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Abstract² Depletion of interstitial cell of Cajal (ICC) 

networks is known to occur in various gastrointestinal (GI) 

motility disorders. Although techniques for quantifying the 

structure of ICC networks are available, the ICC network 

structure-function relationships are yet to be well elucidated. 

Existing methods of relating ICC structure to function are 

computationally expensive, and it is difficult to up-scale them to 

larger multiscale simulations. A new cellular automaton model 

for simulating tissue-specific slow wave propagation was 

developed, and in preliminary studies the automaton model was 

applied on jejunal ICC network structures from wild-type and 

5-HT2B receptor knockout (ICC depleted) mice. Two metrics 

were also developed to quantify the simulated propagation 

patterns: 1) ICC and 2) non-ICC activation lag metrics. These 

metrics measured the average delay in time taken for the slow 

wave to propagate across the ICC and non-ICC domain 

throughout the entire network compared to the theoretical 

fastest propagation, respectively. Slow wave propagation was 

successfully simulated across the ICC networks with greatly 

reduced computational time compared to previous methods, 

and the propagation pattern metrics quantitatively revealed an 

impaired propagation during ICC depletion. In conclusion, the 

developed slow wave propagation model and propagation 

pattern metrics offer a computationally efficient framework for 

relating ICC structure to function. These tools can now be 

further applied to define ICC structure-function relationships 

across various spatial and temporal scales. 

I. INTRODUCTION 

Gastrointestinal (GI) motility is facilitated by specialized 
cells called interstitial cells of Cajal (ICC) [1, 2]. Various 
populations of ICC exist throughout the GI tract [3], and these 
different populations also play different functional roles [4]. In 
particular, in the upper gut, ICC from the myenteric plexus 
(ICC-MP) between the longitudinal and circular smooth 
muscle layers act as the primary pacemaker cells responsible 
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for initiating and propagating an underlying omnipresent 
HOHFWURSK\VLRORJLFDO� DFWLYLW\�� WHUPHG� µVORZ� ZDYHV¶�� IRU�
coordinating motility in the intestine [5, 6]. This activity is 
similar to that generated by cardiac pacemaker cells [7]. 

ICC loss and injury is now recognized as a major 
contributor to several GI motility disorders, including 
gastroparesis [8], slow transit constipation [9], and intestinal 
pseudo-obstruction [10]. However, the functional significance 
of ICC depletion remains speculative, partly due to the lack of 
methods for quantitatively analyzing ICC structure-function 
relationships. To address this issue, we previously developed 
numerical metrics to quantify structural properties of ICC 
networks [11], and now further techniques for relating the 
quantified structure to function is required. 

Previous studies have simulated tissue-specific slow wave 
propagation over ICC networks by coupling imaging data with 
a modified biophysically-based Corrias and Buist cell model 
[12] embedded within a continuum modeling framework [11, 
13]. However, this methodology is computationally expensive 
[13], mainly due to the large number of equations and 
parameters present in the cell model, and hence difficulties 
exist in up-scaling these simulations to larger multiscale 
simulation studies. An alternative strategy of implementing 
cellular automaton models to simulate slow wave propagation 
has also been previously conducted [14, 15], but these 
previous studies focused on a larger spatial scale and did not 
incorporate structural detail from real ICC networks. 

In this study, we present a new cellular automaton model 
for simulating the activation phase of slow wave propagation 
over tissue-specific ICC networks, as well as numerical 
metrics for quantitatively measuring the observed propagation 
patterns. To demonstrate proof-of-concept, these tools were 
then applied to assess the differences in function between 
normal and depleted ICC networks from the jejunum of a 
mouse model of intestinal ICC depletion. 

II. METHODS 

A. Cellular Automaton Model 

The cellular automaton model simulated the activation phase 
of slow wave propagation over a 2D grid-structure domain by 
taking discrete time-steps. The individual grid nodes were 
separated into ICC and non-ICC types, and the simulated slow 
wave propagation was defined by activation values a between 
0 and 1 at the node positions. The activation value is 
representative of the membrane potential, with 0 representing 
the resting membrane potential �µRII¶�, and 1 representing the 
peak membrane potential �µRQ¶�. As the model focused on the 
activation phase only, no further activity occurred for a node
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Figure 1. Schematic diagram of the cellular automaton model, showing the 

decision processes of the two model components performed every time-step 

to update individual nodal activation values. a is the activation value of the 

node currently being considered unless otherwise specified, and d and e are 

the diffusion and entrainment parameters described further in the text. 

once it switched to the 'on' state. The model contained the 

following two components (Fig. 1): 

1) Diffusion: This component modeled the passive 

diffusion effect of membrane potential. Regardless of node 

type (ICC or non-ICC), all 'on' nodes increased the activation 

values of immediate neighboring nodes by the diffusion rate 

parameter d per time-step until these neighboring nodes were 

also switched to the 'on' state (i.e., the activation value 

reached the maximum of 1 ). 

2) Entrainment: Isolated ICC spontaneously generate 

slow waves at their own intrinsic frequencies [ 16], but in intact 

tissue ICC are organized in an electrical syncytium, and the 

cells become 'entrained' to generate activity matching the 

highest frequency present in the syncytium [17]. This 

component modeled this ICC characteristic. If at any time-step 

an ICC node possessed an activation value above the 

entrainment threshold parameter e, the node was immediately 

switched to the 'on' state. 

B. Simulation Setup 

Slow wave propagation was simulated over six ICC-MP 

networks from the jejunum of 4-week-old wild-type (WT) and 

5-HT 2B receptor knockout (KO) mice respectively. Normally, 

serotonin acts on the 5-HT2B receptors to increase ICC 

proliferation, and a lack of these receptors results in ICC 

depletion [18]. Two dimensional bitmaps of the network 

structures were obtained from confocal imaging data as 

previously described [ 13, 18], and were then oriented such that 

the longitudinal axis of the intestine was vertical (Fig. 2). 

These structures represented physical dimensions of 

225x225 µm with 362x362 pixels, and each pixel was mapped 

to a node in the cellular automaton model to determine the 

node type (ICC or non-ICC). Therefore, note that numerous 

ICC nodes would be used to represent a single physical cell. 

As an initial stimulus to the simulations, all ICC nodes in 

the top row of the grid-structure were prescribed to the 'on' 

state at time t = 0 ms. This imitated a planar slow wave 

wavefront traveling along the length of the intestine. Slow 

wave propagation was simulated with a time-step of 0.1 ms 

until all nodes were switched 'on'. Simulation parameters d 
and e were both arbitrarily selected to be 0 .1, and hence given 

an 'on' neighboring node, switchNicc and switch1cc, the times 

required to switch non-ICC and ICC nodes from the 'off to 

'on' state were 1 ms and 0.1 ms respectively. 

C. Propagation Pattern Metrics 

In order to quantitatively compare the resulting slow wave 

propagation patterns simulated over different network 

structures, two numerical metrics were developed: the ICC 

and non-ICC activation lag metrics. These metrics measured, 

in ms, the average time delay in simulated activation times 

(AT, i.e., the times at which a node switched to the 'on' state) 

from the theoretical minimum AT of the ICC and non-ICC 

nodes across the entire network, respectively. That is, the 

differences between simulated and theoretical minimum AT 

were calculated for each node, and an average value for each 

of the node types was computed. The theoretical minimum AT 

for the ICC and non-ICC nodes were defined as follows for the 

simulation setup of this study: 

1) Minimum ICC AT (minAT1cc): ICC nodes in the top 

row were prescribed to 'on' as an initial stimulus, and hence 

these nodes had a theoretical minimum AT of 0 ms. As the 

diffusion component of the model responsible for the spread 

of propagation only considered immediate neighboring nodes, 

it is only possible to switch 'on' a further row of ICC nodes 

every 0.1 ms (switch1cc). Therefore, the theoretical minimum 

AT ofICC nodes can be computed as 

minAT1cc = 0.1 x(nrow-1), (1) 

where nrow is the row number starting with 1 at the top row. 

2) Minimum non-ICC AT (minATNicc): Both the top and 

second-to-top rows were immediate neighboring nodes to the 

initial ICC node stimulus, and hence the theoretical minimum 

AT for non-ICC nodes in these rows were 1 ms (switchNicc). 

As the slow wave propagated faster through ICC, assuming a 

pathway of ICC nodes was available to activate the non-ICC 

nodes in the subsequent rows below, each additional row 

delayed the theoretical minimum AT by 0.1 ms (switch1cc). 

Therefore, the theoretical minimum AT of non-ICC nodes can 

be computed as 

minATNJcc = 0.1xmax(nrow-2,0)+1. (2) 

III. RESULTS 

A. Slow Wave Propagation Simulation 

The activation phase of slow wave propagation was 

successfully simulated over tissue-specific ICC network 

structures using the developed cellular automaton model (Fig. 

3). It took on average 49.6±1.5 ms and 60.0±4.1 ms (±1 

standard error) for the slow wave to propagate across the 

entire WT and KO networks (i.e., for all nodes to switch to the 

'on' state) respectively. The computational time required to 
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Figure 2.  Example WT (left) and KO (right) ICC networks with the 

longitudinal axis of the intestine aligned vertically. These networks 

represented physical dimensions of 225×225 µm with 362×362 pixels. White 

represents ICC, whereas black represents non-ICC. 

 

Figure 3.  AT maps of simulated slow wave propagation over WT (left) and 

KO (right) ICC networks as shown in Fig. 2. The gradient of colors show the 

AT throughout the network, with red and blue indicating early and late 

activations respectively. 

 

 

Figure 4.  Propagation pattern metric values of simulated slow wave 

propagation over WT and KO ICC networks. A * in the title indicates a 

statistically significant difference (p<0.01). A + in the boxplot indicates an 

outlier. 

simulate slow wave propagation over a single network was 
approximately 3.5 s on a quad-core Intel® Xeon® W3530 
CPU. 

B. Propagation Pattern Metrics 

The propagation pattern metric values of simulated slow 
wave propagation over the WT and KO networks are plotted 
in Fig. 4. These data showed that slow wave propagation over 
KO networks had on average a 14 times higher ICC activation 
lag metric value (p<0.01) and a 90% higher non-ICC 
activation lag metric value (p<0.01) compared to that over 
WT networks. 

IV. DISCUSSION 

A cellular automaton model for simulating the activation 
phase of slow wave propagation over tissue-specific ICC 
networks was developed, and as proof-of-concept this model 
was used to simulate slow wave propagation over normal and 
depleted murine jejunal ICC networks. Two numerical metrics 
for quantifying propagation patterns were also developed and 
used to contrast the simulated propagation patterns over the 
WT and KO networks. These simulations and metrics showed 
with quantitative evidence that ICC depletion impaired 
propagation of slow waves across the network structure. These 
preliminary results are consistent with, and may help to 
explain, recent data on slow wave propagation from patients 
with gastroparesis, a disorder in which the stomach fails to 
empty normally. ICC depletion in these patients has been 
found to be associated with reduced slow wave propagation 
velocities down the stomach [8]. Note that the formulations of 
the propagation pattern metrics were not biased by the ratio of 
ICC to non-ICC nodes. There is no direct relationship between 
the propagation pattern metrics and the ICC to non-ICC node 
ratio, so networks of different node ratios can still have the 
same metric values. Therefore, in the simulation, the 
quantified impairment in propagation over the KO networks 
was not purely a side-effect of less ICC nodes, but rather a 
feature of degradation of the network structure. 

The cellular automaton model developed here provides a 
computationally efficient tool for modeling tissue-specific 
slow wave propagation in multiscale simulations. This model 
differs from previous slow wave propagation cellular 
automaton models [14, 15] in that both ICC and non-ICC node 
types were explicitly represented, and appropriate cellular 
automaton rules were applied accordingly. This facilitates 
investigations of structure on function at much higher spatial 
resolutions, which is necessary to capture the ICC network 
structure. The model also produced streamlined results with 
the previous method of embedding biophysically-based cell 
models within a continuum modeling framework [13], but 
with greatly reduced computational expenses. Although not 
directly comparable, the previous method took 2 h to simulate 
400 ms of slow wave propagation over network structures 
defined by 262,144 nodes [13], whereas the simulations here 
only took 3.5 s to simulate approximately 60 ms of slow wave 
propagation over network structures defined by 131,044 
nodes. Assuming simulation length and number of nodes is 
linearly proportional to computational time, this corresponds 
to a speed-up of over 150 times. Further studies with a 
standardized modeling setup will be required to formally 
discern the similarity and differences between the different 
modeling strategies. 
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The developed cellular automaton model worked in 
time-steps, and the time-step value was essentially a scaling 
factor to the simulation output. However, for the simulated 
propagation to be physiologically realistic temporally, the 
selection of the time-step value was critical. In the current 
simulation setup, it took a minimum of 361 time-steps to 
simulate propagation through a distance of 225 µm (the 
longitudinal dimension of the networks). The time-step value 
of 0.1 ms was selected such that the maximum propagation 
speed across the networks was 6 mms

-1
, similar to that 

experimentally recorded in the rat jejunum [14]. 

The slow wave propagation simulations in this study are 
still relatively simplistic in comparison to the real 
physiological activity. Basic cellular automaton rules were 
implemented in the slow wave propagation model to exhibit 
the general behavior of only the diffusion and entrainment 
mechanisms; the model parameters (d and e) were arbitrarily 
chosen; and the horizontally uniform initial stimulus to the 
simulations did not account for potential upstream effects (i.e., 
influence of network structures above the current field of 
view). However, as the simulations were all performed under a 
consistent setup, we believe the quantified differences in slow 
wave propagation over the normal and depleted ICC networks 
remain valid. Following the calibration of the model and 
simulation setup using results obtained from previous 
modeling strategies and experimental tissue-specific 
electrophysiological data, this proposed modeling framework 
may transform into a powerful predictive tool. 

V. CONCLUSION 

This study presented a new tissue-specific slow wave 
propagation model and numerical metrics for quantifying slow 
wave propagation patterns. Together, these tools in 
conjunction provide a computationally efficient framework 
for relating ICC structure to function, and initial findings have 
quantified the degree of propagation impairment occurring in 
ICC depletion. This methodology can now be further applied 
to define structure-function relationships in ICC networks 
across various spatial and temporal scales. 

As shown experimentally, segmentation of the ICC 
networks in-vivo enables the intrinsic frequency of activity in 
distal parts of the network to be expressed [16]. In the future, 
an intrinsic component could be included in the model to 
examine the complex interactions between these different 
propagation mechanisms. The model and simulation setup can 
also be calibrated against previous modeling strategies and 
experimental data to improve the validity of the simulations. 
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