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Zile MA, Trayanova NA. Increased thin filament activation en-
hances alternans in human chronic atrial fibrillation. Am J Physiol
Heart Circ Physiol 315: H1453–H1462, 2018. First published August
24, 2018; doi:10.1152/ajpheart.00658.2017.—Action potential dura-
tion (APD) alternans (APD-ALT), defined as beat-to-beat oscillations
in APD, has been proposed as an important clinical marker for chronic
atrial fibrillation (cAF) risk when it occurs at pacing rates of 120–200
beats/min. Although the ionic mechanisms for occurrence of APD-
ALT in human cAF at these clinically relevant rates have been
investigated, little is known about the effects of myofilament protein
kinetics on APD-ALT. Therefore, we used computer simulations of
single cell function to explore whether remodeling in myofilament
protein kinetics in human cAF alters the occurrence of APD-ALT and
to uncover how these mechanisms are affected by sarcomere length
and the degree of cAF-induced myofilament remodeling. Mechanis-
tically based, bidirectionally coupled electromechanical models of
human right and left atrial myocytes were constructed, incorporating
both ionic and myofilament remodeling associated with cAF. By
comparing results from our electromechanical model with those from
the uncoupled ionic model, we found that intracellular Ca2� concen-
tration buffering of troponin C has a dampening effect on the mag-
nitude of APD-ALT (APD-ANM) at slower rates (150 beats/min) due
to the cooperativity between strongly bound cross-bridges and Ca2�-
troponin C binding affinity. We also discovered that cAF-induced
enhanced thin filament activation enhanced APD-ANM at these clin-
ically relevant heart rates (150 beats/min). In addition, longer sarco-
mere lengths increased APD-ANM, suggesting that atrial stretch is an
important modulator of APD-ALT. Together, these findings demon-
strate that myofilament kinetics mechanisms play an important role in
altering APD-ALT in human cAF.

NEW & NOTEWORTHY Using a single cell simulation approach,
we explored how myofilament protein kinetics alter the formation of
alternans in action potential duration (APD) in human myocytes with
chronic atrial fibrillation remodeling. We discovered that enhanced
thin filament activation and longer sarcomere lengths increased the
magnitude of APD alternans at clinically important pacing rates of
120–200 beats/min. Furthermore, we found that altered intracellular
Ca2� concentration buffering of troponin C has a dampening effect on
the magnitude of APD alternans.

action potential duration alternans; atrial fibrillation; computer mod-
eling; mechanoelectric feedback

INTRODUCTION

Atrial fibrillation (AF) is the most common type of human
cardiac arrhythmia, which, due to its association with increased
morbidity and mortality and its rising prevalence, has become
a global health care concern (1, 8, 26). Unfortunately, present
therapies do not directly target the underlying mechanisms of
AF (13, 16), which is due in part to an incomplete understand-
ing of atrial arrhythmogenesis. Therefore, to enhance preven-
tion and treatment of AF, our understanding of its underlying
disease mechanisms needs to be expanded.

Action potential duration (APD) alternans (APD-ALT) is
defined as beat-to-beat oscillations in APD. In human chronic
AF (cAF), APD-ALT has been found to occur at heart rates of
120–200 beats/min (31). Consequently, APD-ALT has been
proposed as an important clinical marker for AF risk since its
onset is at slower rates in patients with cAF than in healthy
subjects and since it always precedes AF initiation (31). In
addition, an increased propensity for APD-ALT in cAF has
been shown to increase arrhythmia complexity and persistence
(6). These findings indicate that APD-ALT occurring at slower
rates (120–200 beats/min) may be an important therapeutic
target in patients with AF.

APD-ALT at these clinically relevant slower rates has been
found to be driven by Ca2� transient alternans (CA-ALT) (5).
Specifically, altered ryanodine receptor (RyR) kinetics and
downregulation of L-type Ca2� current have been identified as
the components of the cAF-associated ionic remodeling that
drive APD-ALT formation at the clinically relevant slow heart
rates (5). Although the ionic mechanisms of APD-ALT forma-
tion in human cAF have been elucidated, little is known about
the effects of myofilament protein kinetics on APD-ALT,
particularly at the clinically relevant slower rates. Understand-
ing whether myofilament protein kinetics modulate APD-ALT
is important because it has been previously shown to alter
Ca2�-driven voltage alternans in failing human ventricular
myocytes (45). Myofilament remodeling has been documented
in myocytes from patients with cAF, including alterations in
sarcomeric protein expression and phosphorylation, active and
passive tension, myofilament Ca2� sensitivity, and cross-
bridge (XB) cycling rates (2, 10, 11). Finally, mechanical
stretch, common in cAF (40), has been shown to increase the
susceptibility of atrial myocytes to APD-ALT and enhance
their spatial discordance (42). Therefore, our goal in the pres-
ent study was to use the capability of mechanistic computer
simulations to investigate whether remodeling in myofilament
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protein kinetics in human cAF alters APD-ALT at the clini-
cally relevant slow heart rates and how the established rela-
tionships are affected by sarcomere length (SL) and the degree
of cAF-induced myofilament remodeling.

METHODS

Human atrial electromechanical myocyte model. To achieve the
goals of the present study, a human atrial electromechanical myocyte
model was developed that combined the human atrial ionic model by
Chang et al. (5), as shown in Fig. 1A, and the human myofilament
kinetics model by Zile and Trayanova (44, 45), as shown in Fig. 1B.
This human atrial ionic model was chosen due to its ability to generate
APD-ALT at slower clinically relevant pacing rates (5, 6), consistent
with findings in human cAF (32). We modeled both right atrial (RA)
and left atrial (LA) myocytes, as done by Chang et al. (5).

The Zile et al. (44, 45) myofilament kinetics model, an extension of
the Rice et al. (35) model to the human myocyte from the original
rabbit model, describes the activation of the thin filament by intracel-
lular Ca2� binding to the regulatory site on troponin C as well as thin

filament binding to thick filament XBs using a Markov model.
Because the Zile et al. (44, 45) myofilament model was developed to
match human ventricular myocyte force data, here we made additional
adjustments to match human atrial force data, as described below.

The ionic and myofilament models were bidirectionally coupled by
having thin filament activation depend on the amount of free Ca2� in
the cytosol [intracellular Ca2� concentration ([Ca2�]i)] and by incor-
porating mechanoelectric feedback on Ca2� dynamics. Specifically,
the [Ca2�]i transient derived from the ionic model was used to drive
thin filament activation in the myofilament model. Furthermore,
similarly to our previously developed approach (44, 45), we incorpo-
rated mechanoelectric feedback via [Ca2�]i buffering of troponin C
(CaBTn). Coupling the ionic and myofilament models was necessary
here because such coupling has been shown to be crucial for accu-
rately reproducing contractile experimental data in myocyte simula-
tions (18).

Using this bidirectionally coupled electromechanical model, we
adjusted myofilament parameters [previously tuned in Zile et al. (45)
to reproduce human ventricular force data] to match normal human
atrial force data. To do this, we solved a minimization problem similar
to the approach by de Oliveira et al. (9), where the myofilament
parameters (par) were adjusted to minimize the error between simu-
lated and experimental values of total twitch time (TT), time to peak
tension (TPT), and time to 50% relaxation of force (Trel50%) using the
following equation:

Error�par� � �TTsim�par� � TTexp� � �TPTsim�par� � TPTexp�
� �Trel50%,sim�par� � Trel50%,exp� (1)

where TTexp, TPTexp, and Trel50%,exp are the values (shown in Table
1) of each atrial force characteristic averaged across three sets of
experimental data (3, 15, 27). In these experiments and also in our
simulations, human RA myocytes (with a SL of 2.4 �m and at a
temperature of 37°F) were isometrically paced at 1 Hz [1,000-ms
pacing cycle length (CL)] until steady state was reached. The vari-
ables TTsim(par), TPTsim(par), and Trel50%,sim(par) were computed
from our simulations with human RA myocytes, each run with a
unique set of 11 adjusted myofilament parameters (par), as listed in
the following notation: par � (knp, kpn, gapp, fapp, hf, hb, gxb, perm50,
kon, koffH, and koffL), which are discussed below.

For each unique set of par, the myofilament parameters above were
each assigned a value between 25% and 400% (in increments of 25%)
of their values from our earlier electromechanical model of the normal
human ventricular myocyte (45). The set of adjusted myofilament
parameters that resulted in the smallest error (0.2093) between sim-
ulation results and experimental data (the set to be referred to as
parmin), as calculated from Eq. 1, was used in this study. In parmin, the
majority of myofilament parameters ended up not being altered, with
the exception of knp, kpn, and gapp, which were changed to 25%, 150%,
and 200%, respectively, of their original values in the normal ven-

Table 1. Atrial force characteristics

Experimental Values TT TPT Trel50%

Bisping et al. (3) NA 89 � 10 NA
Goetzenich et al. (15) NA 95 � 17 89 � 14
Maier et al. (27) 300 � 24 91 � 11 85 � 7
Average 300 92 87
Range 276–324 78–112 75–103
Simulation 301 77 91

Values are means � SE (in ms). TT, total twitch time, TPT, time to peak
tension; Trel50%, time to 50% relaxation of force; NA, not available. Force
characteristics of human right atrial (RA) myocytes were from experiments (3,
15, 27) and from simulations with our healthy human RA myocyte model using
the myofilament parameter values parmin shown in Table 2. Force character-
istics were averaged from the available experimental data (3, 15, 27) and
appear in Eq. 1 as TTexp, TPTexp, and Trel50%,exp, respectively.
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Fig. 1. Bidirectionally coupled electromechanical model of the atrial myocyte.
The human atrial ionic model by Chang et al. (5) (A) and the human
myofilament model by Zile and Trayanova (44, 45) modified to match human
atrial force data (B) were bidirectionally coupled (C) by having thin filament
activation depend on free intracellular Ca2� concentration ([Ca2�]i) and by
incorporating mechanoelectric feedback via [Ca2�]i buffering of troponin C
[thick double-headed red arrow linking [Ca2�]i and total Ca2� bound to
troponin C ([Ca2�]troponin)]. NXB and PXB are thin filament states where
cross-bridge (XB) formation is inhibited (NXB) and where weakly bound XB
formation is possible (PXB).
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tricular myocyte model. These adjusted myofilament parameter values
are shown in Table 2. The force characteristic values [TTsim(parmin),
TPTsim(parmin), and Trel50%,sim(parmin)] from simulations with this
normal human RA myocyte model are shown in Table 1 for compar-
ison with experimental values. The comparison of force versus time
traces between our simulations and experimental data is shown in Fig.
2. Because no experimental human LA force data could be found, we
also used parmin for our model of the myofilament kinetics of the
healthy human LA myocyte.

Incorporating cAF-induced remodeling. Ionic remodeling in cAF
resulting in the development of APD-ALT at clinically relevant slow
rates as well as arrhythmogenesis was incorporated in LA and RA
myocytes, as previously described (5, 6). Specifically, Chang et al. (5)
decreased gNa by 10%, decreased gCaL by 50%, increased IbarNCX by
40%, increased RyR Ca2�-dependent activation rate (koCa) threefold,
decreased RyR Ca2�-dependent inactivation rate (kiCa) by 50%,
increased sarcoplasmic reticulum (SR) Ca2� leak by 25%, and in-
creased gKs and gK1 each twofold compared with normal in both LA
and RA myocytes. Chang et al. (5) also added a late component to the
Na� current (INaL) in LA and RA myocytes. Finally, Chang et al. (5)
decreased gKur by 45% and 55% and gto by 45% and 80% compared
with normal in LA and RA myocytes, respectively. Although one
study (42) found that mechanical stretch decreased the expression of
SERCA2 in a HL-1 atrial myocyte monolayer, no evidence of this has
been found in human AF atrial myocytes and thus no changes to
SERCA uptake current were made in the present study.

Myofilament remodeling representing abnormal force generation
and myofilament Ca2� sensitivity found in cAF was incorporated
next. Active tension generation and relaxation rates have been shown
to be slower and maximum active and passive force generation to be
decreased in cAF myofibrils, suggesting that XB cycling rates are
depressed (2, 10). However, the exact mechanisms and level of
change have not been described. In addition, myofilament Ca2�

sensitivity in human cAF myofibrils, compared with normal, was
found to be either significantly increased (2) or unchanged (10).
Furthermore, research has found alterations in sarcomeric protein
expression and phosphorylation levels (2, 4, 10, 11), suggesting that
myofilament Ca2� sensitivity is increased (2, 4).

To incorporate decreased force generation rates and enhanced Ca2�

sensitivity in our atrial myofilament model, we increased thin filament
activation and reduced XB cycling rates. We increased thin filament
activation by increasing two parameters (kon and kn_p) and decreasing
four parameters (perm50, koffL, koffH, and kp_n). The parameters knpT

and kpnT are nonlinear transition rates that are functions of these six
parameters and represent Ca2�-based activation of the thin filament,
which is shown in Fig. 1 as the transition of the thin filament from the
NXB state (XB formation is inhibited) to the PXB state (weakly bound
XB formation is possible). The parameter perm50 is the half-activation
constant for the shift of a thin filament regulatory unit (RU) from NXB

to PXB, koffH (koffL) is the rate constant for Ca2� unbinding from the
high (low) affinity binding site of troponin C, and kon is the rate
constant for Ca2� binding to troponin C. The parameters kn_p and kp_n

are constant scaling factors of the knpT and kpnT transition rates. We
reduced XB cycling rates by increasing two parameters (gapp and hb)
and decreasing another three parameters (fapp, hf, and gxb). The rates
fapp and gapp regulate the transition of the thin filament from the PXB

state to the strongly bound XB state, where the myosin head has not
yet rotated and thus not induced strain in the neck region (XBPreR).
The parameters hf and hb are transition rates between the XBPreR and
XBPostR states (thin filament is strongly bound to a XB, which has a
rotated myosin head and has induced distortion). The parameter gxb

represents the ATP-consuming transition rate from XBPostR to PXB.
Because cAF-induced changes in mechanical properties (described
above) do not directly translate to changes in myofilament model
parameters, and due to the progressive nature of remodeling in cAF
(32), we explored cAF-induced remodeling of these myofilament
model parameters within the range of 100% to 300% of their control
values (increments of 25%) for kon, kn_p, gapp, and hb and within the
range of 100% to 20% of their control values (increments of 10%) for
perm50, koffL, koffH, kp_n, fapp, hf, and gxb (Table 2).

Alternans protocol. To induce APD-ALT in our RA and LA cAF
atrial myocyte models, we used a pacing protocol similar to that used
in a clinical study by Narayan et al. (32) and in alternans computa-
tional studies (5, 6). We first isometrically paced the myocyte model

Table 2. Myofilament model parameter values

Myofilament Parameter Normal cAF Effect of cAF Remodeling on APD-ANM

kon 47.5 1/�Ms Normal � 100% to normal � 300% (25% increments) Increases
kn_p* 152.5 s�1 Normal � 100% to normal � 300% (25% increments) None
gapp* 186 s�1 Normal � 100% to normal � 300% (25% increments) None
hb 34 s�1 Normal � 100% to normal � 300% (25% increments) None
perm50 0.5 (unitless) Normal � 100% to normal � 20% (10% increments) Increases
koffL 250 s�1 Normal � 100% to normal � 20% (10% increments) None
koffH 25 s�1 Normal � 100% to normal � 20% (10% increments) Increases
kp_n* 24 s�1 Normal � 100% to normal � 20% (10% increments) None
fapp 4,800 s�1 Normal � 100% to normal � 20% (10% increments) None
hf 10 s�1 Normal � 100% to normal � 20% (10% increments) None
gxb 30 s�1 Normal � 100% to normal � 20% (10% increments) None

cAF, chronic atrial fibrillation; APD-ANM, action potential duration alternans-normalized magnitude. Normal and cAF values of myofilament model parameters in
the human left and right atrial myocyte models are shown. Myofilament parameters in parmin are indicated by an asterisk in the Myofilament Parameter column. The
effect of cAF remodeling on APD-ANM column presents the effects of cAF remodeling on the normalized magnitude of APD-alterans (APD-ANM).
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Fig. 2. Normalized active force plotted over time for simulations with our
normal human right atrial (RA) electromechanical myocyte model (black line)
isometrically paced at a cycle length (CL) of 400 ms, sarcomere length (SL) of
1.9 �m, and temperate of 37°F. Normalized active force traces were repro-
duced from experimental data by Bisping et al. (3) (red line) and Goetzenich
et al. (15) (blue line).
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at a CL of 750 ms (80 beats/min) for 1,000 beats to ensure that steady
state was reached. We then paced it for 74 beats at each successive
CL, starting at 500 ms and descending, in 50-ms increments, to 300
ms. Because we are inherently changing the equilibrium of the
simulation each time we change the pacing rate, the model is not at
steady state immediately after the pacing rate is changed. This result
is consistent with that found by clinical (32) and modeling studies (5,
6). However, a practical steady state is reached within the first 20
beats of pacing at each rate from 500 to 300 ms. Isometric pacing was
used, consistent with previous studies investigating the effects of
mechanoelectric feedback on cellular electrophysiology (21, 25). The
analysis of simulation results focused particularly on assessing alter-
nans levels from beats paced at a CL of 400 ms (150 beats/min), since
Narayan et al. (32) documented that that was the average alternans
onset CL in patients with cAF.

To determine how the severity of cAF-induced myofilament re-
modeling alters APD-ALT, we incorporated different amounts of
cAF-induced myofilament remodeling in our simulations. One of the
eleven myofilament parameters (perm50, koffL, koffH, kp_n, fapp, hf, gxb,

kon, kn_p, gapp, and hb) was assigned a noncontrol value (as described
in Incorporating cAF-induced remodeling) for a given simulation. To
determine how SL modifies the effects of CaBTn on APD-ALT
formation, we ran each of these simulations for a SL value between
1.7 and 2.3 �m (in increments of 0.1 �m). These SLs were chosen
because they represent the SL range that occurs during a normal
cardiac cycle (41). Note that the 11 myofilament parameters can be
modified independently of SL.

Additional information regarding the simulation protocol, param-
eter values, and initial ion concentrations may be found at https://
gitlab.com/MZile/AJP_2017.git and in Table 3.

Analysis of alternans. APD was defined as the time from maximal
upstroke velocity to 90% repolarization of transmembrane voltage
(Vm) from peak amplitude (17, 24). APD alternans-normalized mag-
nitude (APD-ANM) was calculated (5, 6, 32) as the mean magnitude
of change in APD over the last 10 pairs of beats (11 total beats) at a
given pacing CL divided by the mean APD over the final 10 beats,
using the equation below:

APD-ANM �
�

i�beat 63

beat 73

��APDi � APDi�1�� ⁄ 10

average APD for beats 64 � 74
(2)

[Ca2�]i and the total Ca2� bound to troponin C ([Ca2�]troponin;
CA-ALT and CaT-ALT respectively) were quantified in the same
manner as APD-ALT, with the change in each variable defined as the
difference in amplitude between beats. Alternans-normalized magni-
tude (ANM) of �5% was the threshold for ANM to be considered
significant (5, 6, 32).

RESULTS

Effect of bidirectionally coupling a myofilament model to the
ionic model: CaBTn alters normal membrane kinetics. Cou-
pling our model of the normal myocyte bidirectionally (i.e.,

Table 3. Ion concentrations

Ion Initial Concentration

Extracellular
K� 5.4 mM
Na� 140 mM
Ca2� 1.8 mM

Intracellular
K� 120 mM
Na� 9.71 mM
Ca2� 0.224 �M

Sarcoplasmic reticulum
Ca2� 0.509 mM

Shown are selected initial ion concentrations for the train of beats isomet-
rically paced at a cycle length of 750 ms for all models.
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Fig. 3. A–C: transmembrane voltage (Vm; A),
free intracellular Ca2� concentration ([Ca2�]i;
B), and total Ca2� bound to troponin C
([Ca2�]troponin; C) plotted over time for our
electromechanical model (blue) and the uncou-
pled ionic model of the normal right atrial (RA)
myocyte (red), with both isometrically paced to
steady state at a cycle length (CL) of 1,000 ms
and sarcomere length (SL) of 2.4 �m. D: nor-
malized active force plotted only over time for
our electromechanical model.
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representing the effect of CaBTn on the ionic component of the
model) altered the membrane kinetics in the ionic component
of our electrotechnical model compared with the uncoupled
ionic model of the normal myocyte. The altered membrane
kinetics were solely due to the effects of bidirectional coupling
since the numerical values of the ionic model parameters in the
uncoupled model were identical to those in the bidirectionally
coupled model. This is shown in Fig. 3 for the action potential,
[Ca2�]i, and [Ca2�]troponin. APD at 90% repolarization
(APD90) and [Ca2�]i transient behavior are slightly different in
our electromechanical RA model compared with the RA ionic
model (APD90: 300 vs. 284 ms, [Ca2�]i,diastolic: 0.1997 vs.
0.2066 �M, and [Ca2�]i transient amplitude: 0.3631 vs. 0.2570
�M). Importantly, APD90, [Ca2�]i,diastolic, and [Ca2�]i tran-
sient amplitude derived from our electromechanical model are
in better agreement with presently available experimental hu-
man RA data (range: 255–344 ms, 0.1197 �M, and 0.3449
�M, respectively) (7, 43) than the uncoupled ionic model.
Additionally, the amplitude of the [Ca2�]troponin transient is
greater in the electromechanical model compared with the
uncoupled ionic model due to the difference in how the models
represent troponin C buffering of free cytosolic Ca2�. The
uncoupled ionic model uses an equation that does not incor-
porate cooperativity mechanisms, such as the ability of
strongly bound XBs to increase the binding affinity of Ca2� to
troponin C on nearby RUs. In the electromechanical model,
when the amplitude of the [Ca2�]i transient increases, Ca2�

binds to troponin C, increasing the percentage of RUs in the
strongly bound states (XBPreR and XBPostR states). The pres-
ence of strongly bound XBs then enhances the Ca2�-troponin
C binding affinity, propelling more Ca2� to bind to troponin C.

Because the binding affinity of Ca2� to troponin C is higher in
the electromechanical model compared with the uncoupled
ionic model, the amplitude of the [Ca2�]troponin transient is
accordingly greater in the electromechanical model.

Effect of coupling a myofilament model to the cAF ionic
model: presence of CaBTn diminishes APD-ANM. Because
CaBTn changed the [Ca2�]i transient in our bidirectionally
coupled electromechanical models compared with the uncou-
pled ionic models of normal RA and LA myocytes (5, 6), we
investigated whether CaBTn could also modulate alternans in
our cAF RA and LA electromechanical myocyte models.
Incorporating only cAF-induced ionic remodeling (without
myofilament remodeling; i.e., the myofilament model was that
of a normal RA or LA myocyte) in our RA and LA electro-
mechanical myocyte models resulted in subthreshold alternans
(ANM 	 5%) in APD, [Ca2�]i, and [Ca2�]troponin for the last
62 beats of the 74-beat train. An example is shown by the blue
traces in Fig. 4, A–C, where Vm, [Ca2�]i, and [Ca2�]troponin are
plotted for the RA myocyte as functions of time for the final
two beats. APD-ANM, CA-ALT-normalized magnitude (CA-
ANM), and CaT-ALT-normalized magnitude (CaT-ANM) val-
ues are 0.03%, 0.02%, and 0.04% respectively. Although ANM
was below threshold for the final 62 beats, there were signif-
icant albeit progressively diminishing alternans for the first 12
beats of the 74-beat train (not shown). This is in contrast to
results from the uncoupled ionic model, which demonstrated
that ANM was maintained above threshold for the duration of
the 74 beats. An example is shown by the red traces in Fig. 4,
A–C, for Vm, [Ca2�]i, and [Ca2�]troponin (ANM of 16%, 75%,
and 99%, respectively). The dampening effect of CaBTn on
alternans is owed to the presence of key cooperativity mech-
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Fig. 4. A–C: transmembrane voltage (Vm; A), free
intracellular Ca2� concentration ([Ca2�]i; B), and
total Ca2� bound to troponin C ([Ca2�]troponin; C)
plotted over time for simulations with our electro-
mechanical right atrial (RA) myocyte model with
only chronic atrial fibrillation (cAF)-induced ionic
remodeling incorporated (blue lines) and the un-
coupled cAF RA ionic model (red lines). The final
two beats (of the 74 total beats) isometrically paced
at a cycle length (CL) of 400 ms and sarcomere
length (SL) of 1.9 �m are shown for each model.
D: normalized active force plotted only over time
for our electromechanical model.
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anisms only in the electromechanical model, specifically the
ability of strongly bound XBs to increase the binding affinity of
Ca2� to troponin C on nearby RUs. Therefore, Ca2�-troponin
C affinity is enhanced when the amplitude of the [Ca2�]i

transient is greater, resulting in more cytosolic Ca2� ions
binding to troponin C during a long compared with short beat.
Because Ca2� is removed from the cytosol when it binds to
troponin C, as the beat number progresses within the train of 74
beats, there is a progressive dampening of CA-ANM and thus
APD-ALM.

Increased cAF-induced myofilament remodeling predomi-
nantly increases APD-ANM. Incorporating both cAF-induced
ionic and myofilament remodeling in our human RA and LA
electromechanical myocyte models resulted predominantly in
APD-ANM increases (Fig. 5). Specifically, bifurcations in
APD as functions of myofilament parameters occurred as the
level of thin filament remodeling increased after changes in kon,
koffH, and perm50 in RA and LA myocyte models (Fig. 5, top).
The increase in thin filament activation caused a transition
from stable APD to beat-to-beat APD oscillations. In RA and
LA models, significant APD-ANM (Fig. 5, bottom) occurred
for cAF-induced remodeling of kon � 200% (RA) or kon �
250% (LA), koffH 	 40% (RA), or koffH 	 30% (LA) and
perm50 	 30% or 	 60% (both LA and RA) of control values.
cAF-induced remodeling of other myofilament parameters that
increased thin filament activation (knp, kpn, and koffL) or those
that led to a reduced rate of XB cycling (gapp, hb, fapp, hf, and
gxb) did not alter APD-ANM (not shown).

An increase in thin filament activation enhanced the binding
affinity of troponin C for Ca2�, thus increasing the fraction of
troponin C with bound Ca2� during both long and short beats.
However, as more Ca2� binds to troponin C, the fraction of
troponin C with bound Ca2� reached saturation (i.e., a value of
one) during the long beat. As a result, the fraction of troponin
C bound to Ca2� during the short beat increased relative to that
during the long beat, causing a concomitant relative increase in
the fraction of strongly bound XBs. Because of the coopera-
tivity between strongly bound XBs and Ca2�-troponin C bind-
ing affinity on nearby RUs, this caused a further increase in
Ca2�-troponin C affinity. As a result, [Ca]troponin increased,
and the peak magnitude of [Ca2�]i decreased during the short
beat relative to the long beat, increasing CA-ANM. Therefore,
as cAF-induced thin filament activation increased, APD-ANM
also became larger. An example of this is shown in Fig. 6,
where we compared Vm, [Ca2�]i, the fraction of strongly bound
XBs, and [Ca]troponin for simulations with different amounts of
cAF-induced remodeling of thin filament activation. When
cAF-induced remodeling of thin filament activation was in-
creased from 150% to 225% of control, increases were found
in APD-ANM (to 9.4% from 0.03%), CA-ANM (to 43% from
0.02%), CaT-ANM (to 74% from 0.03%), and the maximum
percentage of XBs in a strongly bound state (to 25% from 1.8%
during the first beat; to 11% from 1.8% during the second
beat).

Subthreshold APD-ANM (Fig. 5, bottom) occurred for RA
and LA models with values of perm50 � 30%. In these cases,
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Fig. 5. Bifurcation diagrams for action potential duration (APD; A, C, and E) and sensitivity of APD alternans-normalized magnitude (APD-ANM; B, D, and
F) as functions of chronic atrial fibrillation (cAF)-induced myofilament remodeling in simulations with our right atrial (RA; blue lines) and left atrial (LA; green
lines) electromechanical models with human chronic atrial fibrillation (cAF)-induced ionic remodeling and a sarcomere length (SL) of 1.9 �m. To incorporate
cAF-induced increased thin filament activation, each unique simulation has a cAF-remodeled value of kon (A and B), koffH (C and D), or perm50 (E and F) ranging
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the division between subthreshold ANM and significant ANM (�5%). AF, atrial fibrillation.
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the fraction of troponin C with bound Ca2� became close to
saturation during both short and long beats. Therefore, the
binding affinity of troponin C to Ca2� was reduced in the short
beat relative to that in the long beat, causing the difference in
the amount of Ca2� buffered by troponin C between successive
beats to progressively diminish. Because Ca2� is removed
from the cytosol when it binds to troponin C, this leads to
progressive dampening of CA-ALT and thus of APD-ALT.

Longer SLs predominantly increase APD-ANM. Finally, we
investigated the effect of SL on APD-ANM, since stretch is
common in cAF (40) and has been shown to increase the
susceptibility of atrial myocytes to APD-ALT (42). The results
of the simulations revealed that longer SLs predominantly
increase APD-ANM for both RA and LA electromechanical
myocyte models, as shown in Fig. 7 for simulations with
cAF-induced myofilament remodeling represented by kon (Fig.
7, left), koffH (Fig. 7, middle), and perm50 (Fig. 7, right). An
increase in SL increases the thin filament single overlap region,
resulting in greater thin filament activation and enhanced
binding affinity of troponin C to Ca2�. As described in In-
creased cAF-induced myofilament remodeling predominantly
increases APD-ANM, when binding affinity is heightened, the
fraction of troponin C with bound Ca2� reaches saturation
during only the long beats, resulting in larger APD-ANM. An
example of this is shown in Fig. 6 for simulations at two
different SLs. When SL was increased from 1.9 to 2.3 �m,
increases were found in APD-ANM (to 15% from 0.03%),
CA-ANM (to 94% from 0.02%), CaT-ANM (to 124% from
0.03%), and the maximum percentage of XBs in a strongly
bound state (to 42% from 1.8% during the first beat; to 16%
from 1.8% during the second beat). For simulations with
SLs � 2.1 �m and with the greatest cAF-induced myofila-

ment remodeling (kon � 275% for RA only, koffH 	 30%,
and perm50 	 50% for both RA and LA), the binding
affinity of troponin C to Ca2� was largest. When the binding
affinity is greatest, the fraction of troponin C with bound
Ca2� reaches saturation during both the long and short
beats, resulting in smaller APD-ANM.

DISCUSSION

An increased propensity for APD-ALT has been shown to
render the human atria vulnerable to ectopy-induced arrhyth-
mia and to increase arrhythmia complexity and its persistence
in computational models of human cAF (6). These simulation
results are consistent with studies demonstrating that atrial
alternans is linked to disease progression in patients with AF
(32) and is associated with enhanced AF susceptibility after
myocardial infarction in clinical studies (22, 28) and atrial
tachycardia in animal models (19, 29). Recent studies have also
examined the cellular mechanism underling the occurrence of
APD-ALT at clinically relevant slow pacing rates, i.e.,120–
200 beats/min (5, 6). Although researchers have examined the
ionic mechanisms underlying APD-ALT, the effects of myo-
filament protein kinetics on APD-ALT have not been eluci-
dated. Here, we investigated whether myofilament protein
kinetics mechanisms modulate APD-ALT formation in cAF at
clinically relevant pacing rates. By comparing our human
electromechanical atrial myocyte model with the human ionic
atrial model, we showed that CaBTn has a dampening effect on
APD-ANM. These results are consistent with our previous
simulation study, where we showed that CaBTn diminished
Ca2� and voltage alternans, driven by heart failure-induced
downregulation of SR Ca2� uptake current, in simulations of
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Fig. 6. Transmembrane voltage (Vm; A), free in-
tracellular Ca2� concentration ([Ca2�]i; B), per-
centage of regulatory units with strongly bound
cross-bridges (XBs; C), and [Ca2�]troponin (D)
plotted over time for our right atrial (RA) electro-
mechanical myocyte models with chronic atrial
fibrillation (cAF)-induced ionic remodeling. The
final two beats (of the 74 total beats) isometrically
paced at a sarcomere length (SL) of 1.9 �m with
cAF-induced myofilament remodeling with a
value of kon � 150% (blue lines), at a SL of 1.9
�m with kon � 225% (red lines), or at a SL of 2.3
�m with kon � 150% (green lines) are shown.
The percentage of regulatory units (RUs) with
strongly bound cross-bridges (XBs) were calcu-
lated as the sum of RUs in the XBPreR and XBPostR

states divided by the total number of RUs.
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failing human ventricular myocytes (45). Because APD-ALT
has been advocated as a clinical marker for AF risk and has
been suggested as a new therapeutic target in patients with cAF
(5, 6, 31), our results propose that targeting myofilament
protein kinetics may offer an alternative approach for preven-
tion of arrhythmia in patients with cAF.

We also examined how APD-ALT is affected by cAF-
induced myofilament remodeling. Previous studies have sug-
gested that myofilament Ca2� sensitivity, the amount of Ca2�

necessary to produce half-maximal force, is increased in AF (2,
10), although the degree to which it is increased and whether it
promotes arrhythmogenicity in AF have not been elucidated.
Therefore, in the present study, we investigated how varying
degrees of increased thin filament activation, which enhances
Ca2� sensitivity, altered the formation of APD-ALT. Our
results show that increasing thin filament activation and thus
Ca2� sensitivity via CaBTn predominantly enhanced APD-
ANM. Because APD-ALT has been identified as a dynamic
arrhythmogenic substrate underlying human AF and because
APD-ANM is larger in patients with cAF than in patients with
paroxysmal AF (31), our observations suggest that myofila-
ment remodeling may occur in patients with cAF but not in
patients with paroxysmal AF. This is supported by Belus et al.
(2), who found that myofilament Ca2� sensitivity was in-
creased in human cAF (long-standing persistent AF), whereas
Eiras et al. (10) found that there was no significant difference
in myocytes from healthy subjects and patients with persistent

AF. Therefore, enhanced Ca2� sensitivity may be responsible
for the enhanced arrhythmogenicity found in patients with cAF
compared with patients with persistent AF. However, organ-
scale simulations will be necessary to verify this hypothesis.
Furthermore, our results suggest that therapies decreasing the
disease-enhanced thin filament activation could reduce APD-
ANM, thus potentially reducing the propensity for arrhythmia
in patients with AF.

Acute and chronic stretch are known to cause abnormal
atrial remodeling and to increase vulnerability to AF (40).
Acute atrial stretch causes transient electrophysiological
changes such as conduction slowing and altered atrial refrac-
toriness in animal (33, 36, 37) and human (12, 34) studies.
Chronic atrial stretch has been implicated in structural atrial
remodeling and persistent conduction slowing in both animal
(38) and human (30) studies. Although investigators have
examined some of the proposed mechanisms by which atrial
stretch can lead to AF (14), such as stretch-activated ion
channels (23, 39), few studies have examined the effects of
atrial stretch on APD-ALT. One study by Tsai et al. (42) found
that mechanical stretch in a HL-1 atrial myocyte monolayer led
to increased susceptibility to CA-ALT and APD-ALT due to
slower Ca2� reuptake kinetics via decreased expression of SR
adenosine triphosphatase 2. However, only rapid field pacing
could induce APD-ALT in this study. This is in contrast to the
clinical observations (32) showing that APD-ALT occurs in
patients with cAF at slower rates, and thus these finding may

Fig. 7. Sensitivity of action potential duration alternans-normalized magnitude (APD-ANM) to sarcomere length (SL) in simulations with our right atrial (RA;
A, C, and E) and left atrial (LA; B, D, and F) electromechanical myocyte models with chronic atrial fibrillation (cAF)-induced ionic remodeling and varying
degrees of cAF-induced myofilament remodeling. cAF-induced myofilament remodeling was incorporated as in Fig. 5. Each white dot represents a unique
simulation in which the model was isometrically paced at a specific SL ranging from 1.7 to 2.3 �m in increments of 0.1 �m. Colors represent APD-ANM.
Contour lines were drawn at APD-ANM of 5%, 10%, 15%, and 20%.
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be more relevant to patients with paroxysmal AF (20). There-
fore, we investigated how stretched sarcomeres affected the
formation of APD-ALT at clinically relevant pacing rates in
human cAF. Our findings at slower clinically relevant rates of
150 beats/min (400 ms CL), similar to those from Tsai et al.
(42) at faster pacing rates of 240–360 beats/min (250– 67 ms
CL), showed that simulated myocytes with longer SLs resulted
in enhanced APD-ANM due to larger CA-ANM, suggesting
that atrial stretch is an important modulator of APD-ALT.
Therefore, therapies designed to reduce the mechanical stretch
commonly found in cAF may reduce the propensity for ar-
rhythmia in these patients.

This study focused on alternans onset at modest heart rates
in patients with cAF and the role of CaBTn in it; the generation
of such alternans is a cell-level phenomenon. As previous
research has demonstrated, cell-level alternans that originate at
slow rates might transition into spatially discordant alternans at
high rates, sustaining arrhythmogenesis (6). The role of con-
traction in this process at such high rates has not been inves-
tigated. The cell-level model developed here would be a useful
tool in such investigations.

This study has a number of limitations. Other types of
mechanoelectric feedback, including stretch-activated channels
and xRos signaling, may influence APD-ALT in atrial myo-
cytes but were outside the scope of this study. In addition, the
myofilament model empirically rather than physiologically
represents enhanced Ca2�-troponin C buffering at longer SLs.
Specifically, at longer SLs, the myofilament model increases
the effective Ca2�-troponin C binding rate rather than dimin-
ishing Ca2� unbinding rate due to the cooperative activity of
active nearby XBs. This limitation is inherent to the original
formulation of the myofilament model (35). Also, despite
optimizing our model to accurately reproduce human atrial
force data, we were unable to validate the state occupancy of
the Markov model due to the phenomenological nature of the
original Rice et al. (35) model and lack of available experi-
mental data. Finally, because of the phenomenological nature
of the original Rice et al. (35) model, we were unable to
validate the numerical values of myofilament model parame-
ters in cAF against experimental data.
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