrated in a heterogeneous model
of atrial electrophysiology®® when appropriate pharmacodynamics
data on the ion channel level are available.

Limitations

This study builds on drug—receptor interaction data from the litera-
ture. For some cardiac ion currents, the published data are equivocal.
Dose-response curves obtained from the same species under com-
parable conditions forall currents would be desirable to minimize un-
certainty as pointed out before.*” The Hill equation used in this study
incorporates neither voltage- or state-dependent block which has
been described for some curren‘cs,33’40‘41 nor the non-competitive
anti-B-adrenergic effect of both drugs*™** into the model. The
model used in this study could be extended to cover (-adrenergic
effects as shown in the reference.*® The available data describing
voltage-dependent block were not sufficient to model the effect
reliably and the impact of the drugs is mainly mediated by
non-voltage-dependent effects. Additionally, it has to be emphasized
that the drug models represent acute and not chronic effects. Differ-
ences between acute and chronic administration have been observed
particularly for amiodarone.** The reason might be a modulation of
gene expression.** However, the available ion channel level measure-
ment data were not sufficient to identify the Hill curve parameters for
chronic amiodarone administration.

The results obtained with the in-silico model in terms of absolute
concentrations do not necessarily correspond to in-vivo measure-
ments because in the latter, the free drug concentration is difficult

to assess.*”® Both drugs bind extensively to plasma proteins in-vitro
and only the free drug concentration is pharmacologically active.*®
Although plasma protein binding has been reported equivocally
(e.2.96.3 + 0.6%,% 99.97-99.99%* for amiodarone), this uncertainty
does not reduce the validity of the results with respect to relative
changes in concentration. The biomarkers taken into account for
the scoring and the respective boundaries (see Table 2) were
chosen based on the dynamic range seen in the simulation results
and not validated against clinical data. To draw clinically relevant
quantitative conclusions from the score, future research has to
address boundary choice.

The pharmacokinetic scenarios in this study were based on a very
simplistic modeland do not claim to represent the exact course of the
concentration during the day. Due to the variation of pharmacoki-
netic parameters reported in the literature, a detailed model has to
be questioned. Furthermore, a variation within a certain range was
sufficient for the purpose of this study. Because dronedarone kinetics
are difficult to assess in-vivo, no data for circadian concentration
changes in humans were available. The amplitude was assumed to
be 50% of the baseline value due to the shorter elimination half-time
compared with amiodarone.”

Conclusion

Our findings show how the antiarrhythmic agents amiodarone and
dronedarone differentially affect atrial electrophysiology in a
concentration- and heart rate-dependent manner. Our results
provide possible explanations for the different clinical efficacy of
amiodarone and dronedarone in the treatment of AF.

The uncovered effects may aid in the design and optimization
of patient group-specific pharmacotherapy considering the atrial
substrate.

Supplementary material

Supplementary material is available at Europace online.
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