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Abstract—Molecular communication (MC) is a promising
paradigm to communicate at nanoscale and it is inspired by nature. One of the MC methods in nature is the gap junction (GJ)
communication between cardiomyocytes. The GJ communication
is achieved by diffusion of ions through GJ channels between the
cells. The transmission of the information is realized by means of
the propagation of the action potential (AP) signal. The probabilities of both the AP propagation failure and the spontaneous AP
initiation are obtained. For the first time in the literature, the GJ
communication channel is modeled and analyzed from the information theoretical perspective to find the communication channel
capacity. A closed-form expression is derived for the capacity of the
GJ communication channel. The channel capacity, propagation delay, and information transmission rate are analyzed numerically
for a three-cell network. The results of the numerical analyses point
out a correlation between an increase in the incidence of several
cardiac diseases and a decrease in the channel capacity, an increase
in the propagation delay, and either an increase or a decrease in
the transmission rate. The method that we use and results that are
presented may help in the investigation, diagnosis, and treatment
of cardiac diseases as well as help in the design of nanodevices
communicating via GJ channels.
Index Terms—Cardiac disease, cardiomyocyte, gap junction(GJ), molecular communication(MC).

I. INTRODUCTION
ANOSCALE communication between nanodevices (e.g.,
engineered organisms or artificial devices) is a novel and
interdisciplinary concept including nanotechnology, biotechnology, and communication technology [1]. The construction of
nanonetworks by interconnecting nanodevices expands the capabilities of single nanodevices by means of cooperation between them [2]. The realization of the communication between
nanodevices can be achieved through electromagnetic, acoustic,
or molecular communication (MC) [3], [4]. The MC concept is
defined as the information transmission using molecules and
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it is inspired by nature [5]. Several nature-inspired and theoretically modeled MC techniques exist in the literature based
on pheromones [5], flagellated bacteria and catalytic nanomotors [2], pollen and spores [5], and Förster resonance energy
transfer [6].
In this paper, for the first time in the literature, the nanoscale
MC between ventricular cardiomyocytes is modeled and analyzed based on the information theory to obtain the communication channel capacity. The communication between the cardiomyocytes is achieved by the transmission of ions through
channels in specialized structures of the cell membrane called
gap junctions (GJs) [7]. This type of communication is called GJ
communication and the GJ communication approach has been
proposed for the communication of nanodevices [8]. The potential models for the GJ communication of nanodevices can be
engineered from commonly used techniques such as GJ transfection of cultured HeLa cells with connexin coding DNAs or
injection of Xenopus oocytes with connexin coding RNAs [9].
Therefore, the construction of the GJ communication channel is
an existing technique used widely in physiology experiments.
Unlike most of the existing models in the literature, this study
presents information theoretical model of an already experimented, physically realizable and hence, realistic nanoscale
communication channel. The model presented in this paper
may help in investigation, diagnosis and treatment of cardiac
diseases. Furthermore, the model can be utilized in the design
and engineering of the GJ communication for nanodevices.
The rest of this paper is organized as follows. Section II
presents the physical model of the GJ communication. In
Section III, an information theoretical model of the GJ communication channel is proposed. Section IV presents a numerical
analysis of the channel capacity, the channel propagation delay
and the information transmission rate. In Section V, relations
between cardiac diseases and the channel capacity, the propagation delay and the information transmission rate are discussed.
This paper is concluded in Section VI.

II. PHYSICAL MODEL OF GJ COMMUNICATION
In the myocardium, i.e., the muscular tissue of the heart,
the communication between two cardiomyocytes is achieved
by the diffusion of ions at the cell-to-cell contact domain
called gap junction (GJ) through pipe-like channels clustered
in the GJ known as GJ channels [7]. The nanoscale MC between two cardiomyocytes is called GJ communication. For the
rest of this paper, the GJ channels and the GJ communication
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Fig. 1. Model of the GJ communication and GJ channels. The AP wave
propagates by diffusion of ions through the GJ channels.

channel should not be confused with each other since the former
refers to the physical channels clustered in a GJ while the latter
refers to the communication channel formed by the GJ channels
clustered in a GJ. To avoid any ambiguity between the physical
channels and the communication channel, the communication
channel is always denoted by the GJ communication channel
and the physical channels are denoted by the GJ channels. In
Fig. 1, a GJ forming a GJ communication channel between two
cardiomyocytes and several GJ channels clustered in a GJ are
shown.
In the GJ communication, the diffusion of ions between cardiomyocytes provides the propagation of the electrical activity
called cardiac action potential (AP). The AP is initiated by the
sinoatrial node, i.e., the impulse-generating tissue of the heart,
and is used for the transmission of the information between
cardiomyocytes [7]. That is, the information indicating whether
cardiomyocytes contract or relax is encoded in the AP pulse train
by the sinoatrial node. A cardiomyocyte at rest contracts when
an AP pulse is successfully received, which is called excitation–
contraction coupling. In contrast, when there is no AP pulse
received by a cardiomyocyte, the corresponding cardiomyocyte
stays at rest.
A basic network model of the GJ communication is shown in
Fig. 1. In this model, APs are transmitted by a single transmitter caridomyocyte (TC), propagated through the GJ by means
of the diffusion of the ions, and received by a single-receiver
cardiomyocyte (RC). The ions diffused from TC to RC continue to diffuse to adjacent unstimulated cardiomyocytes, and
this affects the AP initiation at the RC. To have a more realistic
GJ communication model, there is also a loading cardiomyocyte (LC) to capture the loading effects of the unstimulated
myocytes connected to the RC in the cardiac fiber. TC, RC,
and LC are identical. In addition, according to the properties of
both cardiomyocytes and the AP propagation stated previously,
the GJ communication between cardiomyocytes is considered
as a binary digital communication with On–Off Keying (OOK)
modulation. That is, an AP pulse is considered as binary bit 1
and its absence is considered as binary bit 0.
A. Action Potential Propagation
The AP initiation in cardiomyocytes is described as follows.
If a stimulus causes the membrane potential, i.e., the potential

difference across the membrane of the cardiomyocyte, to become less negative than a threshold level, then the sodium (Na+ )
channels embedded in the membrane open and allow Na+ ions
to enter the cardiomyocyte. This makes the membrane potential
to rise causing depolarization of the membrane. As the membrane voltage rises, Na+ channels close due to a process called
inactivation. Next, calcium (Ca2+ ) and potassium (K+ ) channels open, which causes the membrane potential to stay constant;
that is, the inward Ca2+ current and the outward K+ current
compensate each other for a while. Then, Ca2+ channels close
but K+ channels are still open causing rapid repolarization of
the membrane. Finally, the membrane potential is restored to
around −85 mV [10].
The potential difference between the stimulated and the unstimulated adjacent cardiomyocytes causes the ions to drift
through the GJ channels leading the synchronous propagation
of the AP. That is, the GJ coupling enables the wave of the
AP to propagate from one cardiomyocyte to a neighbor cardiomyocyte by means of diffusion of the ions through the GJ
channels. The AP propagation model assumes that each cardiomyocyte is isopotential, i.e., the membrane potential of each
individual cardiomyocyte is the same over its membrane surface [11]. According to the model, the most important factor of
the AP propagation is delay for an AP to pass through GJs. For
the ion current flowing through the cardiomyocyte membrane,
the current balance equation is
Cm S

1
dvn
=
(vn +1 − 2vn + vn −1 ) + SIm
dt
Rg j

(1)

where vn is the membrane potential for the nth cell in one
dimensional cardiac fiber, i.e., the potential difference between
inside and outside of the cardiomyocyte, Cm is the membrane
capacitance per unit area of the cardiomyocyte membrane, S is
the surface area of the membrane, Rg j is the total GJ resistance
between the cardiomyocytes, and Im specifies the ionic currents
per unit area of the membrane [10].
The most important deduction that can be extracted from (1)
is that the propagation fails if Rg j is sufficiently large. That is, an
increase in Rg j causes a decrease in the number of the diffused
ions. The less number of ions may not be enough to increase
the membrane potential of RC above the threshold value. The
critical GJ resistance between TC and RC is denoted by Rg∗ j and
RC has an infinite voltage threshold if Rg j > Rg∗ j . In [11], an
expression is given for Rg∗ j as


ΓRm E22 − 2μ2 E2 + 1
∗
Rg j = L
√
S
(1 − E22 ) α2



V2 − V ∗ E12 − 2μ1 E1 + 1
+
(2)
√
V1 − V ∗
(1 − E12 ) α1
where Rm is the membrane resistivity, V1 is the resting potential of the cardiomyocyte membrane, V2 is the sodium equilibrium potential, V ∗ is the activation threshold voltage for
Na+ current, L is the length of the cardiomyocyte. Γ, E1 ,
variables defined as Γ = (Ri /Vi ) + (Re /Ve ) and
and E2 are 
Ek = exp ( (αk ΓL2 S)/Rm ) for k = 1, 2 where Ri and Re
are the cytoplasmic and extracellular medium resistivity values,
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respectively, Vi is the volume of the cytoplasm of the cardiomyocyte, and Ve is the volume of the extracellular medium that
surrounds the cardiomyocyte in the myocardium. The parameter values in (2) are taken as V1 = −87 mV, V2 = 28.8 mV,
V ∗ = −34.8 mV, α1 = 1, and α2 = 108 [12]. μ1 and μ2 satisfy the equality Rg∗ j = Rg j where Rg j is


Rg j = 2L


1
ΓRm μk − E k (μk − Ek )

, k = 1, 2.
αk S
μk Ek − E1k

(3)
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denoted by pHH , pHL , and pLH , respectively, given as
dpLH
= β1 (Vj ) · pHH − α1 (Vj ) · pLH
dt
dpHL
= β2 (Vj ) · pHH − α2 (vj ) · pHL
(4)
dt
where Vj is the junctional voltage and pHH + pLH + pHL = 1.
α1 (Vj ), α2 (Vj ), β1 (Vj ) and β2 (Vj ) are the rate constants of the
state transitions which are
α1 (Vj ) = λ exp(−Aα (Vj − V0 ))
α2 (Vj ) = λ exp(Aα (Vj + V0 ))
β1 (Vj ) = λ exp(Aβ (Vj − V0 ))

Numerical result of Rg∗ j is found by solving two nonlinear equations which are Rg∗ j = Rg j for k = 1 and Rg∗ j = Rg j for k = 2.
The upper limit of the GJ resistance for the successful propagation is Rg∗ j , since the AP propagation strictly fails if Rg j > Rg∗ j
as stated previously.

B. Physical Model of Gap Junction Channels
The GJs include the GJ channels that form a connection between neighboring cells in many tissues and organs providing
chemical and electrical MC [7]. The physical structure of a GJ
channel is formed by two hemichannels called connexons and
they are embedded in the membrane of the connected cells. Each
hemichannel includes six transmembrane proteins called connexins that are oligomerized in a hexameric structure to form
a pore. Two hemichannels belonging to adjacent cells interact
to form a complete GJ channel. The structure of GJ channels
in a GJ can be seen in Fig. 1. The GJ channels have an evident
selectivity for particle passage based on the permeability of the
GJ channels and size of the particles. Thus, the AP propagation between cardiomyocytes depends on the permeability of
the GJ channels since the diffusion of the ions is affected by the
permeability of the GJ channels.
According to the stochastic behavior of the GJ channels [13],
a GJ channel has two voltage-sensitive gates in series and one
gate is located in each hemichannel. The channel gates control
the GJ permeability and each gate has two states: an open state
resulting in a high conductance and a closed state resulting in a
low conductance for a hemichannel [13] as shown in Fig. 1. The
voltage-sensitive gates control the channel conductance state in
accordance to junctional voltage, i.e., potential difference between the membrane potentials of two adjacent cardiomyocytes
denoted by Vj , in a stochastic manner. At any instant a GJ channel can be in any one of four states: HH state: both gates are
open, HL state: one gate is open and the other gate is closed, LH
state: one gate is open and the other gate is closed, and LL state:
both gates are closed. The occurrence of the LL state, however,
is very rare [14] and such a state has a very small conductance
compared with the other states; thus, we choose to include only
the first three states by neglecting the LL state. The stochastic
dynamics of the GJ channels given in [13] is described by probabilities of a channel being in any of HH, HL, and LH states,

β2 (Vj ) = λ exp(−Aβ (Vj + V0 ))

(5)

where V0 is the junctional voltage at which the opening and
closing rates of the GJ channel gates have the same common
value λ, and Aα and Aβ are constants that indicate the sensitivity
of a GJ channel to the junctional voltage [13]. Since connexin43
GJ protein is the major GJ protein in the ventricular muscle [15],
in the numerical analysis, we use data obtained experimentally
for the connexin43 GJ protein. Thus, we use the constants as λ =
0.69, Aα = 0.04(mV)−1 , Aβ = 0.07(mV)−1 , and V0 = 62mV
[16].
C. Action Potential Propagation Failure
The conductance of each GJ channel, denoted by Gch , is a
random variable whose probability mass function is
⎧
⎪
⎨ pHH , if Gch = GHH
(6)
fG (Gch ) = pHL , if Gch = GHL
⎪
⎩
pLH , if Gch = GLH
where GHH , GHL , and GLH are the conductance values of a
single GJ channel in the respective state [13]. In this study, we
use the GJ channel conductance values as GHH = 73 pS, GHL =
12 pS, and GLH = 12 pS, which are experimental results for
connexin43 type GJ protein [15]. Since the GJ channels in a GJ
are connected in parallel, the total conductance of the GJ having
nHH , nHL , and nLH GJ channels in HH, HL, and LH states,
respectively, is given as
Gg j (Vj ) = nHH · GHH + nHL · GHL + nLH · GLH .

(7)

For a GJ consisting of N GJ channels, probability that there
are nHH , nHL , and nLH GJ channels in HH, HL, and LH states,
respectively, is found by the multinomial distribution function
given by
P r{Gg j (Vj )} = N !

HH
LH
HL
pnHH
· pnLH
· pnHL
.
nHH ! · nLH ! · nHL !

(8)

Assume that a GJ includes N GJ channels and they are distributed such that the number of the GJ channels in HH, HL, and
LH states are nHH , nHL , and nLH , respectively. Then, the total number of different combinations of nHH , nHL , and nLH
satisfying nHH + nLH + nHL = N can be found in the following manner. First, the selection of nHH = N, nHL = 0, and
nLH = 0 gives one combination. Second, for nHH = N − 1,
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Fig. 2. (a) P f plot with respect to V j and the total number of the GJ channels
in a GJ, N . (b) P w plot with respect to ρ and P m a x .

there are two possible combinations: nHL = 0, nLH = 1 and
nHL = 1, nLH = 0. Next, for nHH = N − 2, there are three
possible combinations: nHL = 0, nLH = 2, nHL = 1, nLH = 1,
and nHL = 2, nLH = 0. If we continue in a similar way, for
nHH = 0, there are (N + 1) combinations. Thus, the total number of different combinations is given by 1 + 2 + 3 + · · · +
(N + 1) = 12 (N + 1)(N + 2). For each combination, the total conductance value and the probability of the corresponding combination is given in (7) and (8), respectively. We use
MATLAB to obtain the probability mass function of the total
conductance of a GJ having total N GJ channels by evaluating
all possible channel state combinations and the corresponding
probabilities.
Since the propagation of the AP fails when the GJ conductance value, Gg j (Vj ), is less than the critical conductance value,
G∗g j , we can find the probability of the propagation failure, denoted by Pf , using the probability mass function of the GJ
conductance as follows:
Pf = P r{Gg j (Vj ) < G∗g j }

(9)

where the critical conductance is the reciprocal of the critical
resistance, G∗g j = 1/Rg∗ j . The failure probability Pf depends on
several parameters such as the critical GJ conductance G∗g j , the
junctional voltage Vj , and the number of the GJ channels N , as
clearly observed in (4), (8), and (9). In Fig. 2(a), the variation
of Pf with N and Vj is shown.
D. Spontaneous Action Potential Initiation
The AP generation can be triggered in the absence of a stimulus due to some abnormalities of cardiomyocytes. Although normal and healthy ventricular cardiomyocytes do not exhibit such
spontaneous generation of the AP, we incorporate the spontaneous AP generation into the GJ communication model considering diseased cardiomyocytes. The spontaneous AP initiation
in a cardiomyocyte can be triggered by the Ca2+ release units
(CRUs) of the sarcoplasmic reticulum [17]. If a CRU fires, it
emits a Ca2+ ion spark into the cytoplasm of the cardiomyocyte.
The emitted Ca2+ ions increase the membrane potential of the
cardiomyocyte. Therefore, if the membrane potential becomes
greater than a threshold due to the released Ca2+ ions by CRUs,
an AP is triggered in the cardiomyocyte without an external
stimulus. The probability that a CRU fires in the time duration


(10)

where Pm ax is the maximum probability of Ca2+ spark
occurrence/CRU/unit time, ρ is the free Ca2+ molar concentration in the cytoplasm, K is the Ca2+ sensitivity parameter,
and n is the Hill coefficient [17]. Let the number of the CRUs
that fire in time Ts be m. Assuming the CRUs are independent
of each other, m is distributed by the binomial probability distribution as m ∼ B(M, Ps ) where M is the total number of the
CRUs in a cardiomyocyte. That is,
M
Pr{m sparks} = m Psm (1 − Ps )M −m .
(11)
Since M is a large number, we can use the Gaussian approximation of the binomial distribution given in (11) as
m ∼ N (M Ps , M Ps (1 − Ps )).
The number of Ca2+ sparks should be large enough to initiate
an AP. In the GJ communication model, we use the half of the
number of the CRUs as the required number of sparks to trigger
an AP in Ts duration. Thus, the probability of an AP initiation
without any stimulus, denoted by Pw , is




(M/2) − M Ps
M
Pw = Pr
<m =Q
(12)
2
M Ps (1 − Ps )
where Q(·) is the Q-function. Since the distribution of m is
approximated by Gaussian distribution, we can use Q-function
to describe the probability given in (12). In Fig. 2(b), Pw with
respect to both ρ and Pm ax is plotted. An increase in Pm ax
causes an increase in Ps . Thus, an increase in Pm ax causes an
increase in the expected number of the emitted Ca2+ sparks
which increases the probability of the initiation of an AP as
seen in Fig. 2(b). Furthermore, since increasing the free Ca2+
concentration ρ in the cardiomyocyte cytoplasm increases Ps ,
an increase in ρ due to the Ca2+ concentration fluctuations
increases the spontaneous AP initiation probability.
III. INFORMATION THEORETICAL ANALYSIS OF GAP JUNCTION
COMMUNICATION CHANNEL
For the information theoretical model, we consider two cases
to figure out the transmission probabilities of the information
from TC to RC. The first case is the failure of the AP transmission; that is, RC detects bit 0 while bit 1 is transmitted by
TC. The probability of the first case is Pf given in (9). The
second case is the initiation of the AP at RC in the absence of
a stimulus caused by TC; that is, RC detects bit 1 while bit 0
is transmitted by TC. The probability of the second case is Pw
given in (12). The AP propagation failure and the spontaneous
AP initiation are caused by the noise factors that intrinsically
arise in the GJ communication. The intrinsic noise factors are
related to the stochastic nature of both the GJ channels and the
CRUs. Therefore, the information theoretical channel model of
the GJ communication includes the peculiar noises and the noise
factors specific to the GJ communication.
The GJ communication channel exhibits memoryless Binary Asymmetric Channel (BAC) characteristics with On–Off
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Using (13) and the channel transmission probabilities, the joint
probability distribution of X and Y , denoted by P (x, y), is
⎧
(1 − PAP )(1 − Pw ), if (X = 0, Y = 0)
⎪
⎪
⎪
⎨ (1 − PAP )Pw ,
if (X = 0, Y = 1)
P (x, y) =
⎪
if (X = 1, Y = 0)
PAP Pf ,
⎪
⎪
⎩
if (X = 1, Y = 1).
PAP (1 − Pf ),
(14)
The joint distribution P (x, y) expresses the probability of that
the observed output symbol is y and the transmitted symbol is x.
The mutual information between X and Y denoted by I(X; Y )
is given in [18] as follows:

P (x, y)
(15)
P (x, y) log2
I(X; Y ) =
P (x)P (y)
x,y
where P (y) is the probability distribution of Y . It is straightforward to obtain P (y) using the joint distribution P (x, y). The
GJ communication channel capacity denoted by Cg j is the maximum value of the mutual information [18] and the capacity of
the GJ communication channel is found as follows:
Cg j = max I(X; Y )
P (x)

(16)

where H(·) is the binary entropy function. The channel characteristics of the GJ communication varies with several parameters
such as the number of the GJ channels, the membrane resistivity,
and the cell length and radius. Since such physiological properties vary among individual organisms and even among different
sites on the same heart, in the next section, we analyze the GJ
communication channel characteristics with respect to several
physiological parameters.
IV. NUMERICAL ANALYSIS
In this section, we present a numerical analysis of the GJ communication parameters namely the channel capacity, the propagation delay, and the information transmission rate to show how
these parameters change with the properties of cardiomyocytes
and GJs.
For the numerical analysis, we model the cardiomyocyte
membranes using the model presented in [10]. The propagation of the AP is simulated in a three-cell network as illustrated
in Fig. 1. A stimulus is applied to TC to initiate the AP propagation. After exciting TC, an AP propagates to RC through
the GJ between TC and RC. Since the occurrence probabilities of the GJ channel states depend on the junctional voltage
between cardiomyocytes, we simulate the AP propagation by
using the expected value of the total GJ conductance. For discrete time steps Δt = 0.01 ms, the junctional voltage is found
as the difference between the membrane voltages of TC and RC.

50

τ

TC
RC

25

Vm (mV)

Keying (OOK) modulation based on the analysis that we introduced so far. Assume that X is the transmitted bit by TC and Y
is the received bit by RC. Then, we define the AP transmission
probability of TC as PAP , i.e.,

PAP ,
if X = 1
P (x) =
(13)
1 − PAP , if X = 0.

133

0
−25
−50
−75

TAP

−100
0

250
Stimulus

TC
500

750

1000

1250

1500

Stimulus

Time (msec)

Fig. 3.

Successful and a failed AP transmissions between TC and RC.

Then, at the obtained junctional voltage, the expected value of
the total conductance is evaluated and replaced with the previous total conductance value assuming the total GJ conductance
is constant for Δt = 0.01 ms. The expected value of the total
conductance is
E[Gg j (Vj )] = E[N Gch ] = N (pHH GHH + pHL GHL +pLH GLH )
(17)
where the expectation of Gch is found by using the probability mass function of the single GJ channel conductance in (6).
After simulating the AP propagation by using the expectation
of Gg j given in (17), we use the junctional voltage between TC
and RC membranes for the channel capacity analysis. The junctional voltage attained from the simulation is used to evaluate
pHH , pHL , and pLH by using (4). Since the junctional voltage Vj
is time varying and the probabilities depend on Vj , time average
of the probabilities are used for (8).
An example of a successful and a failed transmission of APs
between TC and RC can be seen in Fig. 3 which illustrates
the membrane voltage changes of TC and RC over time. The
channel propagation delay, denoted by τ , is the delay between
the upstrokes of the APs generated in TC and RC. The AP pulse
duration, denoted by TAP , is the time duration between the
AP initiation instant and the time that the membrane potential
is restored to its initial value. The cycle length, denoted by
TC , is the time between two successive stimuli that are applied
to TC. That is, TC is the signaling interval of TC. Therefore,
the information transmission rate, denoted by R, is given by
R = 1/TC . In Fig. 3, the channel propagation delay τ , the AP
pulse duration TA P , and the cycle length TC can be seen.
The numerical analysis of the mutual information expression is performed using (15). However, the numerical values of τ and TAP are obtained from the simulation results of the AP generation model as performed in the physiological investigations [19]. For the analysis, we keep the
following parameters constant at their typical physiological
values which are Ri = 250 Ω·cm, Re = 100 Ω · cm, Pm ax =
0.3, M = 30000, n = 1.6 [17] and we assume Vi = 5Ve and
Ts = TAP .
A. Channel Capacity
1) Effect of Number of Gap Junction Channels: For the first
analysis, we investigate the effect of the number of the GJ channels N in the GJ on the capacity of the GJ communication
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channel Cg j . The analysis is carried out for the GJ between
TC and RC for which the number of the GJ channels are
varied from N = 105 to N = 120. We set the rest of the parameters as L = 100 μ m, r = 11 μ m, Rm = 20 kΩ · cm2 and
ρ = 100 nM [10], [17]. A change in the number of the GJ channels clustered in the GJ affects directly the conductance of the
GJ. That is, a lower number of the GJ channels results in a
smaller conductance value which causes Pf to become larger
as shown in Fig. 2(a). Therefore, the capacity of the GJ communication channel decreases with an decrease in N as seen in
Fig. 4(a). The channel capacity of the GJ communication designed for nanodevices can be increased with an increase in the
number of the GJ channels.
2) Effect of Cardiomyocyte Length: In this analysis, we examine the GJ communication channel capacity variation with
the length of cardiomyocytes, L. We change the value of L
while keeping the other parameters constant for N = 110, r =
11 μm, Rm = 20 kΩ · cm2 , and ρ = 100 nM [10], [17]. The
change of the mutual information I(X; Y ) with varying AP
generation probability of TC for different L values is shown in
Fig. 4(b). The increase in the critical conductance value because
of the increase in L yields an increase in Pf and hence a dramatical decrease in the capacity. The capacity reduction due to an
increase in the length can be seen in Fig. 4(b). Thus, the capacity
of the GJ communication of nanodevices can be improved by
using short nanodevices.
3) Effect of Cardiomyocyte Radius: The effect of the radius
of the cardiomyocytes on the GJ communication channel capacity is investigated by changing the value of the radius r, while
setting the other parameters as N = 110, L = 100 μm, Rm =
20 kΩ · cm2 and ρ = 100 nM [10], [17]. To understand change
of the channel capacity with respect to r, we compute I(X; Y )
for different values of r with varying AP generation probability.
The result of the analysis is shown in Fig. 4(c). The capacity decreases significantly with increasing r. Thus, using thin
nanodevices can increase the capacity the GJ communication
between nanodevices.
4) Effect of Membrane Resistivity of Cardiomyocyte: We
investigate the effect of the membrane resistivity Rm of cardiomyocytes on the GJ communication channel capacity. Only
Rm value is changed and the other parameters are set to N =
110, L = 100 μ m, r = 11 μ m and ρ = 100 nM [10], [17]. The
membrane resistivity plays a critical role for the AP initiation
and the propagation as stated in Section II-A. An increase in Rm
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Fig. 5. (a) Channel propagation delay, τ , with respect to N . (b) Information
transmission rate, R, and the AP duration, T A P , with respect to the maximum
conductance of the calcium channels, G C a .

decreases the critical conductance value given in (2); therefore,
increasing Rm yields a reduction in Pf and hence an increase
in the channel capacity. The increase in the channel capacity
because of the increase in Rm can be seen in Fig. 4(d). Hence,
the channel capacity of the GJ communication designed for
nanodevices can be increased by using membranes with high
resistivity values.
5) Effect of Free Calcium Concentration: In this part, we
investigate the effect of the free Ca2+ concentration ρ in the
cytoplasm of the cardiomyocytes on the GJ communication
channel capacity. In this analysis, we use the parameter values
as N = 1000, L = 100 μm, r = 11 μm and Rm = 20 kΩ · cm2
[10]. In Fig. 4(e), the mutual information I(X; Y ) is shown for
different concentration ρ values. An increase in the free Ca2+
concentration increases the probability of the spontaneous AP
wave initiation Pw as stated in Section II-D. Therefore, increasing the free Ca2+ concentration decreases the capacity of the
GJ communication channel Cg j .
B. Channel Propagation Delay
An AP pulse transmitted by TC to RC propagates through
the GJ channels between TC and RC. During the AP propagation, the membrane voltage changes with time as shown in
Fig. 3. As illustrated in the figure, there is a propagation delay
τ . In Fig. 5(a), variation of the propagation delay with respect
to the number of the GJ channels is shown. We use the typical
physiological values for the remaining parameters which are
L = 100 μ m, r = 11 μm, Rm = 20 kΩ · cm2 and ρ = 100 nM
[10], [17]. The delay of the AP propagation from TC to RC
decreases with increasing the number of the GJ channels. The
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delay shows an abrupt decrease for increasing N from 100
to 300, and further increasing N causes the delay to decrease
slowly. Consequently, we can say that further increasing N saturates the channel propagation delay to the propagation delay of
the cytoplasm of the cardiomyocyte, i.e., the effect of discreteness of the cardiac fiber due to the GJ connections diminishes.
C. Information Transmission Rate
Assuming the cycle length is the same as the AP duration, i.e.,
TC = TAP , the information transmission rate, R, in bits/s for
the GJ communication is given as R = 1/TAP where TC and
TAP are the cycle length and the AP duration, respectively, as
shown in Fig. 3. In Fig. 5(b), TAP and R with respect to the maximum conductance of the calcium channels, denoted by ḠCa , is
shown. TAP variation for different ḠCa values is found from the
simulation results of the cardiac AP model in [10] and the variation of R for different ḠCa values is obtained accordingly. In
this part, we fix the parameters as N = 1000, L = 100 μ m, r =
11 μ m, Rm = 20 Ω · cm2 , and ρ = 100 nM [10], [17]. According to Fig. 5(b), Tm increases and R decreases with an increase
in ḠC a . Although increasing R is a desired objective in the classical communication, for the GJ communication, an increase in
R due to the reduced ḠCa may cause several arrhythmias.
V. GAP JUNCTION COMMUNICATION CHANNEL PARAMETERS
AND CARDIAC DISEASES
Since the GJ communication channel failures and deficiencies cause several disorders in the synchronous propagation of
the APs and hence arrhythmias in the heart, in this section, we
investigates the relation between GJ communication channel
parameters and cardiac diseases. The numerical analysis shows
that a decrease in the GJ coupling due to a reduction in the total
number of the GJ channels clustered in a GJ causes capacity of
the channel to decrease. According to results of investigations
of heart diseases, a reduced GJ coupling leads to several heart
diseases such as sudden death due to spontaneous ventricular
arrhythmia [20] or an increase in incidence of ventricular tachycardias [21]. Thus, the reduction in the channel capacity due to
the reduced GJ coupling is related with the increased incidence
of the cardiac diseases.
In the GJ communication, the channel capacity decreases with
an increase in the length of the cardiomyocyte, L, as shown in
Fig. 4(b). The study presented in [22] investigates effects of
the structural properties of cardiomyocytes on ischemic cardiomyopathy (ICM) and the results show that the length of
cardiomyocytes is significantly longer in patients with ICM. We
can say that a reduction in the capacity of the GJ channel causes
more erroneous transmission of the information; as a result, the
coordination between cardiomyocytes decreases and the cardiac tissue becomes diseased. Hence, a decrease in the channel
capacity and an increase in the occurrence of ICM due to an
increase in L are correlated.
The channel capacity of the GJ communication decreases
with an increase in the radius of cardiomyocytes as illustrated in
Fig. 4(c). The results of the study presented in [23] reveal that the
radius of cardiomyocytes is significantly longer in hypertensive
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patients compared to normal subjects. That is, an increase in the
radius of cardiomyocytes causes both a decrease in the channel capacity and an increase in the occurrence of hypertensive
disease. Thus, the decrease in the channel capacity due to the
increase in the cell radius is correlated with the increase in
the incidence of the hypertension. The numerical analysis also
shows that a reduction in the membrane resistivity decreases the
channel capacity of the GJ communication as seen in Fig. 4(d).
According to an analysis presented in [24], a decrease in the
cardiomyocyte membrane resistivity is related to the impairment of the impulse propagation and it can cause severe cardiac
arrhythmias. Hence, the reduction in the channel capacity due
to the reduced membrane resistivity is accompanied with the
cardiac arrhythmia.
From the numerical analysis, we observe that the GJ communication channel capacity decreases with an increase in
the free Ca2+ concentration inside the cytoplasm of the cardiomyocytes as seen in Fig. 4(e). The free Ca2+ concentration
overload causes several triggered arrhythmias such as delayedafterdepolarizations (DADs) and early-afterdepolarizations
(EADs) [25]. Furthermore, these triggered arrhythmias are major initiators of ventricular tachycardia which is an immediate
precursor of ventricular fibrillation and a major cause of sudden
death by heart failure [25]. Thus, the GJ communication channel
capacity reduction due to the increased free Ca2+ concentration
inside the cytoplasm is correlated with the increased occurrence
of the ventricular tachycardia.
According to the results of the AP propagation delay analysis,
an increase in the number of the GJ channels decreases the propagation delay as shown in Fig. 5(a). However, a decrease in N
causes the propagation delay to increase and it is accompanied
with a decrease in the channel capacity. That is, a decrease in
the number of the GJ channels increases the propagation delay
and decreases the channel capacity. As stated previously, the reduction of the GJ coupling due to the decrease in the number of
GJ channel N causes several cardiac diseases. Therefore, it can
be concluded that the AP propagation delay between cardiomyocytes is higher for the cases of the spontaneous ventricular
arrhythmia [20] and the ventricular tachycardia [21].
The results of the numerical analysis show that a decrease in
the maximum calcium channel conductance ḠC a increases the
information transmission rate between TC and RC. At higher
transmission rates, each received AP pulse also leads the RC
to contract and relax at higher rates due to the excitationcontraction coupling property of cardiomyocytes. Therefore,
since heart cannot support very high beating rates, an increase
in R causes several arrhythmias. In [26], heart rates >100
beats/min are referred to as tachycardia causing the heart to
be arrhythmic. Furthermore, prolongation of the AP duration,
TAP , is a reason of the development of EADs causing a number
of arrhythmias in the heart including long-QT syndrome and
heart failure [27]. As a result, we can say that both very low and
very high rate R increase the occurrence of the cardiac diseases
stated previously.
Based on the observations stated previously, the most important deductions are those in diseased myocardium, the channel
capacity of the GJ communication is lower and the propagation
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delay is higher than for the case of healthy myocardium. Furthermore, the causes of very high or very low information transmission rates contribute to the occurrence of cardiac diseases.
As a result, the information theoretical analysis of the GJ communication may provide valuable insights into causes of the
cardiac diseases. The channel capacity, the channel propagation
delay, and the transmission rate can be used as metrics for investigation, prediction, diagnosis, and treatment of several cardiac
diseases in nanomedicine. These parameters can be measured
and monitored by using multiple intrabody nanodevices and
nanosensors communicating with cardiomyocytes via GJ channels. In addition, the information theoretical analysis of the GJ
communication can be used for simulation tools of drug tests
to confirm reliability of drugs. Hence, diagnosis and treatment
techniques of cardiac diseases using the information theoretical
model of the GJ communication stands as a promising application of the nanomedicine.
VI. CONCLUSION
In this study, we model the GJ communication channel between cardiomyocytes from the information theoretical perspective for the first time in the literature. The results of the numerical
analysis of the GJ communication channel parameters show that
the channel model presented in this paper can be used to get new
insights into reasons of the cardiac diseases and hence diagnose
and treat these diseases with the advances in nanomedicine. Furthermore, the numerical results reveal that the capacity of the
GJ communication designed for nanodevices can be improved
using the GJ communication model presented in this study.
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