
High resolution optical mapping of gastric slow wave 
propagation

Hanyu Zhang1, Han Yu1, Gregory P. Walcott2,1, Niranchan Paskaranandavadivel3,4, Leo K 
Cheng3,5, Gregory O’Grady3,4, Jack M. Rogers1,*

1Department of Biomedical Engineering, University of Alabama at Birmingham, Birmingham, 
Alabama, United States 2Division of Cardiovascular Disease, Department of Medicine, University 
of Alabama at Birmingham, Birmingham, Alabama, United States 3Auckland Bioengineering 
Institute, The University of Auckland, Auckland, New Zealand 4Department of Surgery, The 
University of Auckland, Auckland, New Zealand 5Department of Surgery, Vanderbilt University, 
Nashville, Tennessee, United States

Abstract

Background: Improved understanding of the details of gastric slow wave propagation could 

potentially inform new diagnosis and treatment options for stomach motility disorders. Optical 

mapping has been used extensively in cardiac electrophysiology. Although optical mapping has a 

number of advantages relative to electrical mapping, optical signals are highly sensitive to motion 

artifact. We recently introduced a novel cardiac optical mapping method that corrects motion 

artifact and enables optical mapping to be performed in beating hearts. Here, we reengineer the 

method as an experimental tool to map gastric slow waves.

Methods: The method was developed and tested in 12 domestic farm pigs. Stomachs were 

exposed by laparotomy and stained with the voltage-sensitive fluorescence dye di-4-ANEPPS 

through a catheter placed in the gastroepiploic artery. Fiducial markers for motion tracking were 

attached to the serosa. The dye was excited by 450 or 505 nm light on alternate frames of an 

imaging camera running at 300 Hz. Emitted fluorescence was imaged between 607 and 695 nm. 

The optical slow wave signal was reconstructed using a combination of motion tracking and 

excitation ratiometry to suppress motion artifact. Optical slow wave signals were compared with 

simultaneously recorded bipolar electrograms and suction electrode signals, which approximate 

membrane potential.

Key Results: The morphology of optical slow waves was consistent with previously published 

microelectrode recordings and simultaneously recorded suction electrode signals. The timing of 

the optical slow wave signals was consistent with the bipolar electrograms.
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Conclusions & Inferences: Optical mapping of slow wave propagation in the stomach is 

feasible.
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Introduction

Recently, gastric slow wave propagation has been studied using high-resolution electrical 

mapping. In this technique, extracellular potentials are recorded from hundreds of electrodes 

on the stomach’s surface.1, 2 This technology is being used to characterize dysrhythmic slow 

wave propagation and relate it to motility disorders.3–6 Detailed understanding of 

propagation patterns could provide a framework to understand the initiation and 

maintenance of gastric dysrhythmias.

Optical mapping is an alternative technology for tracking bioelectric waves. It has become a 

mainstay of experimental cardiac electrophysiology.7, 8 In optical mapping, tissue is stained 

with a voltage-sensitive fluorescent dye. Typical dyes shift their excitation and emission 

spectra to shorter wavelengths in response to depolarization.9 With appropriate choice of 

excitation light wavelength and fluorescence emission passband, the intensity of light 

reaching a photodetector is modulated by membrane potential (Vm).7, 8

Optical mapping has several advantages relative to electrical mapping: (1) Smooth muscle 

repolarization is directly imaged. Repolarization may be a key factor in gastric dysrhythmias 

as it is in cardiac arrhythmias.10 While it is possible to detect repolarization in extracellular 

electrical potentials, this requires careful signal conditioning and postprocessing.11 (2) 

Optical mapping signals are not distorted by distant electrical activity or electrical stimuli 

such as therapeutic pacing. (3) In principle, each camera pixel can produce a distinct Vm 

signal; thus, optical mapping typically has higher spatial resolution than electrical mapping.

A disadvantage of optical mapping is that optical signals are highly sensitive to motion 

artifact. In cardiac applications, optical mapping is therefore usually performed in ex vivo 
preparations after pharmacologically arresting muscle contraction.12 We recently introduced 

a novel cardiac optical mapping method that corrects motion artifact and enables optical 

mapping in beating hearts.13 Here, we reengineer the method for use as an experimental tool 

to map slow wave propagation in in vivo swine stomach.

Methods and Materials

Animal Preparation.

Protocols were approved by the University of Alabama at Birmingham IACUC. We 

developed the method using 12 farm pigs weighing 25–35 Kg. Animals were anesthetized 

with atropine/telazol/xylazine (0.04/4.4/4.4 mg kg−1) and maintained with isoflurane. The 

stomach was exposed by laparotomy. Using a 21-gauge catheter, we cannulated the 

gastroepiploic artery at mid-corpus. We then infused saline and noted the blanched area. The 

size of this area varied from preparation-to-preparation, but was on the order of 5×5 cm. To 
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monitor electrical activity independently of the optical system, we sutured 4 pairs of bipolar 

electrodes (2-mm silver spheres, ~6 mm separation) around the periphery of the blanched 

area and connected them to bioamplifiers (BMA-931, CWE, gain 5000, bandpass filter 1–

300 Hz). Bipolar electrograms were recorded at 250 Hz. In 5 animals, we also recorded from 

a suction electrode adjacent to the blanched area (DC-coupled, reference in abdominal 

cavity), which produced extracellular potentials approximating Vm.14, 15 Using tissue 

adhesive, we glued 2-mm-diameter fiducial markers to the blanched region in an 

unstructured pattern with ~1 cm spacing.

We dissolved the voltage-sensitive dye di-4-ANEPPS (Biotium Inc.) in DMSO (1 mg mL−1) 

and diluted it in physiological solution to 15 μmol L−1. Sixty mL was slowly injected into 

the catheter in 10 mL boluses (~1 min each). We occluded the artery distal to the cannula to 

direct solution into the tissue, repositioning the clamp between boluses to distribute the dye.

Optical Mapping.

We adapted our previous method designed for isolated hearts.13 Briefly, we used a 

combination of motion tracking and excitation ratiometry16 to remove motion artifact. 

Fluorescence was recorded with a video camera (Andor iXon DV860, 128×128 resolution, 

300 Hz, 6 mm focal length ¼” format f/1.0 lens, ~15 cm working distance). Fiducial marker 

motion in the image plane was tracked as previously described.13 Linear interpolation within 

each triangle of markers was used to find the motion of any tissue site within a triangle. The 

fluorescence emitted from each tissue site was then collected from the locus of pixels that 

imaged the site as it moved across the image plane.

This scheme removes motion artifact resulting from nonuniform staining and spatial 

differences in electrical activity. However, new artifact is caused by spatial heterogeneity of 

excitation light intensity. To eliminate this, we switched the excitation wavelength between 

450 nm (blue) and 505 nm (cyan) with each camera frame and selected an emission filter 

passband of 651±44 nm. In this spectral design, blue-elicited fluorescence is insensitive to 

smooth muscle Vm, but cyan-elicited fluorescence is inversely modulated by Vm. Motion 

artifact is common to both signals (which are temporally interlaced when recorded) and is 

canceled by taking the ratio of blue- to cyan-elicited fluorescence emitted by a tissue site 

(excitation ratiometry16). Our previous publication contains details and analysis.13

Excitation light was generated by light-emitting diodes (LED) driven by custom-made 

electronics. For effective artifact correction, the ratio of the intensity of the excitation light 

colors must be uniform across the mapped region. To achieve this, we used LEDs designed 

for color mixing (Luxeon C, Lumileds). We soldered LEDs to custom aluminum-core circuit 

boards with 4 LED pads. Each pad had 2 blue and 2 cyan LEDs arranged in a close-packed 

checkerboard pattern. Boards were housed in color-mixing wells machined from white 

acetyl plastic covered with a shortpass filter (B-410, Hoya) and holographic diffusing sheets 

(90% transmission 40° angle, Edmund Optics). Four such units were mounted on a custom-

made cooling water jacket and positioned in a ring around the camera’s lens. We adjusted 

LED drive current so that the intensities of each wavelength were equal. The optical 

mapping instrumentation is shown in the supporting material (S1).
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Data Acquisition.

To keep the stomach warm and moist, we irrigated it with warm saline and covered the 

incision with plastic sheeting and warming packs except during acquisition runs. Data 

acquisition duration was 60 s. The camera’s shutter signal was recorded synchronously with 

the electrograms to temporally align optical and electrical recordings. To reduce large-scale 

motion, we paused the ventilator (with lungs filled) during recording. Typically, 1–2 

complete slow waves were captured in each recording.

Results

Figure 1A illustrates Vm reconstruction. The top two panels are deinterlaced blue- and cyan-

elicited fluorescence signals recorded from a single pixel. In this anesthetized, fasted 

preparation, slow waves (frequency ~2–3 min−1) induce small, non-functional contractions. 

Motion artifact nevertheless swamps out Vm, and blue- and cyan-elicited signals have 

similar morphology, even though they have markedly different Vm sensitivity. The next two 

panels show the blue- and cyan-elicited signals after motion tracking: artifact is greatly 

attenuated, but still present. Applying ratiometry recovers a signal (5th panel) 

morphologically consistent with microelectrode recordings from gastric smooth muscle cells 

(e.g., ref. 17). Figure 1B shows suction electrode and optical Vm signals that were recorded 

simultaneously from adjacent sites in a different animal. The Vm deflections—in particular 

their durations—are consistent with one another.

We were able to acquire Vm signals from an area spanning at least 3 marker triangles in 7 

animals. In 2 of these animals, staining was sufficient to map wave propagation across the 

majority of the mapped region. Figure 2 is an example from one animal. Panels A and B 

show that deflection timing in optical signals is consistent with bipolar electrograms 

recorded from sites on the periphery of the optically mapped region. Figure 2D maps slow 

wave activation times. Propagation is right-to-left (proximal-to-distal) with velocity ~1cm s
−1, which is consistent with electrical mapping data in the pig.18 Activation together with 

recovery are animated in Video S2. Video S3 shows propagation in the second animal.

Discussion

To our knowledge, this is the first demonstration of in vivo optical mapping of gastric slow 

wave propagation. Because the Vm-sensitive fluorescence signal is small compared to 

motion artifact, attenuating this artifact is essential. Here, we used a combination of motion 

tracking and excitation ratiometry adapted from methods we developed for cardiac mapping.
13

With our staining method, the area with satisfactory fluorescence was highly variable. 

Stomach staining is complicated by collateral circulation that can rapidly wash out dye. 

Improving staining technique to consistently enable mapping over a larger region will be 

important in further development of the method. This might be achieved by infusing dye at 

the celiac trunk, possibly by using an isolated stomach preparation19 or endovascular 

delivery in in situ preparations. In this study, depolarization could be reliably identified, but 

repolarization, which is more gradual, was observable, but much less distinct. Improved 
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staining, or possibly the use of long-wavelength dyes optimized for blood-perfused 

preparations,20 may amplify Vm relative to residual artifact and noise and sharpen 

repolarization localization. Another limitation is large rigid-body motion (e.g., respiration) 

that moves the mapped region out of frame or out of focus. In the present study, we paused 

the ventilator while recording. It might also be possible to mechanically isolate the stomach 

from respiratory motion, or to gate breaths between slow waves. This would not be an issue 

in an isolated preparation.

We conclude that optical mapping of gastric slow wave propagation is feasible. With 

continued development, the method has the potential to improve understanding of normal 

and dysrhythmic gastric electrical function, eventually leading to better diagnosis and 

treatment of gastric motility disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

• Current gastric slow wave mapping technology uses arrays of extracellular 

electrodes. Optical mapping is a complementary technology that is widely 

used in the heart. Here, we investigate its feasibility in the stomach.

• Membrane potential signals can be imaged across the surface of the in vivo 
pig stomach using voltage-sensitive fluorescent dye in combination with 

techniques to correct motion artifact.

• High resolution imaging of slow wave propagation has the potential to 

improve understanding of normal and dysrhythmic gastric electrical function.
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Figure 1. 
Reconstruction of optical Vm signals. A, Motion artifact correction. Blue/Cyan: deinterlaced 

blue- and cyan-elicited fluorescence signals before motion tracking. Calibration bars 

represent 100 CCD counts. Blue Tracked/Cyan Tracked: deinterlaced blue- and cyan-elicited 

fluorescence signals after motion tracking. Calibration bars represent 50 CCD counts. Ratio: 

ratio of the Blue Tracked to Cyan Tracked signals, which is proportional to Vm. B, 

Comparison of a suction electrode signal, which approximates Vm, and an optical Vm signal 

simultaneously recorded from a site ~2 cm away. The scale bar in the suction electrode 

signal is 200 μV. Data in A and B are from different animals.
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Figure 2. 
Optical mapping of slow wave propagation. A, Reconstructed optical slow wave signals. B, 

Bipolar electrical recordings. Scale bars are 600 μV. C, Fluorescence image of the marked 

region. Black circles are fiducial markers. Red diamonds show optical recording sites from 

Panel A. White arrows show the locations of the two electrodes in each bipolar recording 

site from Panel B. The scale bar is 10 mm. GC indicates the greater curvature. D, Isochronal 

map showing propagation of the 1st slow wave in A and B. Colors indicate time of steepest 

Vm upstroke (i.e., electrical activation). Activation and recovery for this wave are animated 

in Supporting Video S2. The blue line in panels A and B indicates time 0 for the isochronal 

map in panel D. The area of the mapped region is not constant, but is ~10 cm2 and contains 

~2600 pixels spaced by ~0.6 mm in each direction. An optical Vm signal was generated for 

each pixel that was within the mapped region in the first frame of the recording. Effective 

spatial resolution was reduced to ~1.5 mm in each direction by a 5-pixel moving-average 

spatial filter (von Neumann neighborhood with r=1) that was applied before finding 

activation times.
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