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ABSTRACT Cardiovascular diseases continue to be a leading cause of morbidity and mortality worldwide.
Cardiomyocytes, as the elementary heart components, play a crucial role in maintaining a healthy heart by
coordinating contractions throughout the heart muscle that lead to a heartbeat. This study aims to characterize
fine-grained ionic-level manipulation of cardiomyocytes for the controlled electrical activity that will offer
new insights within the medical field. We explore the concept of Molecular Communications (MC) to
analyze the propagation of potassium ions in the cardiomyocyte cytosol. By associating the number of the
potassium ions in the cytosol with the membrane- and action potentials, we use metrics from the well-known
Shannon’s information theory to optimize the ionic injection process and manipulate cardiomyocytes
electrical activity. In case ON/OFF keying modulation is adopted as the potassium ion injection method,
the optimal input distribution in terms of information capacity follows the derived Bernoulli distribution.
This study offers underlying concepts that can be exploited in the creation of cardiomyocyte signals either
for data communication via cellular infrastructure or heart pacing. The framework presented here needs to
be upgraded in the following phases and made more physiologically plausible.

INDEX TERMS Cardiomyocyte, channel capacity, intracellular communication, molecular communication,

subthreshold communication.

I. INTRODUCTION

Pacemakers are permanent implants to treat patients with
irregular heartbeats by injecting current to stimulate the heart
in atrium and ventricle using electrodes (leads) [1]. Leads
can cause infections and have led to the development of
leadless pacemakers. These are small capsules-like devices
containing sensors, current injectors, microcontrollers, wire-
less transceivers, and batteries. Due to the requirement of
small physical size and lifelong operation, the researchers
are now looking for solutions beyond micro- and
nanotechnology fields. Interestingly, biologists, inspired by
the electronic industry and device development, are designing
synthetic cells, inherently biocompatible and able to function
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like electronic devices or chords to perform key functions like
sensing, computing, actuation, and signaling [2]. The advent
of synthetic biology, in turn, has inspired communications
engineers to develop new models and methods for intracel-
lular and cell-to-cell communication using information and
communication theoretical approaches.

In a concept of the multi-nodal leadless pacemaker which
we have recently proposed [3], communication of sensed data
and commands for current injections between synthetic cells
or capsules placed in atrial or ventricle can be realized utiliz-
ing cardiomyocytes, thus enabling an alternative transmission
pathway and connectivity which bypass the damaged natural
conduction system. Intercellular cardiomyocyte signal trans-
mission provides interesting insights into data transmission
and scheduling using the cardiomyocyte system as a trans-
mission channel without interrupting the natural, ongoing
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FIGURE 1. (a) Cardiac channelopathies and (b) the normalized cardiomyocyte membrane potential, sodium current, slow
inward calcium current, and potassium current change with time. The ionic currents synchronously depolarize the membrane

and evoke membrane/action potentials.

cell-to-cell communication needed for heart function [4]-[7].
In this regard, we have proposed and analyzed the
resting-state (subthreshold) cardiomyocyte communication
method within an intracardiac communication system [7].

In the intracardiac communication system, a cardiomy-
ocyte is an elementary building block, where ions such as
sodium (NaT), calcium (Ca®>*) and potassium (K*) ions
further play a crucial role in defining electrophysiological
activity. This activity is, in turn, essential for encoding data
via the subthreshold membrane potential fluctuations [7]. The
ions are dynamically exchanged between the intracellular and
extracellular space (Figure 1a), which leads to the creation
of the ionic currents (Figure 1b): sodium current (Ina), slow
inward calcium current (Ica), and potassium current (Ix),
among others. The latter integrates the transient outward
potassium current (Iy,), the outward ultrarapid rectifier cur-
rent (Igyr), the outward rapid rectifier current (Ix;) and the
outward slow rectifier current (Igg), and the inward recti-
fying current (Ix;) [8]. Although the ionic currents coordi-
nately contribute the cardiomyocyte to generate membrane
and action potentials, as shown in Figure 1b, their effects can
be studied independently. Thus, it is required to separately
investigate the effects of ionic movements/currents and their
association with cellular electrophysiological activity before
conducting further relevant analysis and experimental trials
in association with the proposed communication method.

Potassium ions are the first candidate whose dynamics
can be analyzed in a straightforward manner. Compared to
sodium and/or calcium dynamics, potassium dynamics within
cardiomyocytes can be easily described. Although present in
the intracellular space where they hardly propagate/diffuse
longitudinally, sodium ions are predominately concentrated
in the extracellular space [9]. Although exist in the cytosol
where they play crucial roles, calcium ions dynamics is more
complex. This is particularly valid for membrane poten-
tials when the calcium-induced-calcium-release (CICR)
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mechanism in the cytosol is activated and calcium ions
are released from internal stores, e.g., endoplasmic retic-
ulum, in addition to calcium influx from the extracellular
space [10].

Potassium ions in the cytosol are abundant compared to
their concentration in the extracellular space and intracel-
lular concentrations of other ions. Besides, potassium ions
1) have the potential to propagate/diffuse intracellularly in the
longitudinal direction! either in the resting-, depolarization-,
plateau-, and repolarization periods [12], and 2) are not
buffered intracellularly (like calcium ions), whereas only
physical barriers and local charges or components like mem-
branes could restrict their propagation/diffusion [13], [14].
Ultimately, adequate injection of potassium ions into the
intracellular space depolarizes the cardiomyocyte’s mem-
brane, which can be utilized for creation of signals for
communication of sensed data and/or commands between
synthetic cells or capsules.

The listed properties prompt us to deploy Molecular Com-
munication (MC) paradigm and the Shannon’s information
theory to

o analyze the potassium-based signaling (sub)-system,
and

« propose a novel way of associating the intracellularly
transmitted ions with the membrane potential fluctu-
ations relevant for encoding data via the resting-state
cardiomyocyte communication method [7], [15]-[19].

The diffusion-based MC framework has been previously
used to study the leadless pacemaker communications in
the heart chambers [20]. In that scenario, the communica-
tion is based on pheromone transmission using unspecified
molecules which diffuse through the blood medium, where

Potassium ion diffusion in the longitudinal direction is about 5000 times
greater than the permeability of the surface membrane to outward
movement [11].
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the propagation distance is larger than the length of a single
cell [20], [21]. We describe the potassium ion propagation
within the cardiomyocyte cytosol with the diffusion-based
MC models [22]-[25] and ground this study on the system
model presented in [23]. We assume that 1) the potassium
ion transmitter is a point source which integrates the ions
transmitted via gap junctions from the neighboring cells
and/or externally injected ions (e.g., via electrophoresis),
2) the potassium ions movement in the intracellular space can
be characterized by the diffusion law, and 3) the potassium
ion receiver absorbs or accumulates the ions. Finally, we use
the information theory metrics such as the channel capacity
to characterize the performance of the potassium-based intra-
cellular signaling (sub)-system. Unlike in the existing works,
e.g., [26]-[28], here we associate the concept of Shannon’s
information capacity with the cardiomyocyte intracellular
potassium, with the objective to optimize the ionic injection
process and manipulate cardiomyocytes electrical activity.
The concept of information theory can further be used to
derive measures to investigate, diagnose, or treat cardiac
diseases in nanomedicine [5], [6].

The rest of the paper is organized as follows. Section II
introduces the potassium-based intracellular signaling model.
Section III characterizes the channel capacity of the proposed
system. Section IV presents the numerical simulations and
results. Finally, Section V discusses and concludes the study.

Il. POTASSIUM-BASED INTRACELLULAR SIGNALING
(SUB)-SYSTEM

Weidmann’s use of multiple compartment methods showed
that potassium ions could diffuse through multiple cardiac
cells in the longitudinal direction [11], [29]. Besides, the dif-
fusion process is divided into two steps: 1) diffusion through
the intracellular space, and 2) diffusion across the gap junc-
tions between two cells. Potassium ions diffusion in the
intracellular space could be considered as a source-sink
communication [30] where the ions move from one selected
compartment to another. Due to the similarities of the ionic
movement and molecular diffusion, we adapt the existing
basic MC concepts developed by the communications engi-
neering community to model the potassium-based intracellu-
lar signaling in cardiomyocytes.

A. BASIC MC MODEL
The conventional MC system uses molecules/ions to transmit
information between its peers. Figure 2 shows a general
diffusion-based MC model which consists of source encod-
ing, sending (emission), propagation (diffusion), reception
(absorption), and source decoding [31], [32]:
« Encoding: the transmitter encodes the signal related data
into the specific number of molecules/ions,
« Sending: the transmitter emits information molecules/ions
into the channel,
o Propagation: the emitted molecules/ions roam in the
communication channel between the transmitter and
receiver,
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FIGURE 2. Basic diffusion-based MC system.

o Reception: the receiver absorbs the information
molecules/ions from the communication channel,
« Decoding: the receiver reacts to the molecules/ions.

B. POTASSIUM-BASED INTRACELLULAR SIGNALING
(SUB)-SYSTEM MODEL

Since the flow of potassium ions in cardiomyocytes can be
considered as propagation from the source/emission point to
the sink/receiver point, we conceptualize the potassium-based
intracellular signaling (sub)-system model as shown
in Figure 3. While establishing a potassium-based intracel-
lular signaling system, we:

o consider the potassium ions diffusion in a three-
dimensional space with a point source and a
three-dimensional receiving sphere with the radius r that
equals the cardiomyocyte’s radius; it is reasonable to
count the received ions in a sphere as adult cardiomy-
ocytes exhibit a rod shape which could be taken as a
curve surface in a three-dimensional space [33],

o assume the homogeneous cytosolic milieu where
organelles do not interrupt the propagation of ions, and

« neglect the impact of other ions.

The corresponding system thus consists of three main com-
partments: the transmitter, the channel, and the receiver.

o The transmitter emits potassium ions. The ions source
presumably comes either from 1) neighboring cells or
ionic exchange between the intracellular and extracellu-
lar space, or 2) the external (coordinated) electrophoretic
injection [34]. The transmitter “occupies’ the area close
to the cell membrane, as shown in Figure 3. In this study,
the transmitter is abstracted as a point source to simplify
the analysis.

o The channel allows for the emitted ions to propagate in
the intracellular space following the diffusion law. The
channel “occupies” the cytoplasm of the communicat-
ing cell.

« The receiver abstracts as a sphere receptor/nanosensor
which detects the ions. According to the received ions,
we quantify the encoding membrane potential which
helps us decide whether we should stimulate the cell
with potassium injection or electrical stimulation and
how strong the stimulus should be to successfully prop-
agate information signals to other cells/nodes via gap
junctions. The receiver “occupies” the distal segment of
the cell in the longitudinal direction, as shown Figure 3.

The conceptual division in compartments helps us abstract
and understand the intracellular communication system.
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FIGURE 3. Potassium-based intracellular signaling (sub)-system model.

C. DIFFUSION EQUATION

The diffusion equation is applied to characterize any sub-
stance diffusing in intracellular space (e.g., ions or small
molecules [35]). In general, the diffusion could be com-
plex and anisotropic, and is affected by the cytosolic milieu.
We model the potassium ions diffusion in cardiomyocytes
with a point emitter and a sphere receiver [23], as shown
in Figure 3, and assume that 1) the cardiomyocyte is cylin-
drically rod shaped, 2) the potassium ions propagate in the
longitudinal direction since the length of a cardiomyocyte is
usually about ten times bigger than the radius [36], and 3) the
potassium diffusion coefficient in the longitudinal- is higher
than in the radial-direction [12].

The transmembrane efflux of the potassium ions affects
the concentration of the potassium ions movement in the
longitudinal direction. Thereby, by taking into account the
potassium efflux, the potassium ions concentration variation
(C(x, 1)) is described as [37]

AC(x, 1) 392C(x, 1)
=D
ot dx2

where x is the propagation distance, 7 is the propagation time,
D is the diffusion coefficient of the potassium ions, and k is
the rate constant of transmembrane efflux in ms™! (k = 0
denotes that none of the ions move out of the intracellular
space, and the permeability of the cell membrane is very low,
whereas k>0 denotes that some of the ions move from the
intracellular- to the extracellular space). The rate constant k
is described as [37]

— kC(x, 1), (1)

Moy Acenl

k=— , 2
Ce. 0 Vean @

where My is the efflux in mmol/(um2~ms), and Acel1/ Veell 1S
the surface-to-volume ratio of the considered cardiomyocytes
inem™!. As the efflux is hardly measured, we use the half-life
cycle (t1/2) of the potassium ions to calculate the efflux
rate [38], [39], which is written as

_me)

k= 3

12
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To solve (1), we need to set the initial- and the boundary
condition. When considering that the propagation channel is
infinite, and the potassium ions are emitted at x = 0 with an
initial number Qy, we yield

2
X
C(x, 1) = Qo(dnDt) 3 exp | —— — kt |. 4
(x, 1) = Qo( ) P | =D “)
Of note, Qy is the initial value of the potassium ions in the
system and is changed depending on the setup.

D. RELATION BETWEEN THE IONIC INJECTION AND THE
MEMBRANE POTENTIAL CHANGE

The lipid bilayer of the cardiomyocyte membrane forms
a capacitor that isolates the intracellular- and extracellular
space. In the resting state, ions accumulate on both sides
of the layer and keep the balance. The balance is disrupted
when an external stimulation or physiological environment
changes. Injecting cations into the intracellular space depo-
larizes the membrane and creates a potential difference. The
membrane potential difference caused by the number of
injected ions is described as [40]

eQo

Va=————.
CmAcap

Q)
where e denotes the elementary charge, Cy, denotes the spe-
cific capacitance of the cardiomyocyte membrane in the unit
area, and A¢,p denotes the capacitive membrane area.

With the membrane potential difference, the actual mem-
brane potential Vy, is then calculated as

Vm = Vd + Vrestv (6)

where Vi is the membrane potential in the resting state.
When cations are continuously injected into the intracel-
lular space, the membrane continuously depolarizes while
the membrane potential increases reaching the membrane
potential threshold value (V) and, ultimately, the maximum
membrane potential value (Vax). Therefore, we derive the
threshold (Q,) and the maximum (Qnax) as of the number of
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injected cations according to (5) and (6), respectively, as

ChnAc
On = %(Vm — Vyest)
CmACap

Omax = (Vmax — Vrest)- @)
IIl. CHANNEL CAPACITY
The channel capacity is one of the most-frequently-used
metrics to characterize the communication channel’s data
transmission. We use the channel capacity in this study to
evaluate the potassium-based intracellular signaling [41].
We analyze the ionic transmission within time slots. The
transmitter emits a certain number of potassium ions in
each time slot. However, in the diffusion-based MC system,
the inter-symbol interference (ISI) is generated at the receiver
point due to residual molecules/ions originating from the
previous time slots. The ISI can be eliminated unless the
signal propagation duration is infinite. One approach is to use
a dynamic threshold detection technique [42]. We consider
the ISI by taking into account the impact of the previously
emitted ions, but simplify the detection procedure with a
predefined threshold detection to avoid the computational
burden.

A. CHANNEL MODEL
In a time-slotted system, the ionic diffusion happens within
time 7 = nTy, where n denotes the number of time slots and
T, the duration of each time slot. We consider the ON/OFF
keying modulation method. The transmitter emits M potas-
sium ions when sending bit 1, and none when sending bit O.
The probability P(x, t) of the ion at distance x and time ¢
is given as [43]

' 00
P(x,t) = / flx, t/)/ g(w)dudt’, (8)
0 t

where f (x, ') denotes the probability density function (PDF)
of one ion arriving at the receiver at distance x and time ¢/,
g(u) denotes the PDF that characterizes the transmembrane
efflux of ions, and is an exponential distribution function
(g(u) = kexp[—ku]). In our scenario, we define f(x,t)
as [19], [43]

©)

. 0 =0
X, 1) = 2
fe. 1) L_X __exp|l—55-| >0,
70 /47 Dt'3 4Dt
where x is the distance from the transmitter to the surface
of the receiver, r is the radius of the receiver sphere, and

ro = x + r is the distance from the transmitter to the center
of the receiver (Figure 3).

B. ISI ANALYSIS

At the start of each time slot i € [1, n], the transmitter sends
bit 1 by emitting M ions with the transmission probability p;.
The transmitter thus sends bit 0 by emitting no ions with
probability (1-p;). All the ions diffuse independently, with the
binary state when reaching the receiver. Therefore, to decode
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bit 1, the receiver successfully receives the ions with
the probability p;P(x, Ty), where P(x, T;) stems from (8).
The receiver fails to receive the ions with the probability
pi(l — P(x, Tq)).

The number (N,) of the received ions emitted by the trans-
mitter within time slot n follows the Binomial distribution

N~ BM, P(x, Ty)). (10)

A binomial distribution 5(n, p) can be approximated with
a normal distribution N (np, np(1 — p)), when n is greater
than 50 [25], [44]. Since in the considered scenario n is
significantly higher than 50, as shown in Figure 8a, eq. (10)
is approximated as

Ne ~ N, 8%, (11)
where

u = MP(x, Ty),
8% = MP(x, Ty)(1 — P(x, Ty)).

Further, we denote with P; ,(1 < i < n) the probability
of a single ion to be received in time slot » when emitting M
ions in time slot i, and define as

Pip =pi[P(x,(n—i+ DTy) — P(x, (n —DTg)]. (12)

From (10) to (12), we denote the residual ions from the
previous (n — 1) time slots in the current time slot with the
following distribution

n—1

Nist ~ D piB(M, P(x, (n — i + DTy))
i=1

—BWM, P(x,(n—i)Tz))). (13)

Since all the ions independently propagate in the channel,
eq. (13) is approximated from (10) and (11) as a normal
distribution

n—1
Nist ~ D2 pi (Nt 85 = N(uy. 8)

i=1

= SP:’ (N(Ma — by 8a* + sz))

i=1
n—1 n—1
=N (Zpiwa — ), Y pi(8a” + 5#)) . (14
i=1 i=1
where
[ta = MP(x, (n — i+ 1)Ty),
842 = MP(x, (n — i + DTy)(1 — P(x, (n — i + DTy)),

mp = MP(x, (n — DTy),
8,2 = MP(x, (n — )Ty)(1 — P(x, (n — i)Ty)).
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C. DETECTION

With the hypotheses Hyp and H; (Figure 4), we denote
the numbers of the received ions Ny when the transmitter
sends 0 and N; when the transmitter sends 1 in the time
slot n, respectively. Ny and N; follow the normal distribution,
respectively,

n—1

No = Nisi ~ Y pitN (tta — 1, 87 + 83))

i=1

~ N (o, 83), (15)
1-Pp
HQ: X =0 Y =0
Pr
1—Pp
Hi: X =1 —
1 Pr Y =1

FIGURE 4. Binary test channel of the potassium-based intracellular
signaling model.

where
n—1
o =Y pilta — tp),
i=1
n—1
5 =Y pHEZ+8p).
i=1
and
n—1
N1~ N, 8% + Y piN (1as 83) = N (up, 87))
i=1

~ N1, 8D, (16)

where
n—1
nr=pn+ Zpi(ua — Wb)s
i=1
n—1
81 =8+ pia+ 8.
i=1
To reduce the ISI, we set the threshold 6 to a predefined
value. The probability (P(6|H1)) that the hypothesis H; hap-
pens and the probability (P(8|Hg)) that the hypothesis Hg
happens can then be calculated from the cumulative distri-
bution function of the normal distribution, F (0, 1, 812) and
F(@6, no, 88), respectively. Therefore, the false alarm proba-
bility Pr and the detection probability Pp are given as

Pp = Pr(N = 6|X =0) = 1 — F(6; ju0, &),
Pp=Pr(N=0|X =1)=1-F(®; u1,8),
Pr(Y =1|1X =0) = Pp,
Pr(Y =1|1X = 1) = Pp,
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Pr(Y =0|X =0) = 1 — P,
Pr(Y=0X=1)=1-Pp. (17)

Ultimately, we resort to the error probability to find
the proper detecting threshold 6 using numerical methods
(Section IV). The error probability of transmitting the random
bit 0/1 in the current time slot n is written as

Pe=pc(1 = Pp)+ (1 —pc)Pr, (13)

where p. is the probability of transmitting bit 1. As shown
in Figure 5, the error probability highly depends on the detect-
ing threshold 6.

0.8

0.7

0.6

05¢

Probability of error

0.4

0.3r

0.2

0 200 400 600 800 1000
Threshold (6)

FIGURE 5. The error probability Pe versus threshold values with
Ty =0.8s,k=0.005ms"! and Qy =3 x 105.

D. CHANNEL CAPACITY
From the binary communication channel (Figure 4), the
mutual information can be expressed as [45]

IX;Y)=HY)—H{Y|X)
X=0Y=0 PY)
= H(pc(1 — Pp) + (1 — pc)(1 — PF))
—(1 = pc)H(PF) —pcH(1 = Pp),  (19)
where H(x) is the entropy of x, and it is given as H(x) =
—xlogy(x) — (1 —x)log,(1 — x).

Subsequently, we define the information capacity Ck
as [45]

Ck = max(I(X; Y))
Pe

P
Y_H(Q1 - Pp)

= logy(1 +2) — m
+ P ppp, (20)
Pr —Pp
H(—-Pp)—H(PF)
where z =2 Pr=Pp | Note that the input distribution at

the transmitter follows the Bernoulli distribution, owing to the
pre-selected ON/OFF keying modulation method.
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FIGURE 6. The arriving probabilities for potassium ions change with the time slot duration and efflux rate k: a) the arriving probabilities increase
with T4 for x = 80 um and k = 0; b) the arriving probabilities decrease with x for Ty = 0.8 s and k = 0; c) the arriving probabilities decrease

with k for T; = 0.8 s and x = 80 um.
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FIGURE 7. When the emitted potassium ions is 2 x 107, the channel mutual information changes with (a) the time slot duration
(k = 0.005 ms~! and x = 80 um), (b) the propagation distance (Ty = 0.8 s and k = 0.005 ms~1) and (c) the efflux rate (T; = 0.8 s

and x =80 pm).

IV. NUMERICAL SIMULATION RESULTS
In this section, we present the numerical results from the
computational simulations performed to characterize the
potassium-based intracellular signaling in cardiomyocytes.
Table 1 gives the primary parameters used in the simula-
tion framework. The potential difference between the resting
potential and the threshold potential is set to 24 mV. The
potential difference between the resting potential and the
maximum membrane potential is set to 124 mV. Therefore,
according to (7), the threshold number of the injected potas-
sium ions is Oy = 2.30100 x 107, and the maximum number
of the injected potassium ions is QOmax = 1.18885 x 108.
The time slot duration, propagation distance and efflux
rate influence whether the potassium ions are successfully
transmitted to the receiver at the observation points. The
time slot duration could be set to reflect the cardiac cycle
length. The propagation distance reflects the cell length. The
efflux rate reflects the properties of the membrane, which is
affected by the pathology of potassium channels and pumps
on the membrane. The ions arriving probability thus changes
with time slot duration, propagation distance and efflux rate,
as shown in Figure 6. We infer that the ions arriving prob-
ability increases for higher values of the time slot duration,
shorter propagation distance and smaller values of the efflux
rate. Concerning the efflux rate, the arriving probabilities

201776

TABLE 1. Parameters used in the simulation framework.

Parameter Meaning Value
D Diffusion coefficient of potassium ions  1.96 um?/ms
Ty  Time slot duration 0.8s
n  Number of time slots 20
e  Elementary charge 1.60 x 10719 C
ty,2  Half-life cycle 130 ms
x  Propagation distance 80 pm
L Length of the cardiomyocyte 100 pm
r  Radius of the cardiomyocyte 10 pm
Specific capacitance of the 2
Cm cardiomyocyte membrane 1 pm /cm
. 1.534 x
Acap  Capacitive membrane area 104 em2
Viest  Resting membrane potential -84 mV
Vin  Threshold membrane potential -60 mV
Viras Maximum value of the membrane ~40 mV

potential

reach maximum when k& = 0, which indicates a very low
permeability of the cell membrane when no ions move out
of the intracellular space. However, the arriving probability
is still small even when k = 0, which indicates that only a
few ions reach the receiver.

The time slot duration, propagation distance and efflux rate
change the ions arriving probability and, therefore, impact
the mutual information, as shown in Figure 7. The mutual
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FIGURE 8. a) The reliability of at least one potassium ion to reach the receiver. b) The relation between the number of

emitted ions and the detection threshold.

information, in turn, reflects how much information in trans-
mitted, on average, through the potassium-based signaling
(sub)-system. Although the arriving probabilities increase,
the mutual information decreases when the time slot duration
increases (Figure 7a) and the propagation distance decreases
(Figure 7b). One explanation is that more error bits are
received when the time slot is longer and propagation distance
is shorter because of the ISI. Intuitively, the mutual infor-
mation decreases when the efflux rate increases (Figure 7c)
because less ions are received.

Further, we show the reliability of at least one of the emit-
ted M ions to reach the receiver in Figure 8a. We observe that
the reliability increases with the number of emitted ions with-
out considering the efflux. The reliability almost reaches 1
when the transmitter emits more than 10* potassium ions.

However, the error probability could be very high
when the transmitter emits 10* ions. In such scenarios,
a dynamic detecting threshold should be deployed at the
receiver. An inappropriate detecting threshold causes erro-
neous detections. For example, if the threshold is too high,
the receiver may decode bit 0 when the transmitter sends
bit 1 because the accumulated ions in the current time slot
do not reach the threshold; conversely, if the threshold is too
low, the receiver may decode bit 1 when the transmitter sends
bit O because the accumulated ions from the previous time
slots reach the threshold. We restrict the time slot duration
T, = 0.8 s, propagation distance x 80 um and efflux
rate k = 0.005 ms~! to find the relationship between the
number of emitted ions and the optimal detecting threshold.
This relation is shown in Figure 8b. We then vary the number
of emitted potassium ions to test the error probabilities of
the system, and select the detecting thresholds when the error
probability has the lowest value. By using the fitting method,
we yield the following expression

6 = 0.2223 exp [1.406 log; Qo] , 1)
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where Qg denotes the number of the emitted potassium ions
from the transmitter, and 6 denotes the corresponding optimal
detecting threshold.

Regarding (21), we experimented with different curves to
fit the simulated data. Only the exponential curve and the
power curve have a reasonably good fit. We have, however,
selected the exponential curve due to the following two rea-
sons: 1) The exponential curve is commonly used in the
literature. With the exponential curve fitting, the confidence
bound was 95%, R-square (coefficient of determination) was
0.9974, and adjusted R-square was 0.9971. Both R-square
and adjusted R-square normally take values less than or
equal to 1, with a value closer to 1 indicating a better fit.
2) The exponential curve is a natural fit for the considered
phenomenon. When there is a large number of transmitted
potassium ions, the distribution of the received ions at the
receiver can be approximated as a Poisson distribution [42].
This distribution belongs to the class of exponential families
of distributions.

Finally, the number of emitted potassium ions affects
the detecting threshold 6, which then impacts the mutual
information and channel capacity. We infer how the channel
capacity changes with the number of injected potassium ions
according to (20). As shown in Figure 9, we observe that both
the channel capacity at different propagation distances and
the membrane potential increase when the number of emitted
potassium ions increases.” The capacity reaches nearly 1 bit/s
when the number of emitted ions iS Qmax = 1.18885 x 108.
The membrane potential then reaches nearly 40 mV. Practi-
cally though, the cell membrane reaches 40 mV with signifi-
cantly less number of the emitted ions (i.e., Q) sufficient to
bring the cell membrane to the threshold potential. When the
number of injected ions is lower than Qy,, the cell membrane
generates membrane potentials in the subthreshold range

2Here we assume that the capacitive membrane area Acap in (5) does not
change when the propagation distance changes.
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distances and the membrane potential as functions of the number of
emitted potassium ions.

relevant for data transmission [7]. Within the subthreshold
range, the maximum channel capacity is about 0.84 bit/s
when the propagation distance x = 80 pum.

V. DISCUSSION AND CONCLUSION

In the presented study, we have explored the concept of
Shannon’s information capacity to analyze the propagation
of potassium ions in the cardiomyocyte cytosol. The capacity
is given by the maximum of the mutual information between
the cellular compartment where potassium ions are injected
and the cellular compartment where the potassium ions are
counted. The maximization is taken with respect to the input
distribution of the injected potassium ions. Since the potas-
sium ions are theoretically injected either 1) for the creation
of signals for communication of sensed data and/or com-
mands between synthetic cells or capsules or 2) for the cre-
ation of missed action potentials, i.e., cardiomyocyte pacing,
the concept of the information capacity helps in optimizing
the ionic injection process.

The ions, such as potassium, sodium, chloride, calcium,
etc., are dynamically exchanged between the intracellular-
and extracellular space through specific ion channels [46].
The ions themselves do not interact with each other directly.
However, their concentrations in the intracellular- and extra-
cellular spaces affect the cellular activity which, in turn,
affects the ionic concentration levels. Regarding potassium
concentration relevant factors, we note that hydrogen potas-
sium ATPase (HY/Kt ATPase) can cause a decrease or
increase of potassium ions in cytosol depending on whether
the hydrogen ion concentration increases or decreases extra-
cellularly, respectively [47]. Moreover, sodium potassium
ATPase (Na™/K' ATPase) can extrude three sodium ions
from the intracellular- to the extracellular- space and import
two potassium ions from the extracellular space [48]. From
this evidence, the probability of error of the considered binary
channel seems to depend on both potassium ion dynam-
ics and the impact of other ions at the receiver. However,
since we restrict the cellular activity to the subthreshold
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regime, the membrane potential activity in a form of action
potential has a limited impact on opening and closing of
voltage-gated channels. As a consequence, action potentials
will not activate voltage-gated potassium channels for export-
ing potassium ions from- or importing to the intracellular
space [49], [50]. This reduces the modeling constraints.
Manipulating potassium ions is, from the practical perspec-
tive, one of the critical issues in the proposed concept, where
highly specialized tools (e.g., for electrophoresis) should be
designed. This problem has been out of the scope of the pre-
sented study. Besides, the simplified homogeneous channel
for the propagation of potassium ions has been analytically
described, unlike the heterogeneous channel in a form of
complex cytosol where temperature and/or acid-base con-
ditions, inter-organelle communication (including the endo-
plasmic reticulum and the microtubules network [51], [52])
and other ions complicate intracellular ionic diffusion. How-
ever, as an initial step in analyzing cellular excitation at
the ionic level, we believe that this study offers underlying
concepts which could be upgraded in the following phases.
As the additional future work, the results from the pro-
posed potassium-based intracellular signaling model should
be verified by in-vitro experiments. To this end, new and
ultra-sensitive detection methods should be developed to
track the movement and concentration of ions in various
cellular compartments. Ultimately, noise sources from other
obstacles in the cytosol should be thoroughly investigated.
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