
Pre-print version of manuscript, accepted for publication in Am. J. Physiol. Gastrointest. Liver Physiol. 

Pre-print version of manuscript, accepted for publication in Am. J. Physiol. Gastrointest. Liver Physiol. 
 

Gastric Ablation as a Novel Technique for Modulating Electrical Conduction 
in the in-vivo Stomach 

 
Authors: Zahra Aghababaie1, Niranchan Paskaranandavadivel1,2, Satya Amirapu3, Chih-Hsiang 
Alexander Chan1, Peng Du1, Samuel Asirvatham4, Gianrico Farrugia5, Arthur Beyder5, Gregory 
O’Grady1,2, Leo K. Cheng1,6, and Timothy R. Angeli-Gordon1,* 

 
 

Affiliations: 
1Auckland Bioengineering Institute, University of Auckland, Auckland, New Zealand. 
2Department of Surgery, University of Auckland, Auckland, New Zealand. 
3Histology Laboratory, Faculty of Medical and Health Sciences, University of Auckland, 
Auckland, New Zealand. 
4Division of Cardiovascular Medicine, Mayo Clinic, Rochester, Minnesota, USA. 
5Division of Gastroenterology and Hepatology, and Enteric Neurosciences Program, Mayo 
Clinic, Rochester, Minnesota, USA. 

6Department of Surgery, Vanderbilt University, Nashville, TN, USA. 
 

*Corresponding Author:   Dr. Timothy R. Angeli-Gordon 
 Auckland Bioengineering Institute 

 University of Auckland  
 Private Bag 92019  

 Auckland, New Zealand 
 +64 9 923 4326 

 t.angeli@auckland.ac.nz 
 
Running head: Gastric ablation to modulate slow wave activity  

Author contributions 

Study concept and design: ZA, SJA, GF, GOG, LKC, TRA. Data collection: ZA, NP, CAC, 

LKC, TRA. Data analysis: ZA, NP, SA, CAC, LKC, TRA. Data interpretation: ZA, NP, SA, 

CAC, PD, SJA, GF, AB, GOG, LKC, TRA. Drafting of manuscript: ZA, TRA. Critical review of 

manuscript: ZA, NP, SA, CAC, PD, SJA, GF, AB, GOG, LKC, TRA. 



Pre-print version of manuscript, accepted for publication in Am. J. Physiol. Gastrointest. Liver Physiol. 
 

Pre-print version of manuscript, accepted for publication in Am. J. Physiol. Gastrointest. Liver Physiol. 
 

Funding 

This work was supported by the New Zealand Health Research Council, Royal Society of New 

Zealand, Auckland Medical Research Foundation, New Zealand Society of Gastroenterology, 

and the National Institutes of Health DK57061. TRA is supported by a Rutherford Discovery 

Fellowship from the Royal Society of New Zealand and was previously supported by an Edith C. 

Coan Postdoctoral Research Fellowship from the Auckland Medical Research Foundation.  

Acknowledgments  

We thank Mrs Linley Nisbet and Dr Recep Avci for their assistance, the Biomedical Imaging 

Research Unit (BIRU), University of Auckland, for access to resources for histology imaging, 

and Johnson and Johnson New Zealand for their donation of ablation devices. 

 

Conflicts of interest: No commercial financial support was received for any material presented 

in this paper. NP, PD, SJA, GF, GOG, LKC, and TRA hold intellectual property and/or patent 

applications on gastrointestinal electrophysiology. NP, PD, GOG, LKC, and TRA are 

shareholders in FlexiMap Ltd. GOG is a Director and shareholder in the Insides Company and 

Alimetry Ltd. 

 

Abbreviations 
GI – Gastrointestinal  

ICC – Interstitial cells of Cajal 
FPC – Flexible printed circuit-board 
SD – Standard deviation 

AT – Activation time 
 



Pre-print version of manuscript, accepted for publication in Am. J. Physiol. Gastrointest. Liver Physiol. 

Pre-print version of manuscript, accepted for publication in Am. J. Physiol. Gastrointest. Liver Physiol. 
 

ABSTRACT  

Gastric motility is coordinated by underlying bioelectrical ‘slow wave’ activity. Slow wave 

dysrhythmias are associated with motility disorders, including gastroparesis, offering an under-

explored potential therapeutic target. While ablation is widely used to treat cardiac arrhythmias, 

this approach has not yet been trialed for gastric electrical abnormalities. We hypothesized that 

ablation can create localized conduction blocks and modulate slow wave activation. 

Radiofrequency ablation was performed on the porcine serosa in vivo, encompassing a range of 

parameters (55-85°C, adjacent points forming a line, 5-10 s per point). High-resolution electrical 

mapping (16×16 electrodes; 6×6 cm) was applied to define baseline and acute post-ablation 

activation patterns. Tissue damage was evaluated by H&E and c-Kit stains. Results demonstrated 

that RF ablation successfully induced complete conduction block and a full thickness lesion in the 

muscle layer at energy doses of 65-75°C for 5-10 s per point. Gastric ablation may hold therapeutic 

potential for gastric electrical abnormalities in future. 

 

KEYWORDS: electrophysiology, slow wave, ablation, conduction block, stomach, interstitial 

cells of Cajal.   
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INTRODUCTION 

The regular cyclic motility of the gastrointestinal (GI) tract is coordinated by several cooperating 

mechanisms including rhythmic bioelectrical activity, called slow waves, which are initiated and 

coordinated by a network of interstitial cells of Cajal (ICC) (21, 27). Individual ICC generate slow 

waves at specific intrinsic frequencies, with the frequency gradient decreasing in the oral-anal 

direction and greater curvature to lesser curvature within ICC networks (26, 29). Slow wave 

propagation pattern, direction, and associated muscular contraction are determined by the 

frequency gradient in the stomach (26). 

 

In the healthy stomach, slow waves initiate from a pacemaker region in the upper corpus on the 

greater curvature, where the ICC have the highest intrinsic frequency, and propagate as ring 

wavefronts that terminate at the pylorus (Fig. 1A) (9, 24, 37). Disordered slow wave propagation 

patterns, called dysrhythmias, are shown to be associated with gastric motility disorders, including 

gastroparesis and chronic unexplained nausea and vomiting, (3, 32, 35). Therapeutic options for 

these GI disorders remain limited, and no validated treatments for correcting electrical 

dysrhythmias are currently available (6, 23). Emerging therapies have aimed to treat disorders by 

modulating gastric electrophysiology, including gastric electrical stimulation (1, 4) and pacing (2, 

33).   

 

High-resolution gastric electrical mapping offers the potential to measure and record the 

extracellular electrophysiological activity of the stomach in fine spatiotemporal detail (36), 

building upon many important clinical observations of normal and abnormal slow wave 

conduction using sparse electrode or body-surface recordings (15, 31, 42). High-resolution 
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mapping has now been used to elucidate normal and abnormal gastric conduction patterns in large 

animal models (30, 39), normal conduction in humans (9), abnormal gastric dysrhythmias 

associated with functional motility diseases (3, 35) and post-operative gastric dysfunction (8, 46). 

In the latter, high-resolution mapping has defined abnormalities of slow wave initiation (e.g., 

ectopic pacemakers, unstable focal activities) and conduction (e.g., retrograde propagation, 

wavefront collisions, conduction blocks, and re-entry) (3, 35). 

 

In the cardiac field, initiation and conduction disorders have long been identified as contributing 

mechanisms to electrical abnormalities, such as atrial fibrillation, ventricular fibrillation, and atrial 

flutter (47). Radiofrequency (RF) cardiac ablation is now a common therapeutic method to disrupt 

abnormal electrical pathways in the heart by delivering targeted energy to the cardiac wall to form 

non-conducting scar tissue and thereby prevent the initiation and/or conduction of dysrhythmias 

(10). Despite the clear parallels between cardiac and gastric electrophysiology (36, 45), and the 

widespread use of ablation as a cardiac therapeutic tool, ablation of electrical pathways has not yet 

been attempted in the stomach. 

 

We hypothesized that RF ablation can be used to induce localized conduction blocks, inhibiting 

gastric slow wave propagation through that region, as a new technique to modulate and change 

slow wave activation patterns. In this study, we defined ablation settings capable of inducing 

conduction blocks, validated by high-resolution gastric mapping and gross and histological 

imaging.  
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METHODS 

In Vivo Experimental Methods 

Ethical approval for the study was granted by the University of Auckland Animal Ethics 

Committee (approval number: 002021; protocol title: 'Mapping gastrointestinal bioelectrical 

activity and motility in pigs'). All experiments were performed in vivo on female cross-breed 

weaner pigs, fasted overnight. Animal care was as previously described (39). In summary, general 

anesthesia was induced with Zoletil and maintained with isoflurane. Vital signs were continuously 

monitored and maintained within normal physiological ranges. Following midline laparotomy, the 

gastric serosal surface was exposed with minimal gastric handling. At the conclusion of the 

experiments, the animals were euthanized with a bolus injection of sodium pentobarbital while 

still under anesthesia.  

 

High-Resolution Electrical Mapping  

High-resolution electrical mapping was performed using validated flexible-printed-circuit (FPC) 

electrode arrays (256 electrodes, 16×16 array, 4 mm spacing, Fig. 1B) (FlexiMap, Auckland, New 

Zealand) (5, 18). The FPC array was gently positioned over the serosal region of interest and 

covered with overlying warm (37°C) saline-soaked gauze packs to keep the organ moist and 

maintain gentle pressure. The wound edges were approximated with surgical clamps to limit 

cooling and/or drying of the abdominal cavity, and baseline slow wave activity was recorded for 

approximately 10-20 min.  
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The location of the FPC array during the baseline recording was marked with a suture to allow the 

array to be replaced in the same position after ablation. The FPC was then removed, and gastric 

ablation was performed within the previously mapped area (Fig. 1C), as outlined in the ‘Gastric 

Ablation’ section, below. Immediately after ablation, the FPC array was replaced over the same 

region and slow wave activity was recorded for 20-60 min (Fig. 1D). High-resolution mapping 

was repeated over the ablation site approximately 2 hours after ablation, for 20-30 min in duration, 

to confirm the post-ablation slow wave activity.  

 

Gastric Ablation 

Serosal ablation was performed using a Stokert-70 RF generator (Biosense Webster, CA, USA) 

(Fig. 1). A ThermoCool SF ablation catheter (Biosense Webster, CA, USA) was positioned against 

the serosal surface of the stomach at a perpendicular angle, and ablation was applied using the 

temperature-control setting without irrigation. Ablation sequences were performed at the 

following temperatures: 55°C (n=6), 60°C (n=7), 65°C (n=6), 70°C (n=4), 75°C (n=4), 80°C (n=1) 

and 85°C (n=1). Each ablation sequence consisted of 4-20 adjacent points, forming a 2-10 cm 

continuous line, with an ablation exposure time of 5 or 10 s per point (Table 1). Additional 

ablations at 75-85°C (n=5) were performed for tissue analysis, without applying high-resolution 

mapping.  

 

To investigate the impact of ablation orientation and location on slow wave propagation patterns, 

ablations were performed in different regions of the stomach with two different orientations to the 

organ axis (Fig. 1). Ablations were performed in the high-mid corpus (n=18), and low corpus-
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antrum regions (n=11), and were primarily performed perpendicular to the greater curvature 

(n=25; i.e., circumferential axis), but a subset were performed parallel to the greater curvature 

(n=4; i.e., longitudinal axis).  

 

Gross Image Evaluation 

Immediately prior to euthanasia, the full visible ablation lesion was excised for gross image 

analysis and histological evaluations, including approximately 5 mm of undamaged surrounding 

tissue. Excised tissue sections were cross-sectioned perpendicular to the ablation lesion, and the 

transverse preparation of each section was photographed (Fig. 1E). The cross sectional area of the 

ablation lesion was calculated using ImageJ software (43). The lesion border was manually 

segmented along the change of color from pale pink (healthy) to white on the serosa and red on 

the mucosa (ablation site). 

 

Histological Analysis 

Tissue samples were fixed in formalin and embedded in paraffin blocks. Sections (5 μm thick) 

were stained as outlined below and were imaged using the Metasystems VSlide scanner at the 

Biomedical Imaging Research Unit (BIRU), University of Auckland.
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H&E Stain 

Tissue sections were stained with hematoxylin and eosin (H&E) to evaluate the degree of damage 

to the muscularis propria and mucosal layers. Slides were examined for tissue structure, 

extravasation, and swollen nuclei (34, 49). The degree of damage to the muscle and mucosal layers 

was evaluated as follows: 0, no damage; 1, minimal damage, lesion less than 50% of the tissue 

layer thickness (muscle or mucosa), showing swollen nuclei, with no extravasation or deformation 

of tissue structure; 2, partial damage to the tissue, lesion depth about 50% of the tissue layer, with 

minimal extravasation and deformation of the tissue; 3, major damage, lesion depth about 75-

100% of the tissue thickness, with partial blood congestion and deformation of tissue structure; 4, 

full thickness damage across the lesion (100%), showing extravasation and deformation of tissue 

structure, with tissue integrity preserved; and 5, severe damage to the muscle and mucosal layers.  

 

Immunohistochemistry 

Sections (5 μm thick) from paraffin-embedded tissue were deparaffinized and immersed in 

Ethylenediaminetetraacetic acid (EDTA) buffer (pH 9.0), and placed in an antigen retriever. Slides 

were washed in phosphate-buffered saline (PBS) for 10 min, and endogenous peroxidase was 

neutralized with 3% hydrogen peroxide (LabServ Pronalys, Australia) for 5 min. The slides were 

then washed in tris-buffered saline (TBS), followed by incubation with bovine serum 

albumin (BSA; Sigma Aldrich, USA) to block non-specific protein binding, application of diluted 

primary rabbit monoclonal antibodies (1:50; Envision+; DAKO, Carpinteria, CA) for 1 hour, 

incubation with rabbit monoclonal antibody for c-kit (Novolink polymer; Novocastra, Norwell, 

MA, USA) for 30 min, and visualization of antigen-antibody complexes using Novolink DAB 
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(Novocastra) for 5 min, with a 5 min TBS wash between each step. Slides were counterstained 

with CAT hematoxylin (Biocare Ltd, UK) for 2 min. 

 

Data Acquisition and Analysis  

Data were acquired at 512 Hz using an ActiveTwo system (BioSemi, Netherlands) modified for 

passive use, connected to a laptop. Signal processing was performed in the validated 

Gastrointestinal Electrical Mapping Suite (GEMS; FlexiMap, Auckland, New Zealand) (48). Data 

were first downsampled to 30 Hz and then filtered using a Gaussian moving median filter to 

remove baseline drift and a Savitzky-Golay filter (‘low-pass’) to remove high frequency noise 

(40). Activation times (AT) of slow waves (Fig. 2) were identified and grouped using validated 

algorithms (48), with comprehensive manual review to ensure accuracy. Isochronal AT mapping 

was performed to visualize slow wave propagation (48). Slow wave amplitude, velocity, and 

frequency were calculated and mapped using validated algorithms (40, 48).  

 

Slow-wave frequencies, velocities, and amplitudes are presented as mean ± standard deviation 

(SD). Student’s t-test was applied to assess statistical differences before and after ablation, with a 

significance threshold of p < 0.05.  
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RESULTS  

Analysis comprised a total of 29 ablation sequences in 15 pigs (36.4±5 kg), with 70 total high-

resolution mapping recordings, including baseline (n=29; 15±5 min), immediately post-ablation 

(n=29; 45±15 min), and 2 hours post-ablation (n=12; 25±5 min). Both normal (n=20) and 

dysrhythmic (n=9) propagation patterns were recorded during baseline mapping, as anticipated in 

the weaner pig model (39). Across all animals with normal baseline activity (n=20 pigs; ~1000 

slow waves), the frequency, velocity, and amplitude in the mapped area were 3.0±0.2 cycles/min 

(cpm), 5.8±0.2 mm/s, and 1.6±0.2 mV, respectively.   

 

Induction of Conduction Blocks by Ablation 

Conduction blocks were induced in 21/29 cases of ablation sequence. A complete conduction 

block was induced in all cases of ablation performed at temperatures of 65-80°C with duration of 

5 and 10 s per point (n=16; Table 1; Fig. 2). At 60°C and 10 s per point (n=3) we observed complete 

conduction block, but using 5 s per point resulted in either a complete (n=2) or incomplete 

conduction block (n=2). Incomplete conduction blocks were achieved in the remaining cases using 

lower energy doses of 55°C for 5 and 10 s per point (Fig. 3). Temperatures ≥80°C frequently 

produced a ‘steam pop’ in this preparation, indicating extensive tissue damage with the production 

of gas (14).  

 

Conduction blocks were induced by ablation in cases of both normal and dysrhythmic baseline 

activity. Targeting ablation to sites of dysrhythmic activation was not a focus of this current study, 

which was specifically focused on determining the feasibility and efficacy of ablation to create 
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conduction block as the key first step of developing this technique. However, preliminary cases of 

ablation where baseline activity was dysrhythmic resulted in similar activation patterns to cases 

with normal baseline activity, including cases where restoration of antegrade activation was 

observed after ablation (Supplemental Fig. S1 

(https://doi.org/10.6084/m9.figshare.13601120.v1)), suggesting the potential of ablation to target 

and disrupt sites of dysrhythmic activation. 

 

Complete Conduction block                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Induction of conduction blocks was dependent on temperature and duration of ablation. Complete 

conduction blocks were reliably induced in 19/19 recordings for ablation settings of 60°C for 10 

s, and higher, verified using high-resolution mapping.  

 

Electrograms from individual electrodes at the ablation site showed that slow wave activity was 

eliminated compared to signal recordings from the same region at baseline (Fig. 2, 4, Supplemental 

Fig. S1 (https://doi.org/10.6084/m9.figshare.13601120.v1), S2 

(https://doi.org/10.6084/m9.figshare.13601306.v1)). Across all cases, the slow wave amplitude 

decreased at the site of ablation from 1.6±0.2 mV at baseline to being too small to detect in the 

post-ablation period. Comparison of electrograms from channels that were proximal versus distal 

to the ablation site showed a time lag in slow wave propagation compared to baseline, in 

accordance with blocked conduction of a propagating wavefront (Fig. 2) (3, 17, 35). 
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Spatiotemporal analysis of AT and velocity maps validated that slow wave conduction was 

prevented through the site of ablation. Post-ablation activity showed either a wavelet emerging 

from the edge of the block (ablation site) to activate the tissue on the opposite side of the block 

with circumferential propagation (Fig. 2, Supplemental Fig. S1 

(https://doi.org/10.6084/m9.figshare.13601120.v1)), termed as a rotating wavelet, or breakout 

activity with an ectopic pacemaker activating unexcited tissue on the opposite side of the block 

(Supplemental Fig. S2 (https://doi.org/10.6084/m9.figshare.13601306.v1)). 

 

The resulting conduction blocks were further verified by anisotropic, rapid, high-amplitude 

conduction post-ablation, an established characteristic of gastric conduction blocks (3, 17, 38). 

The extracellular slow wave velocity was 1.8 times greater on the opposite side of the induced 

conduction block, where the tissue was activated by a circumferentially propagating wavelet 

rotating around the edge of the block (rapid circumferential conduction zone was ~8-10 mm wide; 

mean 11.3±3.7 mm/s distal to ablation vs 6.4±1.5 mm/s proximal to ablation, p < 0.01; Fig. 2). 

Slow wave amplitude at the region of rapid circumferential propagation was 1.5 times higher than 

that of the approaching wavefront propagating in the normal longitudinal direction (mean 2.0 ± 

0.9 mV vs 1.3 ± 0.9 mV, p < 0.01; Fig. 2), an increase that is consistent with the change in velocity 

(38). 

 

Incomplete Conduction Blocks    

Across 10 cases of ablation sequences at 60°C for 5 s, and lower, 8 cases resulted in an incomplete 

block (Table 1). Spatiotemporal analysis and electrograms from individual electrodes at the 
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ablation site showed activation through the ablation lesion, and amplitude and velocity maps 

showed no rapid, high-amplitude activation adjacent to the ablation site, therefore indicating the 

lack of complete conduction block in these cases (Fig. 3). In 2/8 cases where the ablation sequence 

was performed in the distal corpus, slow waves propagated inconsistently through the ablation site 

(Supplemental Fig. S3 (https://doi.org/10.6084/m9.figshare.13601360.v1)). These ablations, 

despite showing frequency dissociation, were classified as 'incomplete conduction blocks' because 

slow waves were able to intermittently propagate through the ablation lesion. In the remaining 

cases of incomplete block, there was either slow conduction through the ablation site or no 

impairment to conduction post-ablation.  

 

Time Dynamic Propagation Post-Ablation 

The onset of conduction block did not occur immediately after ablation was applied, but appeared 

after a transition phase (45±15 min post-ablation). The slow wave propagation patterns of the 

stomach exhibited an unstable transition phase after each ablation (Fig. 5, Supplemental Fig. S1 

(https://doi.org/10.6084/m9.figshare.13601120.v1)), typically beginning with ectopic slow wave 

activation shortly after ablation, whereby slow waves initiated from, or near, the ablation line. 

Over the subsequent transition period, the slow wave propagation changed multiple times (e.g., 

ectopic pacemakers, wave collisions, antegrade and retrograde propagation) before reaching the 

stable phase described in the previous section (Fig. 5).  

 

In cases of complete conduction block (i.e., ablations at ≥60°C for 10 s), the decrease in slow wave 

amplitude appeared shortly after ablation (5±2 min post-ablation). The unstable slow wave 
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activation phase continued even after the amplitude decreased at the ablation site (30±10 min post-

ablation; Fig. 5A). In cases of incomplete conduction block (i.e., ablations at ≤60°C for 5 s), the 

transition period lasted up to 30 min, after which slow waves propagated antegrade or retrograde 

through an incomplete conduction block at the ablation site (Fig. 5B).  

 

Ablation Sequence Orientation and Location  

Across the 21 cases of complete conduction block, 17 ablation sequences were performed in the 

circumferential axis, and 4 ablation sequences were performed in the longitudinal axis. The degree 

of disturbance to slow wave conduction was directly dependent on both orientation and location 

of the ablation on the stomach (Fig. 6).  

 

Circumferential Ablations 

In 12/17 cases of circumferential ablation, where the ablation covered 25-50% of the 

circumference of the stomach, either on the posterior or anterior side, the pattern of rotating 

wavelet was observed as described in the ‘Complete Conduction Block’ section, above (Fig. 2, 

6A, Supplemental Fig. S1 (https://doi.org/10.6084/m9.figshare.13601120.v1)). The frequency of 

slow waves distal and proximal to the ablation site was consistent (3.0±0.3 cpm vs 2.8±0.3 cpm; 

Supplemental Table S1 (https://doi.org/10.6084/m9.figshare.13601387.v1)).  

 

In the remaining 5/17 cases, the ablation was extended across the greater curvature (i.e., covering 

portions of both the anterior and posterior surfaces), and covered 50-75% of the circumference of 

the stomach. Distal to the ablation site, slow waves initiated from an ectopic pacemaker with rapid 
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circumferential conduction quickly establishing antegrade wavefronts oriented transverse to the 

organ axis (Fig. 6B, Supplemental Fig. S2 (https://doi.org/10.6084/m9.figshare.13601306.v1)). 

The frequency of slow waves was dissociated between the proximal and distal regions across the 

ablation site. Ablations that were located in the low corpus–antrum of the stomach resulted in 

significantly lower frequency in the regions distal to the ablation (3.0±0.3 cpm proximal vs 1.2±0.5 

cpm distal), compared to that of ablations located in the mid-high corpus (2.4±0.3 cpm proximal 

vs 2.1±0.4 cpm distal) (Supplemental Fig. S2 (https://doi.org/10.6084/m9.figshare.13601306.v1), 

Supplemental Table S1(https://doi.org/10.6084/m9.figshare.13601387.v1)).  

 

Longitudinal Ablations 

Results from longitudinal ablations (n=4) demonstrated that disturbance of conduction patterns 

was highly dependent on the location of the ablation (Fig. 4, 6C). For longitudinal ablations 

performed in the mid-high corpus near the normal gastric pacemaker (n=2), the circumferential 

conduction of the normal gastric pacemaker was prevented by conduction block formation, and a 

wavelet rotated around the edge of the ablation site to activate the tissue on the opposite side of 

the block (Fig. 4A). The slow wave activity on the greater curvature and lesser curvature side of 

the block was discrepant, with the greater curvature side of the ablation having a higher frequency 

due to intermittent activation of the lesser curvature side of the block (3.3±0.6 vs 2.5±0.7 cpm; 

Fig. 4A, Supplemental Table S1(https://doi.org/10.6084/m9.figshare.13601387.v1)).  

 

Longitudinal ablations performed in the low corpus-antrum (n=2) did not significantly alter slow 

wave propagation. Antegrade propagation proceeded on both sides of the longitudinal ablation and 
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rejoined as a cohesive wavefront at the bottom of the ablation (Fig. 4B, 6C). Nevertheless, 

conduction block was confirmed by observing that slow wave amplitude at the site of ablation was 

decreased to an undetectable amount (Supplemental Table S1 

(https://doi.org/10.6084/m9.figshare.13601387.v1). 

 

Tissue Analysis 

Ablation Lesion Size versus Energy Dose 

Gross image examination showed a positive correlation of lesion size versus ablation temperature 

(p < 0.05). Ablations with duration of 10 s per point showed higher rate of lesion size increase 

with temperature compared to ablations with 5 s per point (2.9 mm2/°C versus 1.8 mm2/°C, 

respectively), and therefore, the impact of duration was more significant as the temperature 

increased (Supplemental Fig. S4 (https://doi.org/10.6084/m9.figshare.13601369.v1)). All 

ablations performed at 65-70°C for 5 and 10 s resulted in a lesion through the full-thickness of the 

gastric muscle layers with minimal damage to the submucosa and mucosa (Table 1). Ablations at 

75-85°C resulted in full thickness damage through the tissue (muscle, submucosa, and mucosa) 

with significant hematoma at the mucosal surface (Table 1).  

 

H&E Analysis 

The qualitative examination of H&E stained tissue sections demonstrated that damage from 

ablation remained localized near the ablation site. The border of the ablated and non-ablated zone 

was discernible by tissue structure (Fig. 7). The tissue within the ablated lesion had typical 
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coagulation necrosis, hemorrhage, and edema, whereas the tissue adjacent to the ablation sites had 

normal cellular integrity of muscle and mucosal structures.  

 

An increase in catheter tip temperature led to increased tissue damage with deeper collagen bundle 

disruption and nuclei swelling (Fig. 7I-IV; Table 1). For ablations at ≤60°C, tissue damage did not 

extend through the full-thickness of the muscle layer. For ablations at 65-70°C, tissue damage 

extended through the full-thickness of the muscle layer and part of the mucosal layer. For ablations 

at ≥75°C, tissue damage was more severe through the muscle layer with a higher degree of blood 

congestion and deformation of glands in the mucosal layer. Increasing the ablation duration from 

5 to 10 s increased the depth of tissue damage (Supplemental Fig. S5 

(https://doi.org/10.6084/m9.figshare.13601372.v1)).  

 

Immunohistochemical Analysis 

ICC (c-kit+ cells) in the ablated sites were deformed and hardly visible, with their cell bodies 

significantly reduced compare to normal tissue (Fig. 7V). In regions immediately adjacent to the 

ablation site, ICC showed consistent population and morphology compared to control tissue 

samples from non-ablated regions, further demonstrating that the cellular damage from ablation 

remained localized near the ablation site.   
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DISCUSSION  

In this study, we investigated the behavior of gastric slow waves after ablation and introduce 

gastric ablation as a novel method to modulate slow wave activity in the stomach. Effective energy 

doses were defined for achieving a conduction block while maintaining tissue integrity. Induction 

of conduction blocks was verified by high-resolution mapping, combined with evaluation of gross 

and histological analysis of ablation lesions to confirm and quantify the extent and localization of 

tissue damage. Gastric electrical activity was mapped for up to 2 hours after ablation to define the 

acute dynamic slow wave behavior post-ablation, and ablation orientation, length, and location on 

the stomach were compared. Gastric ablation offers a new technique through which to modulate 

gastric slow wave activation, and may now offer translational potential as a new ‘electroceutical’ 

option for treating gastrointestinal motility disorders, similar to therapeutic advances achieved 

with ablation in other fields, such as cardiology (10, 47). This present study offers the first step in 

that development by demonstrating the feasibility and efficacy of gastric ablation to create 

localized conduction block, as well as defining the effects of ablation parameters and geometries 

on gastric electrical activity.   

 

RF ablation was successfully translated to the stomach, with an effective energy dose defined as 

65-75°C for 5-10 s per point. Ablations performed within this energy dose range resulted in a 

complete conduction block and lesion formation through the full-thickness of the muscle layer 

with corresponding disruption of ICC. These data verify that, similar to cardiac ablation, a 

transmural lesion through the muscle layer is essential to obtain a successful conduction block, 

although the effective temperature range defined for gastric ablation was found to be lower than 

that commonly used in cardiac ablation (50-90°C for 30-120 s) (13, 22, 25). The need for a longer 
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duration during cardiac ablation, and therefore higher overall energy dose, may be due to the 

greater loss of energy through blood convection and potentially lower catheter contact pressure 

(13, 22). Importantly, the methodological framework presented in this study can now be applied 

to drive continued development of gastric ablation techniques as a method for inducing localized 

conduction blocks. This approach may now be able to be targeted specifically to sites of 

dysrhythmia (e.g., ectopic pacemakers) to provide a new option for eliminating dysrhythmias 

associated with GI disorders (3, 35).  

 

The stomach exhibited a time dynamic response to ablation, consisting of: 1) slow wave activation 

from the site of ablation, 2) dynamic unstable activation patterns persisting for 20-40 min, and 

finally, 3) stable post-ablation propagation. These data ultimately demonstrated that the gastric 

tissue requires up to 60 min to reach a steady-state after ablation. Nevertheless, other techniques, 

such as gastric pacing (2), could be used together with high-resolution mapping to confirm the 

presence of a conduction block more rapidly, as is sometimes done in cardiac ablation (20, 44).  

 

This study also demonstrated the different homeostatic responses of the stomach to restore 

antegrade propagation after disruptions. For circumferential ablations across less than 50% of the 

gastric circumference, a rotating wavelet with rapid circumferential propagation provides a 

homeostatic response (38), facilitating rapid restoration of the approaching antegrade wavefronts 

from the opposite side (Fig. 2, 6). The observation of rapid circumferential activation serving as a 

homeostatic mechanism is consistent with observations during gastric dysrhythmias and post-

surgery (17, 38). The conduction anisotropy in this study showed a ratio of 1.8 times higher 

velocity in the circumferential versus longitudinal direction, which was moderately higher than 
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earlier observations in the pig stomach (1.3 times higher circumferential velocity (38)) and could 

be due to more accurate methods of velocity field estimation being developed in recent years. 

Alternatively, longer ablations that extend over the greater curvature resulted in a distal ectopic 

pacemaker and dissociated events with discrepant frequencies proximal and distal to the ablation 

(Fig. 6, Supplemental Fig. S2 (https://doi.org/10.6084/m9.figshare.13601306.v1)). The emergence 

of a distal ectopic pacemaker, rather than activation around the lesser curvature side of the block, 

supports the concept of weaker ICC coupling and lower intrinsic frequency on the lesser curvature, 

(24, 29), which shows that lesser curvature networks do not appear to be sufficient to allow slow 

wave conduction in that area. Our results also reaffirm the intrinsic frequency gradient from 

proximal to distal across the stomach (29), whereby the frequency distal to our induced block was 

decreased as the ablation was performed lower in the stomach (Supplemental Fig. S2 

(https://doi.org/10.6084/m9.figshare.13601306.v1)).  

 

In cases with dysrhythmic baseline, ablation successfully induced localized conduction block 

(Supplemental Fig. S1 (https://doi.org/10.6084/m9.figshare.13601120.v1)). The resultant patterns 

of post ablation slow wave propagation were similar to cases of ablations with normal activity. In 

this current study, ablations of dysrhythmic baseline slow wave activation were not designed to 

restore the normal activity of the stomach, but rather to study the feasibility and efficacy of ablation 

on gastric slow waves. However, preliminary results showed that disruption of the unstable 

baseline activity with ablation could result in restoration of antegrade slow wave propagation 

similar to the normal conduction pattern (19, 37), with a rotating wavelet activating the region 

distal to the conduction block caused by ablation. These results indicate the potential application 

of ablation in manipulating dysrhythmic gastric electrical activity.  
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Contrary to circumferential ablations, longitudinal ablations in the distal stomach had minimal 

disruption to slow wave propagation (Fig. 6). Antegrade propagation proceeded on both sides of 

the block, and rejoined at the bottom of the ablation, consistent with results after longitudinal 

excisions from the distal stomach (17). However, longitudinal ablations in the upper corpus 

disrupted propagation adjacent to the normal gastric pacemaker, by blocking the arising rapid 

circumferential activity. Together, these results demonstrate the importance of ablation orientation 

in different regions of the stomach, and that ablation may be a useful tool for modulating gastric 

pacemaker activity, which will be an area of future investigation.  

 

The ablations performed in this study were limited to the temperature-control setting of RF 

ablation, which allowed us to reduce variables in the procedure during these foundational studies. 

In future, it would be beneficial to conduct a series of experiments to evaluate the use of other 

forms of ablation, including power-control and irrigated RF, which may result in more reliable 

lesion formation than temperature-control (41), as well as other ablation techniques like 

cryoablation (28), and electroporation (16). Our study was also limited to the acute response of the 

stomach to ablation. However, the long-term effects of gastric ablation must be defined to develop 

it as an effective therapy. Future chronic studies will allow evaluation of the healing response of 

the stomach after ablation, including bioelectrical response, ICC and muscle recovery, and the 

potential risk of perforation. The results of our present study provide the feasibility of gastric 

ablation to modulate slow wave activation, and demonstrate how gastric electrical activity is 

affected by ablation. These results can now be used to target dysrhythmias that exist in functional 

GI disorders (3, 32, 35) and post-surgical dysmotility (46), as the next steps. Other therapeutic 
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applications of gastric ablation may theoretically exist, including as a treatment for obesity, which 

has been postulated in patents but not shown experimentally (12), for treatment of gastric tumors 

similar to that in other organs (11), and potentially for modulating slow wave activation in the 

intestine (7). 

 

In conclusion, this study presents gastric ablation as a new method for modulating gastric slow 

wave activation and propagation, verified by high-resolution mapping and tissue analysis. Through 

further development, ablation may offer a new therapeutic approach to gastric dysrhythmias.  
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TABLES  

 
 
Table 1. Summary of 29 cases of ablation, including the ablation settings, result of post-ablation high-
resolution mapping around the ablation site, and histological evaluation of tissue at the ablation site. 
Degree of damage to the muscle and mucosal layers: 0, no damage; 1, minimal damage, lesion less than 50% of 
the tissue layer thickness (muscle or mucosa), showing swollen nuclei, with no extravasation or deformation of 
tissue structure; 2, partial damage to the tissue; lesion depth about 50% of the tissue layer, with minimal 
extravasation and deformation of the tissue; 3, major damage, lesion depth about 75-100% of the tissue thickness, 
with partial blood congestion and deformation of the tissue structure; 4, full thickness damage across the lesion 
(100%), showing extravasation and deformation of the tissue structure, with tissue integrity preserved; and 5, 
severe damage to the muscle and mucosal layer. † denotes full thickness lesion for all cases. 
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FIGURES CAPTIONS 

 
Fig. 1. Gastric ablation and mapping methods. (A) Schematic diagram of normal gastric electrical activity. 
(B) Flexible-printed-circuit (FPC) electrode arrays used for high-resolution electrical mapping (256 electrodes; 
16×16 array, 4mm spacing). (C) RF ablation catheter on the serosal surface of the stomach. (D) Placing the FPC 
on the linear ablation lesion, oriented perpendicular to the greater curvature (forceps are pointing to the lesion). 
(E) Gross image of a transverse section of an ablation lesion. The tissue color changed from pale pink (healthy) 
to white on the serosa and red on the mucosa (ablation lesion). (F) Schematic diagram of ablation (black 
rectangle) orientation, location, and length on the stomach. (i) Circumferential ablation, on one of  the surfaces 
of the stomach (<50% of stomach circumference), performed on mid corpus and (ii) low corpus-antrum. (iii) 
Circumferential ablation extending over the greater curvature (≥50% of stomach circumference), performed on 
mid corpus and (iv) low corpus-antrum. (v) Longitudinal ablation, performed on mid corpus and (vi) low corpus-
antrum.  
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Fig. 2. Example high-resolution mapping results of gastric ablation (70°C, 5 s per point) that resulted in 
a complete conduction block. (A-E) Baseline mapping showed normal antegrade wavefronts. (F-J) Post-
ablation mapping 60 min after gastric ablation showed that a conduction block was established at the location of 
the ablation lesion. (A) Position of the FPC electrode array on the stomach. (B) Electrograms from the 8 electrode 
positions labelled in (C), with slow wave ATs marked as red dots. (C) Isochronal AT map of slow wave 
propagation. Each color band indicates the area of slow wave propagating per 1 s from red (early) to blue (late). 
(D) Velocity map of the same slow wave, showing the speed (color spectrum) and direction (arrows) of the wave 
at each point on the array. (E) Amplitude map of same wave. (F) The electrode array position (same region as 
baseline), with the ablation site near the middle of the array (red rectangle). (G) Electrograms from the electrode 
positions labelled in (H), showing antegrade activation proximal and distal to the ablation site, and no discernable 
ATs in the electrodes at the ablation site. (H, I, J) Isochronal AT, velocity, and amplitude field maps, as explained 
for baseline. Conduction block was present at the ablation site (black bar), that inhibited the normal antegrade 
propagation. A wavelet rotated around the greater-curvature end of the conduction block, activating the tissue 
distal to the block. Rapid, high amplitude, circumferential conduction immediately distal to the block quickly 
established normal transverse antegrade wavefronts.  
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Fig. 3. Example high-resolution mapping results of gastric ablation (55°C, 5 s per point) that resulted in 
an incomplete conduction block. (A-E) Baseline mapping showed normal antegrade wavefronts. (F-J) Post-
ablation mapping 60 min after gastric ablation showed a lack of conduction block at the location of the 
ablation lesion. (A) Position of the FPC array on the stomach. (B) Electrograms from the 8 electrode positions 
labelled in (A), with slow wave ATs marked as red dots. (C) Isochronal AT map as explained in Fig. 2 
(isochronal interval = 1 s). (D) Velocity map of the same slow wave, as explained in Fig. 2. (E) Amplitude 
map of the same slow wave. (F) The electrode array was positioned over the same region as the baseline 
recording, with the ablation site near the middle of the array (red rectangle). (G) Electrograms from the 
electrode positions labelled in (H), showing antegrade activation through the ablation site. (H, I, J) Isochronal 
AT, velocity, and amplitude field maps, as explained for baseline. No conduction block was detected at the 
ablations site, showing antegrade propagation across the mapped area.  
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Fig. 4.  Example high-resolution mapping results of gastric ablation (65°C, 5 s per point) in the 
longitudinal direction that resulted in a complete conduction block. (A) Longitudinal ablation performed in 
the mid-high corpus. (B) Longitudinal ablation performed in the low corpus. (I) Position of the ablation (red 
rectangle) and FPC electrode array on the stomach. (II) Sample recordings from the 8 electrode positions labelled 
in (III), showing activation on greater curvature and lesser curvature side of the ablation, with slow wave ATs 
marked as red dots. Both cases show that the slow wave amplitude at the site of ablation decreased to an 
undetectable amount. (III) Isochronal AT maps, as explained in Fig. 2 (isochronal interval = 1 s). (A) 
Longitudinal ablation in the mid-high corpus resulted in the frequency of the slow wave on the greater and lesser 
curvature sides of the ablation being inconsistent, with isochronal AT maps showing circumferential conduction 
of the pacemaker prevented by the conduction block at the ablation site. On alternating wave cycles (i.e., wave 
1, 3, etc.) a wavelet rotated around the edge of the ablation site and propagated in the retrograde direction to 
activate the tissue on the opposite (lesser curvature) side of the block. (B) Longitudinal ablation in the low-
corpus resulted in minimal disruption to slow wave propagation with antegrade propagation proceeding on both 
sides of the longitudinal block and rejoining as a cohesive wavefront at the bottom of the block. 
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Fig. 5. Example high-resolution mapping results of time dynamic gastric activation after ablation. (A, B) 
ablation performed at 70 ̊C for 5 s per point and 60 ̊C for 5 s per point, respectively, to create a linear ablation 
lesion. (I) Position of the FPC electrode array and ablation (red rectangle) on the stomach. (II-IV) Isochronal AT 
maps of slow wave propagation as explained in Fig. 2 (isochronal interval = 1 s), showing conduction response 
at 5 min (II), 15 min (III), and 30 min (IV) after gastric ablation. Black arrows indicate the direction of slow 
wave propagation, the double black lines represent colliding waves. The black rectangle indicates a conduction 
block, and dashed lines represent slow propagation.  
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Fig. 6. Summary schematic diagram of post ablation slow wave activation patterns resulting from the 
various ablation orientations (circumferential and longitudinal), locations, and lengths on the stomach. 
The conduction features are as labelled in the legend, and the intensity of colors (red and yellow) indicates the 
relative frequency of the activity (i.e., lighter color signifies lower frequency). 

  



Pre-print version of manuscript, accepted for publication in Am. J. Physiol. Gastrointest. Liver Physiol. 
 

Pre-print version of manuscript, accepted for publication in Am. J. Physiol. Gastrointest. Liver Physiol. 
 

 
Fig. 7. Evaluation of acute tissue damage caused by ablation for various temperatures, using H&E stain 
for structural analysis and immunohistochemical (c-Kit) stain for ICC analysis, at ablation sites. Panels 
(I) and (II) show the muscle layer, and panels (III) and (IV) show the mucosal layer from control gastric tissue 
(A), and ablated tissue from ablations at 55 °C (B), 65 °C (C), 75 °C (D), and 85 °C (E), each for 10 s per ablation 
point. An increase of the catheter tip temperature led to a higher and deeper level of damage to the tissue, 
including disruption of tissue structure, edema, elongated and swollen nuclei, extravasation, and blood 
congestion (black arrows). (V) Immunohistochemical (c-Kit) stain of ICC across the ablation border in the 
muscle layer (70°C, 5 s per point). Cellularity of ICC from regions adjacent to the ablation site (a) exhibited 
consistent morphology (red arrows) and population compared to control tissue samples, with a distinguishable 
border (b) at ablation region. ICC from the ablated region (c) were deformed and hardly visible (yellow arrows), 
with their cell bodies significantly reduced compared to non-ablated tissue.  


