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Gastric slow wave dysrhythmias are associated with motility disorders. Periods of tachygastria asso-
ciated with slow wave re-entry were recently recognized as one important dysrhythmia mechanism,
but factors promoting and sustaining gastric re-entry are currently unknown. This study reports two
experimental forms of gastric re-entry and presents a series of multi-scale models that define crite-
ria for slow wave re-entry initiation, maintenance and termination. High-resolution electrical mapping
was conducted in porcine and canine models and two spatiotemporal patterns of re-entrant activities
were captured: single-loop rotor and double-loop figure-of-eight. Two separate multi-scale mathemat-
ical models were developed to reproduce the velocity and entrainment frequency of these experimen-
tal recordings. A single-pulse stimulus was used to invoke a rotor re-entry in the porcine model and a
figure-of-eight re-entry in the canine model. In both cases, the simulated re-entrant activities were found
to be perpetuated by tachygastria that was accompanied by a reduction in the propagation velocity in
the re-entrant pathways. The simulated re-entrant activities were terminated by a single-pulse stimulus
targeted at the tip of re-entrant wave, after which normal antegrade propagation was restored by the
underlying intrinsic frequency gradient. Main findings: (i) the stability of re-entry is regulated by stim-
ulus timing, intrinsic frequency gradient and conductivity; (ii) tachygastria due to re-entry increases the
frequency gradient while showing decreased propagation velocity; (iii) re-entry may be effectively termi-
nated by a targeted stimulus at the core, allowing the intrinsic slow wave conduction system to re-establish
itself.
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1. Introduction

The motility of the stomach is coordinated by a bioelectrical slow wave activity, which is generated by
specialized pacemaker cells termed the interstitial cells of Cajal (ICC) (Huizinga & Lammers, 2009).
ICC generate slow waves at different intrinsic frequencies along the gastrointestinal (GI) tract and
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actively propagate into the smooth muscle layers; smooth muscle cells without ICC cannot maintain
normal slow wave conduction (Huizinga & Lammers, 2009). Entrainment of ICC to a single frequency
with a constant phase-lag is a key mechanism underpinning regular gastric slow wave propagations
(Van Helden et al., 2010). Degradations and loss of ICC have been associated with abnormal slow wave
propagations in the form of dysrhythmias in patients diagnosed with gastroparesis and other significant
GI motility disorders (Farrugia, 2008; O’Grady ef al., 2012a).

Like in the heart, the understanding of gastric slow wave conduction has been partly enabled through
advancements in both recording techniques and multi-scale mathematical modelling (Cheng et al., 2013;
Paterson, 2013). Accurate spatiotemporal descriptions of GI slow waves have been reported relatively
recently through the adoption of high-resolution (HR) electrical mapping (up to 256 electrodes; 1—
8 mm inter-electrode pacing) (Egbuji et al., 2010; Lammers et al., 2009; O’Grady et al., 2010a). In a
significant recent advance, GI slow wave dysrhythmias have recently been mapped in both the stom-
ach and intestine in animals and humans (Angeli ef al., 2013; Lammers et al., 2008, 2012; O’Grady
etal., 2011, 2012a). In two separate studies, investigators have now specifically reported occurrences of
functional rotor re-entry as one of the key mechanisms associated with gastric dysrhythmia (Lammers
et al., 2008; O’Grady ef al., 2011). Lammers et al. (2008) reported rotor re-entry in the canine antrum
and O’Grady et al. (2011) reported rotor re-entry in the porcine corpus. In both studies, the functional
re-entry events were perpetuated by tachygastria compared with the baseline recordings (tachygastria vs
baseline in cycles-per-minute (cpm); canine: 11.8 vs 4.9 cpm; porcine: 4.1 vs 3.2 cpm) (Lammers et al.,
2008; O’Grady et al., 2011). Furthermore, a relationship of wave separation, which relates to the excita-
tion gap between the successive activities in intestinal re-entrant pathway, as a function of velocity and
frequency, was also defined (Angeli et al., 2013).

A key aspect in understanding the re-entry dysrhythmia is elucidating the relationship between the
elevated frequency and spatial organization of re-entrant patterns in the stomach. However, a limiting
factor is that, to date, all cases of gastric re-entrant pathways were reported as spontaneously occurring
events (Lammers et al., 2008; O’Grady et al., 2011), and a protocol for inducing slow wave re-entry
is currently lacking. Therefore, focused experimental investigations of gastric re-entry are presently
difficult to achieve. An alternative strategy involves the use of continuum mathematical modelling tech-
niques that have been used to great effect in elucidating mechanisms of cardiac dysrhythmias, particu-
larly in uncovering the principle of re-entry activities (Paterson, 2013). Recently, continuum modelling
simulation studies have emerged as a tool to investigate gastric slow wave propagations and dysrhyth-
mia mechanisms (Cheng ef al., 2013; Du et al., 2013b).

This study presents two theoretical models of gastric re-entrant activity, based on experimental data,
to advance understanding of their underlying mechanisms. Two original experimental recordings of
episodes of re-entry are presented: (i) a rotor and (ii) a figure-of-eight re-entry. The conduction velocity
data from the recordings were then used to support the parameters in the two theoretical models, which
were simulated to reproduce the experimental data. Finally, a series of perturbation-simulation stud-
ies were conducted to define the initiation, maintenance and termination criteria of gastric slow wave
re-entry.

2. Methods
2.1  Experimental methods

Ethical approvals for the experiments were granted by the local institutional review committees (Uni-
versity of Mississippi Medical Center and the University of Auckland), and the International Guiding
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Principles for Biomedical Research Involving Animals were followed. All recordings were conducted
under general anaesthesia with serosal access provided by a midline laparotomy (Egbuji et al., 2010).
A validated printed-circuit-board flexible recording platform (inter-electrode spacing: 4/7.2 mm; up to
128 electrodes) was used (Du et al., 2009). Mongrel canines (mean weight: 22 kg) and white cross-breed
weaner pigs (mean weight: 35 kg) were employed, according to previously described methods (Egbuji
et al., 2010). All recordings were manually screened and a 10-min segment of recordings (~30 cycles)
consisting of spontaneous re-entrant activities was analysed.

Signals were acquired using an ActiveTwo acquisition system modified for passive recordings
(BioSemi, the Netherlands). All data analysis was performed in the Gastrointestinal Electrical Map-
ping Suite (GEMS) software (v1.5) (Yassi et al., 2012). Details of filtering (Paskaranandavadivel
et al., 2013), slow wave event and dysrhythmia detection, and data presentation methods (activation,
amplitude and velocity mapping) were reported in detail a previous set of studies (O’Grady et al.,
2011, 2012a; Paskaranandavadivel et al., 2012). Unless otherwise mentioned, the data are reported in
mean + SEM.

2.2 Experimental recordings used to inform simulations

An example of baseline slow wave activity recorded from the porcine gastric corpus and canine gastric
antrum is demonstrated in Fig. 1(a,c), respectively. In both cases, gastric slow waves were organized in
a coherent wavefront in a single direction, with a normal slow wave frequency of 4.9 & 0.1 cpm in the
canine subject and 3.3 &= 0.2 cpm in the porcine subject. The velocity of this baseline slow wave activity
in the longitudinal gastric axis was 13.6 & 0.2 mm s~ in the canine antrum and 8.3 & 0.8 mm s~ in the
porcine corpus, which were in agreement with previously reported ranges (Egbuji et al., 2010; Lammers
et al., 2009). The amplitude of baseline slow wave activity was on average 5.1 = 0.1 mV and in the
canine subject and 4.0 = 0.1 mV in the porcine subject.

A number of spontaneous dysrhythmic episodes were recorded during mapping periods, being con-
sistent in terms of the dynamic behaviour and general propagation patterns in these two species as pre-
viously described (Lammers et al., 2008; O’Grady et al., 2011). In particular, two recorded spontaneous
episodes of slow wave re-entry were selected to inform the modelling methods, as they were represen-
tative of the experimental classes of re-entry (Supplementary Animation 1): the first such episode was
a ‘rotor’ re-entry from the porcine corpus (Fig. 1b) and the second was a ‘figure-of-eight’ re-entry from
the canine antrum (Fig. 1d). Electrograms were selected to focus on re-entrant initiation and termina-
tion behaviours: the rotor re-entry was sustained for up to three cycles and the figure-of-eight pattern
terminated spontaneously after two cycles.

Re-entry types were defined based on a previous HR mapping studies conducted by Lammers et al.
(2008) and Angeli et al. (2013). Specifically, a rotor re-entry was defined as a rotating wavefront emerg-
ing from an ectopic site and propagating in a circuit in a single-direction around a ‘core’ region in the
centre of the re-entrant activity (Fig. 1b), while a figure-of-eight re-entry was defined as a double-loop
re-entry emerging simultaneously from an ectopic site and propagating around the core in the opposite
directions (Fig. 1d).

Functional rotor re-entry occurred spontaneously in the porcine subject, emerging as spiral waves
from an ectopic site and around a core located along the greater curvature of the gastric corpus (Fig. 1b).
In the activation map, the rotor is seen to be located near the bottom of the mapped field and was
maintained over three consecutive cycles. The total activation time of the rotor re-entry around a single
loop was ~17 s (Fig. 1b). The figure-of-eight re-entry around a single loop was ~6s (Fig. 1d).
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F1G. 1. Recordings of gastric slow wave baseline and re-entry activations (inter-electrode spacing: 4 mm). In the baseline activation
maps (a,c), slow waves were organized and propagated in a single direction towards the pylorus. In the activation maps (b,d), the
re-entrant paths are illustrated by the dashed arrow and the functional blocks (highlighted in grey). The bands in the activation
maps represent the times of slow wave activation as indicated by the colour bar on the bottom of each map. In the signal traces
(selected at the numbered locations following the re-entry in (b) (1-8) and (d) (1-8); the re-entrant activities are highlighted in
grey. (b) A clockwise rotor re-entry in the anterior porcine corpus. (d) A figure-of-eight re-entry in the anterior canine antrum.
The activation of the canine re-entry was noticeably faster than the porcine activation. An animation of the re-entrant activities is
provided in the supplementary file (Supplementary Animation 1).

3. Simulation methods and models
3.1 Gastric slow wave entrainment model

Slow wave propagation is underpinned by a mechanism called entrainment, where a network of coupled
self-excitatory oscillators, i.e. ICC, with a declining gradient of intrinsic frequencies, converges to a
single frequency with constant phase-lag to form a coherent propagating wave (Van Helden et al.,
2010). A number of recent multi-scale modelling studies have adopted continuum approaches to model
a voltage-dependent mediation of slow wave entrainment in an ICC network (Buist et al., 2010; Du
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et al., 2010c). In this study, a similar approach using the monodomain model was employed as the
governing Equation (1) to simulate entrainment of gastric slow waves (Du et al., 2010b)

A
V.- (0VVy) =A, (Cm8 +Iion> — Istim (D
t

where V,, denotes the (trans)membrane potential, with /;,, and Cp,, denote ion current and membrane
capacitance of ICC, respectively. A stimulus current (/y;,) was used to invoke re-entry events, but
not in baseline simulations, because the ICC model employed in this study was self-excitatory. At the
tissue level, Ay, denotes the surface-to-volume ratio and o denotes the conductivity of the tissue. The
monodomain equation couples the slow waves from adjacent active gastric tissues through the terms on
the left-hand side of Equation (1). A cell model description was used to further define the /j,, term on
the right-hand side of Equation (1). For this study, a recently published computationally efficient slow
wave cell model (Du et al., 2013a), based on another published slow wave cell model (Imtiaz et al.,
2002), was incorporated into Equation (1) to simulate a voltage-dependent entrainment of slow wave
propagation

Cn =1Ina + Ica + Ik ()

oV

ot
where the three ion conductances (sodium: I,, calcium: I¢,, background potassium: /gk) and param-
eters were identical to the values published in a previous cell modelling study (Du et al., 2013a). The
exact slow wave entrainment mechanisms remain incompletely understood. The cell model employed
in this study represents a voltage-dependent inositol 1,4,5-trisphosphate (IP3) mechanism of entrain-
ment (Imtiaz et al., 2002; Koh et al., 2003). Other alternative entrainment mechanisms include unitary
potentials and Ca>*-sensitive C1~ conductance, which were considered in other cell modelling studies
(Buist et al., 2010; Faville et al., 2009), but they were not employed in this study due to computational
efficiency (Lees-Green et al., 2011).

One of the key electrophysiological properties of gastric tissue is an underlying gradient of intrinsic
frequencies which determines the propagation of slow wave activity in the aboral direction of the stom-
ach (Huizinga & Lammers, 2009). In the employed cell model (Equation (2)) (Du et al., 2013a), the
intrinsic frequency in the cell model was modelled as function of the linear degradation of IP; based on
the formulation proposed by Imtiaz et al. (2002), as follows:

dip Vi, IP! vI
=B —nlP; — — 4 Py (1 — — 2 3
g =P s = e TP (U ®)

where S is the rate of constant production of IPs, n is the linear degradation of IP3, V), is the maximum
rate of non-linear degradation of IPs, k4 and k, are half saturation constants, « and r are hill coefficients,
and Py is maximum rate of IP3 synthesis. The full parameter definitions and values used in this study
can be found in a previous study (Du et al., 2013a). A range of 1 values (0.06-0.1 ms~!) were used to
prescribe the intrinsic frequencies of the cell model (Fig. 2a,b).

Another important aspect of the voltage-dependent IP; entrainment mechanism is the response of
the cell model to an extrinsic stimulus, either in the form of a current stimulus or slow wave potentials
from neighbouring tissues (Buist et al., 2010; Du et al., 2010c). To this end, the responses of the cell
model at an intrinsic frequency of 3 cpm to a series of stimuli (single pulse; amplitude: 30 pA; duration:
350 ms) at six different onset times were also characterized (Fig. 2¢,d).
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FI1G. 2. Characterization of cell model intrinsic frequency and stimulation. (a) Intrinsic frequency of the cell model characterized
as a function of degradation of IP3. (b) Three examples of simulated slow waves at different intrinsic frequencies (top: 5.5 cpm;
middle: 3.7 cpm; bottom: 2.5 cpm) at three 7 values (0.7, 0.8 and 0.9 ms~!) highlighted by the dots in (a). (c) A simulated normal
slow wave activity at intrinsic frequency of 3 cpm (bold line). Three separate pacing protocols were tested (single-pulse, 30 pA,
350ms at 8, 9 and 10s), none of which produced an active response by the cell model. (d) Three other pacing protocols (single-
pulse, 30 pA, 350 ms at 12, 14 and 16 s) invoked active responses where the phase of the subsequent slow waves were shifted by
a constant time difference compared with the normal activity (bold).

Equation (1) was solved numerically using a grid-based finite-element-based technique using the
CMISS simulation package (Trew et al., 2005). The simulation package employed an LU decomposition
and a Euler numerical solver with an implicit scheme to solve the discrete forms of Equation (1). Details
on the solution procedures have been previously described (Du et al., 2010a). All numerical simulations
were solved on a single 2.27 GHz Intel Xeon CPU of an HPC with 26 GB total memory.

Previous modelling studies have investigated entrainment of slow waves in a 1D model (Buist et al.,
2010; Du et al., 2010c). However, because a modified cell model was used in this study and the baseline
simulations were fitted to two species with different intrinsic frequencies, additional changes to the
model were required to demonstrate entrainment. To this end, a 1D model of 60 mm in length with 1 mm
spatial resolution was created with a linear gradient of intrinsic frequency (4.9—4.0 cpm) and zero-flux
boundary condition, i.e. 8V, /8x = 0, to demonstrate the mechanism of entrainment. The frequency was
based on the baseline frequency from the canine experimental recording (Section 2.3). The 1D model
was simulated until it had reached steady-state after 180 s of simulated time, the values of which were
used as the initial conditions to simulate the following conditions over a range of conductivities as well
as frequency gradients: (i) normal entrainment; (ii) decoupled slow waves, where o was reduced to a
relatively small value (0.02 S mm~!). No stimulus was used in either case, i.e. Iyim = 0pA.



INITIATION, MAINTENANCE AND TERMINATION OF GASTRIC SLOW WAVE RE-ENTRY 411

TABLE 1  Parameters used to simulate the baseline models of porcine and
canine gastric slow waves.

Parameter name Porcine model Canine model
Frequency gradient (cpm) 3.3-2.7 4.94.0
Longitudinal conductivity (S mm~") 0.085 0.22
Circumferential conductivity (S mm™") 0.155 0.36

3.2 Two-dimensional (2D) mathematical models

A mathematical model representing the coverage of 256 electrodes (60 x 60 mm?) with 1 mm spatial
resolution in both directions was developed to simulate gastric slow wave propagation in 2D. For this
study, the 2D model was assumed to be transverse isotropic, i.e. with the slow waves propagating in
the longitudinal (vertical) direction of the model only, as previously demonstrated in a HR mapping
study of activation in the porcine stomach (O’Grady et al., 2012b). During normal gastric conduction,
a planar wave propagates in the longitudinal direction, as dictated by the conductivity in the longitu-
dinal direction; while during an ectopic activation, the faster circumferential propagation results in an
elliptical core profile (O’Grady et al., 2012b). The parameters used to simulate each baseline model
are presented in Table 1. The parameters were chosen based on an entrained slow wave frequency and
propagation velocity from the experimental recordings above. The magnitude of velocity in the circum-
ferential (horizontal) direction of the 2D model was assumed to be ~1.3 times the magnitude of velocity
in the longitudinal direction, based on the porcine data (O’Grady et al., 2012b). Two different baseline
2D models were created, a normal porcine propagation model and a normal canine propagation model
(Fig. 3a). The initial condition values were determined in the same way as the 1D model.

Two separate re-entrant models were thus created to reproduce and inform experimental observa-
tions in different species with different frequency and velocity profiles (Fig. 1). In all cases of re-entry
simulations, an animation of the simulated slow waves was generated to better demonstrate the com-
plex spatiotemporal profile of re-entry. Rotor re-entry was simulated using the porcine baseline model
and figure-of-eight re-entry was simulated using the canine baseline model. In each simulation study, a
different set of stimulus and cellular parameters were used:

3.2.1 Rotor re-entry A standard technique to invoke a cardiac rotor re-entry is via a line field stimu-
lus applied in the perpendicular direction to the propagating wavefront (Spach, 2001). A field stimula-
tion protocol (single-pulse; 100 wA mm~2; 500 ms) was administered to the right-hand boundary of the
2D domain (Fig. 3b); to test the effects of this pacing protocol, the onset of stimulus was delayed by
1500 and 3000 ms relative to the original protocol. In a separate simulation, a second pacing stimulus
of the same protocol was administered to a location along the re-entrant pathway at the tip of the wave
in an attempt to terminate the re-entrant activity. Finally, the same field stimulation protocol was tested
to invoke rotor re-entry in the baseline canine model.

3.2.2 Figure-of-eight re-entry A standard method of invoking figure-of-eight re-entry is by creating
a heterogeneity zone in the centre of the simulation domain (Tran ef al., 2007). A group of cells in a
small central zone (CZ; 4 x 3 mm?) were prescribed to reduce the intrinsic frequency of the simulated
slow waves in this region from 4.5 cpm in the baseline model to 2.8 cpm as shown in Fig. 3(c). A point
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F1G. 3. 2D model setup for simulating re-entry. (a) An example of the simulated slow wave activity in the porcine baseline model.
Propagations in both baseline models were assumed to be planer and antegrade. (b) Rotor activity was initiated by a field-stimulus
(single-pulse; 100 wA mm~2; 500 ms) applied to the right boundary of the porcine baseline model. (c) Figure-of-eight activity was
initiated by a point stimulus (single-pulse; 100 ;LA mm~2; 500 ms) applied to a centre zone in which the activation durations of
slow waves and frequency were both reduced (dashed line) compared with the normal slow waves (solid-line).

simulation protocol (single-pulse; 100 wA mm™2; 500 ms) was then administered to the CZ to invoke
an ectopic event 1.3 s following the repolarization in the antegrade propagation in this region. The same
variations in pacing protocols were tested by delaying the onset of stimulus by 500 ms. Maintenance of
the re-entry was also tested by changing the intrinsic frequency in the CZ back to 4.5 cpm. A similar
attempt was made to terminate the re-entrant activity by applying a second stimulus of the same protocol
along the re-entrant pathway to the tips of the wave. Finally, figure-of-eight re-entry in the porcine
baseline model was tested by increasing the area of the CZ to 4.2 x 3.2 mm? and reducing the intrinsic
frequency from 3 cpm in the porcine baseline model to 1.5 cpm.

Wave lengths of simulated slow waves during baseline and re-entry were measured. A relation-
ship between longitudinal wave separation and slow wave frequency was measured in accordance
to a previous intestinal functional re-entry (Angeli et al., 2013), i.e. depolarization to depolarization
distance between two successive wavefronts. Similarly, circumference separation distance was also
measured.

4. Results
4.1 Entrainment simulations

The performance of slow wave entrainment in a 1D model is presented in Fig. 4. An example of
entrained slow waves of different intrinsic frequencies (4.9-4.0cpm) to a single frequency over 11
selected sites along the 1D model is demonstrated in Fig. 4(b). In the entrained model, slow waves were
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F1G. 4. 1D entrainment model simulation setup and results. (a) A 60-mm long 1D element was developed with a gradient of
intrinsic frequencies as indicated by the dashed-line, with the maximum intrinsic frequency on the left and the minimum intrinsic
frequency on the right. The triangles indicate the locations of the simulated traces presented in (b) and (c) (top: left-most triangle;
bottom: right-most triangle). (b) Entrained slow waves at the selected locations along the 1D model (prescribed intrinsic frequency
gradient: 4.9—4.0 cpm). (c) Decoupled slow waves selected at the same locations along the 1D model and over the same prescribed
intrinsic frequencies as (b). (d) Velocity as a function of conductivity at two different intrinsic frequency ranges (canine: 4.9—
4.0 cpm, solid-line; porcine: 3.3-2.7 cpm, dashed-line). (e) Velocity as a function of intrinsic frequency gradients at two starting
frequencies (canine: 4.9 cpm, solid-line; porcine: 3.3 cpm, dashed-line).

constantly phase-locked over time, thereby forming a wavefront with consistent velocity (12 mms~")
and direction, from the location with the highest intrinsic frequency to the lowest intrinsic frequency,
i.e. from the left to the right in Fig. 4(a). In contrast, due to the existence of the intrinsic activities,
unentrained slow waves still occurred even when the cell models were electrically uncoupled from each
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other, as shown in Fig. 4(c). Rather than forming a single coherent wavefront with consistent velocity
and propagation over time, sequences of activations were disorganized, and depended purely on the tim-
ing of the intrinsic slow wave, as demonstrated by the variable phase-lag between the simulated slow
waves in Fig. 4(c).

We then examined the effects of conductivity and gradient of intrinsic frequency on slow wave
propagation velocity, as shown in Fig. 4(d,e), respectively. In these results, it should be noted that
these relationships will somewhat differ in vivo, because the simplified cellular model was not intended
to reproduce detailed sub-cellular mechanisms of ICC slow wave generation as achieved elsewhere
(Lees-Green et al., 2011). Compared with previous slow wave entrainment modelling studies (Buist
et al., 2010; Du et al., 2010a,b,c, 2013a), the present study defined conductivity parameters over two
separate intrinsic frequency gradients to reproduce baseline slow wave propagation in two different
species, and the effects of varying the intrinsic frequency gradients were then examined. The char-
acterization of these parameters was required to reproduce the re-entrant activities in the 2D models.
The specific effects of conductivity and gradient of intrinsic frequencies are presented in Sections 4.1.1
and 4.1.2.

4.1.1 Conductivity Velocity of propagation demonstrated the expected trend of higher conductivity
leading to faster velocity in the 1D model (Fig. 4d), which was consistent with a voltage-dependent
propagation mechanism. The maximum and minimum prescribed intrinsic frequencies (porcine: 3.3—
2.7 cpmvs canine: 4.9—4.0 cpm) did not appear to significantly affect this relationship, except between
0.2 and 0.8 Smm~!, where the canine frequency range displayed higher velocities than the porcine
model. The simulated slow waves captured the full range of porcine baseline gastric slow wave veloc-
ities (6.8—-13.3 mms™!) (Egbuji et al., 2010), as well as full range of canine baseline gastric slow wave
velocities (5-15 mms~!) (Lammers et al., 2009). It should also be noted that a ‘threshold’ conductivity
of 0.05S mm~! existed, below which slow waves still occurred but could not be entrained, similar to
the activities shown in Fig. 4(c).

4.1.2  Intrinsic frequency gradient Propagation velocity was affected by the gradient of frequencies
given the same conductivity (0.5S mm~!) in the 1D model, with smaller gradients correlating with
faster velocities (Fig. 4(e)). However, the starting frequency did affect the velocity in this case, with
the higher initial frequency (4.9 cpm, solid-line in Fig. 4(e)) leading to faster velocity over the similar
frequency gradients as the lower starting frequency (3.3 cpm, dashed-line in Fig. 4(e)).

The difference between the highest prescribed intrinsic frequency and the resulting entrainment fre-
quency was also notable. For example, the range of 4.9—4.0 cpm resulted in an entrainment frequency of
4.8 cpm (open-circles in Fig. 4(e)), which was slightly lower than the highest prescribed frequency of
4.9 cpm. Furthermore, like velocity, entrainment frequency was also dependent on the frequency gradi-
ent, as demonstrated in Fig. 4(e). In general, a lower conductivity and/or smaller frequency gradient led
to a slightly higher entrained frequency, though the effect was minimal.

4.2 Rotor re-entry simulations

4.2.1 Initiation Rotor re-entry was invoked by the field-stimulus in the right-hand side edge of the
2D model, following a normal antegrade propagation wavefront (Supplementary Animation 2). The
role of the antegrade wavefront was critical in the rotor formation. The refractory tail first enabled
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FI1G. 5. 2D model (60 x 60 mm?) simulation results over 20 s. (a) Simulated normal porcine slow waves. (b) Rotor activity induced
in the normal porcine model. (¢) Simulated normal canine slow wave propagation. Note the faster propagation of the canine slow
waves compared with the porcine slow waves. (d) Figure-of-eight activity induced in the normal canine model.

slow wave activity to only be invoked in the top portion of the 2D model (r =2s, porcine: rotor, in
Fig. 5(b)), and it also caused the invoked propagation to meander, eventually forming the rotor in the
counter clockwise direction (f = 8 s, porcine: rotor, in Fig. 5(b)). The rotor was formed when the tip
of the wave completed the pathway around the core and entrained the next cycle of re-entrant activity
ahead of both the normal entrainment and the intrinsic activity (¢t = 14 s, porcine: rotor, in Fig. 5(b)).
The curvature of the tip of the wave was convex, which suggest that the re-entry was radiating outward,
and each cell on the propagating wavefront will be activating more than one cell downstream of the
re-entry (Comtois et al., 2005).

The initiation of the rotor activity was dependent on the relative timing of the stimulus to the normal
antegrade wavefront. When the onset of stimulus was delayed by up to 1500 ms, the rotor shifted distally
and circumferential drift over successive cycles also occurred (Supplementary Animation 2). However,
at 1000 ms delay, the rotor activity was eliminated and stimulus invoked a wave propagating in the
circumferential direction (Supplementary Animation 2). The direction of the invoked wave was not
maintained over the subsequent cycles of activities.

4.2.2 Maintenance The stable rotor led to a higher frequency than the normal porcine activity (7.5 vs
3.3cpm), which ‘out-paced’ both normal antegrade activity and intrinsic ICC activation. During the
maintenance phase, there was a notable steady drift of rotor across the 2D model (Supplementary Ani-
mation 2), as has been observed experimentally in intestinal re-entry (Lammers ef al., 2012). Over suc-
cessive cycles, as the circumferential propagation entrained more of the tissue, the rotor was advanced at
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TABLE 2 Velocities of simulated baseline and re-entrant slow waves with respect to the principal
axes of the 2D model, compared with the experimental recordings.

Longitudinal Longitudinal Circumferential Circumferential
velocity: velocity: velocity: velocity:
simulation recording simulation recording
(mms~) mms~') (mms~h) (mms~h)
Porcine: baseline 8.5 8.3+£0.8* 11.1 NA
Canine: baseline 13.6 13.6 £ 0.2* 16.9 NA
Porcine: rotor 3.1 334+ 1.7% 4.6 52+ 1.1%
Canine: figure-of-eight 4.6 4.7+1.17 6.5 6.6 £ 1.8*

*Standard deviation.

TABLE 3 Frequency and wave measurements of simulated re-entrant activities.

Longitudinal Circumferential

Wave wave wave Meander

Frequency length separation separation velocity

(cpm) (mm) (mm) (mm) (mms~')
Porcine: Baseline 33 17 NA NA NA
Porcine: rotor 7.5 6 17 19 0.2
Porcine: figure-of-eight 7.5 6 17 19 NA
Canine: baseline 4.8 31 NA NA NA
Canine: rotor 10.2 7 19 21 0.1
Canine: figure-of-eight 10.2 7 19 21 NA

a speed of ~0.2 mms~!. The meander of the rotor was facilitated by the faster circumferential velocity
component. There was also a significant reduction in the propagation speed of slow waves in both
directions compared with the baseline activities (Table 2), which was also evident in the reduction of
the wave length and wave separation distances (Table 3).

4.2.3 Termination The rotor was terminated when a second stimulus was administered to the tip of
wave along the re-entrant pathway just prior to the next cycle of re-entrant activity (Supplementary
Animation 2). The terminated re-entrant activity progressed into an unstable ectopic pacemaker that
was eventually entrained by an antegrade wave underpinned by the normal intrinsic frequency gradient.

4.2.4  Rotor re-entry in canine model The same protocol used to invoke rotor re-entry in the porcine
model was also capable of invoking rotor re-entry in the canine baseline model (Supplementary Ani-
mation 3). The similar trend that was observed in the porcine rotor re-entry model was also observed
in the canine rotor model. The stable rotor led to a higher frequency than the normal canine activity
(10.2 vs 4.8 cpm), as shown in Table 3, which was comparable with the experimental values reported
by Lammers et al. (2008) in the same species. The meander of the rotor was ~0.1 mms~!, which was
slower than in the porcine model.
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4.3 Figure-of-eight re-entry simulations

4.3.1 Initiation Figure-of-eight re-entry was invoked by the point-stimulus in the centre of the 2D
model, following a normal antegrade propagation wavefront (Supplementary Animation 4). The initial
antegrade wavefront played a similar critical role in the formation of the figure-of-eight re-entry as
it did in the formation of the rotor re-entry. The retreating refractory tail of the antegrade wavefront
induced an asymmetrical emergence of invoked slow waves from the stimulus site, with the emerging
invoked wavefront being initially stopped by a functional block formed by the refractory tail of the
antegrade wave immediately distal to the CZ (t =4 s, canine: figure-of-eight, in Fig. 5(d)). This asym-
metry in conduction allowed the two ‘tails’ of the emerging spiral wave in the retrograde direction to
travel the re-entrant pathway and ultimately entrain the stimulus site prior to the arrival of the sub-
sequent antegrade wavefront, leading to a sustained re-entry pattern (f = 14 s, canine: figure-of-eight,
in Fig. 5(d)). The curvatures of the tips of the waves were also convex, similar to the simulated rotor
re-entry.

The initiation of the figure-of-eight activity was also dependent on the relative timing of the stim-
ulus to the normal antegrade wavefront. When the onset of stimulus was delayed by 500 ms, the retro-
grade propagation around the re-entrant pathway was eliminated and an ectopic pacemaker occurred in
its place (Supplementary Animation 4). This ectopic activation was only sustained over three cycles,
after which the ectopic activity was eliminated by the intrinsic frequency gradient, as has also been
observed experimentally (O’Grady et al., 2011). A similar effect was simulated by restoring the intrin-
sic frequency in the CZ to the normal value. In this case, the initial retrograde propagation around the
re-entrant pathway was not able to entrain the pacing site (Supplementary Animation 4).

4.3.2 Maintenance As in the rotor re-entry case, the figure-of-eight re-entry also led to an elevated
entrainment frequency compared with the normal activity (10.2 vs 4.8 cpm), with a reduction in wave
length (Table 3). However, unlike the rotor re-entry simulation, the figure-of-eight simulation did not
demonstrate a meandering profile. The ectopic wave emerged in an elliptical profile with the major axis
corresponding to the faster circumferential propagation. Due to the symmetry in conduction on both
sides of the core, the re-entrant pathway was also symmetric over successive cycles, so the figure-of-
eight did not meander. There was a similar reduction in the propagation speed of slow waves in both
directions compared with the baseline activities (Table 2).

4.3.3 Termination The figure-of-eight re-entry could be effectively terminated when a second stimu-
lus was administered to the tip of the wave along the entrant pathway, preventing the re-entrant activity
from entraining and effectively turning the re-entrant activity into an ectopic pacemaker (Supplementary
Animation 4). The subsequent cycles of slow wave progressed in a similar fashion as when the initial
stimulus was delayed by 500 ms. The three cycles of ectopic activations following the second stimulus
were also unstable and the normal propagation direction was eventually re-established in accordance to
the direction of the underlying intrinsic frequency gradient.

4.3.4 Figure-of-eight re-entry in porcine model The same protocol used to invoke figure-of-eight re-
entry in the canine model was unable to invoke the same re-entry pattern in the porcine model. The lower
entrainment frequency in the porcine model than the canine model essentially acted as a refractory block
to re-entry, identical to the effects by eliminating the heterogeneity prescribed to the CZ (Supplementary
Animation 4). When the size of the CZ was increased to 4.2 x 3.2 mm?, the re-entrant pathway was long
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enough so that when the slow wave came back to the site of initiation, it was able to invoke another
cycle of re-entry (Supplementary Animation 4). The figure-of-eight re-entry also led to an elevated
entrainment frequency compared with the normal porcine activity (7.5 vs 3.3 cpm). It is also worth note
that due to the increased length of the re-entrant pathway the core of the re-entry in the porcine model
segregated into two rotor re-entry cores in time.

5. Discussion

The presence of complex spatiotemporal gastric slow wave dysrhythmias have been identified by the
recent application of HR mapping techniques (Lammers et al., 2008; O’Grady et al., 2011, 2012a).
However, unlike the well-documented experimental evidence and predictive mathematical models of
cardiac dysrhythmias (e.g. Spach, 2001; Trayanova, 2012), the events underpinning gastric dysrhyth-
mias remain poorly characterized. Experimentally, the current uncertainty in the conditions required to
reliably invoke gastric re-entry in animal models is a current limitation. Therefore, the stimulus-driven
re-entry simulation strategy applied in this study provided a useful in silico method to quantitatively
evaluate gastric re-entry.

These results detail two types of spontaneously occurring functional gastric re-entrant activities
and represent a detailed modelling analysis of the mechanisms underpinning initiation, maintenance
and termination of the re-entry. As may be anticipated, both the initiation and maintenance of slow
wave re-entry were shown to be highly dependent on the stimulus timing, conductivity and intrinsic
frequency gradient. The simulation results suggested that there is a relatively narrow range of timing
window during which the stimulus could successively invoke and maintain a re-entry. For example,
when the stimulus was delayed by 500 ms, it invoked an unsustainable ectopic activity rather than a
figure-of-eight re-entry (Supplementary Animation 4). This finding could partly explain why, to date,
gastric re-entry has only been observed to occur in a minority of gastric dysrhythmia episodes and
often as spontaneous events (Lammers et al., 2008; O’Grady et al., 2011, 2012a). The simulations also
evaluated a potential targeted approach to therapeutic pacing of gastric dysrhythmias, and demonstrated
for the first time that these dysrhythmic activities may be readily terminated via pacing (Supplementary
Animations 2 and 4). In both cases, the re-entrant activities were immediately terminated by the second
stimuli applied to an specific zone of the model, followed by a few cycles of ectopic activations, before
resumption of entrainment by the normal activity in the antegrade direction. In addition, the simulations
also demonstrated that a single targeted delivery of stimulus to the tip of re-entrant wave could be used to
eliminate tachygastria, and allowing a period of rest for the normal slow wave conduction to re-establish
itself. This pacing protocol would have the advantage of not requiring continuous and energy-intensive
pacing (Zhang & Chen, 2006), and could now be evaluated in experimental studies using HR mapping
methods (Du et al., 2010b).

5.1 Frequency—velocity relationship

In this study, an important simulation finding was that gastric re-entry could be associated with a reduc-
tion in propagation velocity (Table 2), while maintaining entrainment at a frequency above the highest
intrinsic slow wave frequency of the underlying gastric tissue. This ‘conduction velocity restitution’
phenomenon has been well documented in the cardiac field (Weber et al., 2011), and a reduced velocity
associated with a shortened refractory period during tachycardia has been proposed to favour cardiac
re-entrant circuits (Kleber & Rudy, 2004). A similar ‘restitution’ effect may also influence slow wave
conduction, where tachygastria established by the re-entry could reduce both the wave separation and
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conduction velocity. The experimental analysis of this effect could be indirectly inferred by comparing
gastric slow wave velocities of baseline activity to velocities during tachygastria in separate species—
canine (baseline: 15 mms~', 5.0 cpm; tachygastria: 6mms~!, 11.8 cpm) (Lammers et al., 2008, 2009);
and porcine (baseline: 8.3mms~!, 3.2cpm; tachygastria: Smms~!, 4.4cpm) (Egbuji et al., 2010;
O’Grady et al., 2011). However, a direct validation of this frequency—conduction relationship in the
stomach has not been reported to date due to current inability to reliably invoke and maintain re-entry
experimentally. In addition to the relatively long-refractory period of gastric slow waves, the re-entrant
activity must also entrain the underlying intrinsic activity, which could act as the more commonly
reported dynamic ‘break out’ activity that could act to cease the re-entrant circuit (Lammers et al.,
2008; O’Grady et al., 2011, 2012a).

The reductions in the wave length and separation distances during re-entry compared with the base-
line models were also evident in Fig. 5 and Table 3. Furthermore, the longer wave separation in the
circumferential direction than in the longitudinal direction also reflected the faster propagation in the
circumferential direction of the stomach. This velocity anisotropy in the stomach is intrinsic and is only
apparent when velocity components are measured at a pacemaker and/or ectopic activation site where
the two components of velocity could be measured independently (O’Grady et al., 2012b).

5.2 Frequency of gastric dysrhythmias

A higher conductivity in general led to a faster propagation around the re-entrant pathway, which
could lead to a higher entrainment frequency, provided the re-entrant wavefront does not catch up
to the refractory tail of the previous cycle, which could lead to termination of the re-entry activity
(Supplementary Animations 2 and 4). The frequency gradient plays a similar role as conductivity with
the exception that it imposes a directional preference for propagation, i.e. normal propagation is usually
maintained in the antegrade direction down the intrinsic frequency gradient. On the other hand, if the
ectopic or re-entry activations occur at a frequency lower than the entrainment frequency, then the
intrinsic frequency would readily correct the abnormal activations, as has been observed experimentally
(Zhang & Chen, 2000).

The tachygastria frequency associated with rotor of 11.8 cpm reported by Lammers et al. (2008) was
moderately higher than the simulated rotor frequency of 7.5 cpm reported by the model; however, the
simulated canine re-entrant activity reported a frequency of 10.2 cpm, which was closer to the reported
value. Tachygastria frequency is a relatively easy indicator to detect in far-field recordings such as
electrogastrography, which can be readily applied non-invasively (Yin & Chen, 2013). However, this
inference should be made in the context of previous studies that have also clearly demonstrated that
other types of spatial dysrhythmias can be associated with bradygastria and/or normal frequencies. Par-
ticularly the human stomach contains multiple frequency components simultaneously (O’Grady et al.,
2011, 2012a), so tachygastria should only be used as an indicator of a specific gastric dysrhythmia subset
(Lammers et al., 2008).

Established cardiac re-entry mechanisms could be used to partly explain the development of gastric
re-entry. For example, both of the simulated re-entrant activities were established in the shortest re-
entrant pathway, and reduced time of completing the pathway led to an elevated frequency, similar to
the leading circle concept (Allessie et al., 1973). On the other hand, the conduction around a core of
constant size with a curved wavefront (Fig. 5(b,d)) was more similar to the more recently proposed spiral
wave concept (Janse, 1999). The electronic effect of spiral wave conduction was more pronounced in the
figure-of-eight re-entry simulation (Fig. 5(d)), where the core in the CZ could serve as a current-sink,
and the difference between the core and the depolarized wavefront accelerates repolarization in the
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active wave (Comtois et al., 2005). However, what is not currently clear in the case of gastric re-entry
is the effect of individual ion conductances on the initiation and maintenance of re-entry, as have been
elucidated in cardiac electrophysiology (Comtois et al., 2005). Anatomical re-entry is another important
mechanism of re-entry unique to the GI tract, which has been proposed as a potential frequency-altering
mechanism in the intestine (Angeli et al., 2013). To investigate this problem further, the model proposed
in this study could be used to create a temporary functional block that would initiate a uni-directional
propagation of slow waves around a circular geometry, representing the intestinal lumen. Furthermore,
given the known evidence regarding the importance of micro-structural remodelling in causing re-entry
in the heart (e.g. Rutherford ef al., 2012), it is plausible that degradation and remodelling of ICC may
play a similar role in the development of GI re-entry (Du et al., 2010c; Farrugia, 2008).

5.3 Stimulus-driven gastric re-entry

The proposed stimulus protocols that induced re-entry now await further experimental validation.
Whereas the experimental recordings of re-entry were spontaneous (Angeli et al., 2013; Lammers et al.,
2012; O’Grady et al., 2011), the simulations employed stimuli to initiate re-entry activities, which could
mimic premature activity of dysrhythmic events in the stomach (Lammers et al., 2008). The same pro-
tocols will need to be validated experimentally to invoke sustained re-entry activities in animal subjects
in a reliable manner. One practical concern in inducing experimental re-entry is the interaction between
stimulus timing and the underlying slow wave activity (O’Grady et al., 2010b). Whereas in cardiac
tissue preparations it is standard to invoke a propagation wave and then a secondary stimulus to induce
re-entry (Thakor & Fishler, 1997), in GI tissue this type of preparation is less easy to achieve, given the
response of the tissue to stimulus. To this end, an online identification and visualization system may be
required to reliably deliver stimulus relative to the normal propagating wavefront (Bull ez al., 2011).

5.4 Limitations

The above inferences must be placed within the context of a number of important limitations associated
with this study. First, the recorded re-entrant activities reported in the present study were spontaneous
and sporadic, and were based on a small sample size, however these patterns are well supported by
previous gastric HR mapping studies (Lammers et al., 2008; O’Grady et al., 2011, 2012a). Secondly,
the behaviours of the continuum models were highly dependent on the responses of the chosen cell
model (Du er al., 2013a). In this study, a simplified cell model was used to compute 120 s of simulated
re-entrant activities in 26 min. As demonstrated by the stability of the re-entry simulations, the voltage
sensitivity of the cell model was a promoting factor in the initiation and maintenance of re-entry; yet
the pathological membrane kinetics associated with gastric dysrhythmias are incompletely understood
(Lees-Green et al., 2011). For example, the cell model lacked detailed ion channel kinetics, e.g., the
mechano-sensitive sodium channel Na, 1.5, which has been shown to influence ICC slow waves during
diseases (Beyder et al., 2010; Poh et al., 2012). Thirdly, one of the conditions this study adopted was
based on cardiac studies cellular changes, which were applied in order for the figure-of-eight re-entry to
occur, as demonstrated in the simulation result (Fig. 5(d)). Furthermore, the present study only investi-
gated functional re-entry with an assumption of cellular homogeneity, whereas in human diseases, ICC
degradation could significantly alter the structural and material properties of the GI tissue (Faussone-
Pellegrini et al., 2012; O’Grady et al., 2012a). Finally, transverse isotropic conduction was assumed
for both baseline models. The relatively magnitude of the propagation in the circumferential direction
was based on a previous study (O’Grady et al., 2012b), and the underlying properties of myenteric and
intramuscular ICC networks were not further considered in this study.
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The present study used a voltage-dependent IP; mechanism to couple slow waves (Du et al., 2013a;
Imtiaz et al., 2002). A number of recent studies have also proposed alternative biophysically based
pacemaking mechanisms (Buist ez al., 2010; Faville et al., 2009; Lees-Green et al. , 2014). In particular,
all of these pacemaking mechanisms focus on a type of voltage-gated ‘pacemaking unit/conductance’
for the intrinsic cycling of calcium and generation of slow wave activity, while a voltage-dependent
component was required in order for the cell model to entrain its activity to an extrinsic stimulus by
‘phase-advancing’ the intrinsic calcium cycling. Details of the ICC pacemaking unit are still not yet
fully understood, but may be incorporated in future models as they become available.

6. Conclusions

In conclusion, this study has provided several new insights into intrinsic slow wave frequencies, conduc-
tivities, and how coordinated stimuli influences the initiation, maintenance and termination of gastric
slow wave re-entry. To translate this work to clinical relevance, gastric re-entry will now need to be
evaluated in animals and humans, and pacing strategies explored to terminate re-entry. Mathematical
multi-scale models that incorporate detailed ICC network structure and smooth muscle fibre information
will also be important in providing improved insights about the mechanisms of slow wave perturbations
when multiple cellular and tissue parameters are affected.
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