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Electrophysiological Biomarkers for Age-Related Changes
in Human Atrial Cardiomyocytes: In Silico Study
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Abstract. Age-related changes in human cardiomyocytes are closely related to
cardiac diseases, especially atrial fibrillation. Restricted availability of biolog-
ical preparations from the human atrial myocardium complicates experimental
studies on the aging processes in cardiomyocytes. In this preliminary study, we
used available experimental data on the age-related changes in ionic conduc-
tances in canine atrial cardiomyocytes to predict possible consequences of sim-
ilar remodeling in humans using two mathematical models (Courtemanche98
and Maleckar(09) of human atrial cardiomyocytes. The study was performed
using the model population approach, allowing one to assess variability in the
cellular response to different interventions affecting model parameters. Here,
this approach was used to evaluate the effects of age-related parameter mod-
ulation on action potential biomarkers in the two models. Simulation results
show a significant decrease in the action potential duration and membrane po-
tential at 20% of the action potential duration in aging. These model predictions
are consistent with experimental data from mammalians. The action potential
characteristics are shown to serve as notable biomarkers of age-related electro-
physiological remodeling in human atrial cardiomyocytes. A comparison of the
two models shows different behavior in the prediction of repolarization abnor-
malities.

1 Introduction

Atrial fibrillation is one of the most common diseases in the human population and is
widespread among seniors. The electrophysiological changes in human atrial cardiomyocytes
in the aging heart may be strongly related to arrhythmia occurrence and sustainability. How-
ever, experimental observation of age-related changes in human atrial cardiomyocytes is com-
plicated by ethical reasons and the restricted availability of healthy myocardial preparations
from the human heart, especially of different ages.

In this preliminary study, we used available experimental data on age-related changes in
ionic conductances in canine atrial cardiomyocytes [1, 2] to predict possible consequences
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Table 1. Parameters of the normal action potential (AP) in human atrial cardiomyocytes. The last
column shows parameters that were chosen for the classification of normal and pathological action
potential in the current study. APD20, APD50, APD90 — action potential duration at X% of
repolarization, APA — action potential amplitude, RMP — resting membrane potential, V20 — voltage at
20% of action potential duration.

article Sanchez et al. 2014 [6] Muszkiewicz et al. 2018 [S]  Our populations
APD20 (ms) 1-60 0.7-11.5 0.7-60
APD50 (ms) 6-200 49-34.1 4.9 -200
APD90 (ms) 190 —440 68.9 - 142.8 68.9 — 440

APA (mV) 75-120 94.6 - 137.5 75-137.5
RMP (mV) -85 --65 -85.2 —-66.1 -85.2 —-65

V20 (mV) -35-10 - -35-10

of similar remodeling in humans using two mathematical models of human atrial cardiomy-
ocytes: Courtemanche98 [3] and Maleckar09 [4]. The main goal of this analysis was to
define the most important electrophysiological biomarkers for age-related changes in human
atrial cardiomyocytes. The study was performed using the model population approach [5] to
analyze the effects of age-related variation of model parameters on observed model behav-
ior. We also compared the aging model populations based on the two ionic models of atrial
cardiomyocytes.

2 Methods

We used Courtemanche98 [3] and Maleckar09 [4] ionic models for analysis of the elec-
trophysiological consequences of cardiomyocyte aging. These models are widely used in
computational electrophysiology studies.

There are essential differences between the models. Both models simulate human atrial
action potential, but they produce the action potentials of different shapes. This is a result of
different definitions of ionic currents in the models.

Both models are based on experimental data on the human atrial myocardium from pa-
tients of mostly the senior age group. Particularly, parameters of the ionic currents in the
models were derived from experimental data recorded in the myocardium of patients of the
following ages: 62+1 years old in [7], 59+2 years old in [8], 61 to 78 years old in [9], 61+1
years old in [10], 63.9+10.7 years old in [11], 41 — 78 years old in [12], and 45 — 71 years
old in [13]. Thus, we may consider the two mathematical models as reference models repre-
senting human atrial cardiomyocytes of the senior age group.

Almost no systematic data on the action potential in human cardiomyocytes from the
adult or young adult group and no data on progressive changes in age-related cardiomyocyte
characteristics throughout the aging process are available at the moment. On the contrary,
such data is available for the canine atrium, as presented in Table 2. Based on this informa-
tion, we chose several experimentally defined age-modified parameters of ionic currents to
evaluate the effects of their variation on the action potential characteristics in human atrial
models. We varied five parameters for the Na* current (Iy,), transient outward K* current
(1), and L-type Ca®* current (I¢,r): three maximal conductances gna, Gio» gcar, and two
kinetic parameters of [, - half-maximal voltage Vys(l,), and the slow time constant of the
recovery from inactivation 7, ;).

This study used the population of models methodology to investigate the behavior of the
human atrial action potential with accounting for natural variability in cellular activity even
within one testing group. An entire population of atrial action potential models was built with
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the variation of each of the five parameters within the range 0-200% from the reference value
(100%) assigned in the original articles [3, 4]. Thus, each model from the population can be
described by a five-dimensional scaling parameter vector, the values of which are expressed
in percentage of the reference values. The population includes 10,000 models, each of which
was pre-paced for 99 cycles at 1Hz frequency to reach the steady-state.

The last action potential shape in each model was classified into one of the following
groups: normal action potential (AP), pathological AP, early afterdepolarizations (EADs),
delayed afterdepolarizations (DADs), as suggested in [14]. The models were experimentally
calibrated according to the physiologically plausible ranges of AP biomarkers reported in the
literature, as defined in Table 1. Color scales were used to display the phenotype of each
tested model sample within the entire population on the planes of paired input parameter
space (Figure 1).

To analyze age-related changes in human atrial model behavior, we proposed five ag-
ing sub-populations of models selected from the entire model population: Adult I, Adult II,
Senior I, Senior II, and Senior III. The groups were sampled as follows. First, we assigned
the reference parameters of human atrial models from [3, 4] as the mean values for the
Senior I age group, as the reference models were based on the experimental data from pa-
tients of around 60 years old. To define mean parameters for younger and older model
sub-populations, we varied the five age-related parameters based on the experimental data
on the relative changes in the parameters between the Senior I and the Adult I groups and
our assumption on the linear change in the parameters in aging. The direction and percent-
age of age-related modulation in the mean parameter values between the Adult I and Senior I
groups was set according to the experimental data from the canine atrial myocardium from
1-3 (Adult 1) and 8 (Senior I) years old dogs (see Table 2). Then we connected the mean
points in the 5-dimensional parameter space by the "aging line" used to compute the mean
parameters for the intermediate Adult II group between the Adult I and Senior I groups and
for the older groups Senior II and Senior III that lay in the opposite direction from the Senior I
group on the aging line (see Table 2 for the mean parameter values in the groups expressed
in percentage of the reference values in the Senior I, and the lines in the parameter spaces
shown in Figure 1).

The age sub-populations of models were sampled from the sphere in the parameter space
around the mean parameter vector for the corresponding group at a distance less than 30%
of the length of the reference 5-variable parameter vector (see sub-population circles on the
2-parameter planes shown in Fig. reffig:projections). Each sub-population consisted of 1,080
to 2,070 models.

Age-related biomarkers for AP shape distinguishing between the groups were then de-
rived using a naive Bayesian classifier.

3 Results

Figure 1 shows the projections of the five-dimensional space of varied age-related parameters
to two-dimensional planes. The color of each point indicates the AP’s class according to the
used model classification. As can be seen from Figure 1, the two atrial cardiomyocyte models
we tested are differently vulnerable for the repolarization abnormalities within the tested
parameter range. The much higher percentage of EAD was generated by the Maleckar09
model, and no DAD was produced by the Courtemanche98 model. The distribution of the
models between the different classes within the parameter space is also essentially different
between the cellular reference models. Particularly for the Maleckar09 model, EADs and
DADs are produced in a narrow range of gc, of high average value, but with a more wider
distribution of the parameters of /,, compared to the Courtemanche98 model.
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Table 2. Experimental data on age-related changes in the transmembrane currents in canine atrial
myocardium.

current parameter change with age article age (year)  atrium

Icar 1 47% [1] 2-5 & >8 RA
density 1 43% [2] 2-25&>8 LA
1 43%

| 379 [15] 13&>8 LA

density T 48%

Ly V(0.5); L 15% [1] 2-5 & >8 RA
Ttast; T 68%
Tslow; T 246%
. T 28% RA
Ing density 122% [16] 2-5 & >8 LA

Table 3. The linear model of age-related changes in human atrial cardiomyocytes. The numbers show
parameter values in the aging groups expressed in percentage of the reference values assigned for the
Senior I age group. Parameter values in other groups are based on the experimental data and
assumption on the liner change in the parameters between the aging groups.

Courtemanche98

Maleckar09
Icar 0.12375 mS/uF
(1] 9L 0.135 mS/uF

0.1652 mS/uF

Adult] AdultIl SeniorI SeniorlIl Senior III

189% 144.5%  100% 55.5% 11%

68% 84% 100% 116% 132%

Jro 0.150 mS/uF
f’l"] 7; 29%  64.5%  100%  1355%  171%
V(0.5); :jg:;ﬁz 118%  109%  100%  91% 82%
Ing  9na 7.8 mS/uF

[16]  Pw, 0.0018 nl/s 78% 89% 100% 111.5%  123%

The series of AP shapes without repolarization abnormalities generated in the age-
dependent sub-populations are shown in Figure 2. The linear model of the age-related param-
eter modulation that we used predicts qualitatively similar changes in the AP characteristics
for both Courtemanche98 and Maleckar09 models. The most notable age-related changes are
observed for the action potential duration at 90% of repolarization (APD90) and action poten-
tial voltage at 20% of APD (V20) (Figure 2), which both decrease with aging. In the Courte-
manche98 model, APD90 does not significantly change between Adult I, IT and Senior I age
groups and linearly decreases between the Senior I and Senior III groups. In the Maleckar09
model, there is a gradual logistic decrease in the APD90. The V20 dependence on age is
similar between the models.

There are several differences in the age-related effects on other AP biomarkers between
the models. The Maleckar09 model predicts decreasing resting potential during aging, but
the Courtemanche98 model does not. Note also, the Courtemanche98 model produces AP
with the spike-and-dome morphology in every aging group of models except the Senior III.
Conversely, the Maleckar09 models display this AP morphology in only the Senior III age
groups of models. Both models show almost no effect of age-related parameter modulation on
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Figure 1. Projection of the five-dimensional parameter space on the two-dimensional planes. Colour
points show the classification of APs for the model samples. Age-dependent model sub-populations are
shown as the circles on the 2-parameter planes. The black arrow shows the direction of the age-related
changes in the models of human atrial cardiomyocytes.
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Figure 2. Age-related changes in the action potential of cardiomyocytes. Each color shows one of the
age sub-populations. Insert plots show the distribution of APD90 and V20 in the sub-populations.

the absolute value of the AP upstroke and height. Adult IT models differ from Senior I models
for the V20 parameter: -7.93+1.26 versus -16.58+2.73 mV in the Maleckar09 model, and -
0.72+0.99 versus -11.23+4.98 mV in the Courtemanche98 model. Senior I models differ
from Senior II models for the APD90 parameter: 170.97+13.97 versus 138.77+5.51 ms in
the Maleckar0O9 model, and 295.12+7.74 versus 195.13+29.94 ms in the Courtemanche98
model. Other parameters of the AP show insignificant differences between the ages in the
absolute physical units.

Our goal was to provide most reliable biomarkers of cardiomyocites aging that are based
on AP contours. The naive Bayes classifier was able to distinguish model behaviour between
the groups and provided the most significant border values related to the age-groups. The
values are as follows: Adult I — Senior I, V20=-7.1 (accuracy=99.46%); Senior I — Senior II,
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V20=-21.59 (acc.=99.02%), APD90=209.6 (acc.=99.75%); Senior II — Senior III, V20=-
31.7 (acc.=85.24%). Other linear rules show accuracy lower than 85%.

4 Discussion

Experimental studies on isolated canine atrial cardiomyocytes show prolongation of the
APDO0 in aging ([1, 2]). Several studies on the whole human atriums reported an increase
in the effective refractory period associated with the age [17, 18]. These observations also
suggest an increase in APD90. This data disagrees with our predictions on the APD90 short-
ening in aging models of human atrial cardiomyocytes suggesting the inter-species difference
in the aging processes in atrial cardiomyocytes.

The decrease in V20 in the aging models is consistent with experimental observations
in canine atrial cardiomyocytes ([1, 2]). This AP biomarker is shown to closely correlate
with parameters of the L-type calcium current and transient outward current, which were
directly modified in the aging sub-populations, while APD90 is sensitive to the variation in
all transmembrane currents under consideration.

In summary, we suppose that V20 and APD90 are the most trustworthy electrophysiolog-
ical biomarkers of human atrial cardiomyocyte aging. Both of them show significant changes
during in aging in the absolute values of physical units. The change in V20 is consistent with
experimental observations. However, APD90 is more suitable for experimental and clini-
cal measurements, because it may be estimated from the activation-recovery interval of the
unipolar electrogram.

The presented study shows preliminary results using the model population approach that
may be further extended in several directions. Currently, we are working on a more specific
definition of age-related model groups. The proposed simple linear approach we used here to
simulate age-related changes in model parameters has to be verified in tissue models against
available clinical information on age-related changes in intracardiac electrograms and elec-
trocardiograms. Also, we see potential applications of our approach for drug-testing with
accounting for age-related changes in cellular activity.

5 Conclusion

In this preliminary study, we used experimental data on the age-related changes in canine
atrium cardiomyocytes to build aging populations of models based on the two models of
human atrial cardiomyocyte (Courtemanche98 and Maleckar09). The populations of mod-
els identify APD90 and V20 as significant biomarkers related to age-dependent changes in
human atrial cardiomyocytes. We suppose that distinguishing aging groups in the human
population may be classified according to the found biomarkers.
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