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Optimization of pacing parameters 
to entrain slow wave activity 
in the pig jejunum
Nipuni D. Nagahawatte 1, Recep Avci 1, Niranchan Paskaranandavadivel 1 & Leo K. Cheng 1,2,3*

Pacing has been proposed as a therapy to restore function in motility disorders associated with 
electrical dysrhythmias. The spatial response of bioelectrical activity in the small intestine to pacing 
is poorly understood due to a lack of high-resolution investigations. This study systematically varied 
pacing parameters to determine the optimal settings for the spatial entrainment of slow wave activity 
in the jejunum. An electrode array was developed to allow simultaneous pacing and high-resolution 
mapping of the small intestine. Pacing parameters including pulse-width (50, 100 ms), pulse-
amplitude (2, 4, 8 mA) and pacing electrode orientation (antegrade, retrograde, circumferential) were 
systematically varied and applied to the jejunum (n = 15 pigs). Pulse-amplitudes of 4 mA (p = 0.012) 
and 8 mA (p = 0.002) were more effective than 2 mA in achieving spatial entrainment while pulse-
widths of 50 ms and 100 ms had comparable effects (p = 0.125). A pulse-width of 100 ms and a pulse-
amplitude of 4 mA were determined to be most effective for slow wave entrainment when paced in the 
antegrade or circumferential direction with a success rate of greater than 75%. These settings can be 
applied in chronic studies to evaluate the long-term efficacy of pacing, a critical aspect in determining 
its therapeutic potential.

Pacing applies high-energy electrical pulses at a frequency similar to intrinsic activity with the aim of enhanc-
ing or restoring disordered bioelectrical activity and  function1. Cardiac pacemakers deliver extrinsic pulses that 
aim to correct cardiac arrythmias and are used to treat fatal conditions such as bradycardia, heart failure and 
 syncope2,3. Significant research has also been conducted to investigate the potential of this technique in treating 
illnesses associated with other organs of the body including the  stomach4,5.

Slow waves are a critical component for coordinating the motility patterns of the gastrointestinal (GI)  tract6. 
Abnormal initiation and conduction of slow waves have been previously linked to functional motility disorders 
such as gastroparesis and chronic  nausea7–9. Gastric pacing seeks to modulate the intrinsic bioelectrical rhythm 
of the stomach and motility patterns. This is contrary to high-frequency stimulation which has been shown to 
primarily provide symptom relief, but does not alter slow wave  patterns10–12 or gastric  emptying13,14. Therefore, 
this study focused on optimizing pacing parameters to modulate slow wave patterns. Gastric pacing has previ-
ously shown success in entraining both temporal and spatial characteristics of slow waves and therefore, is a 
promising therapy for motility  disorders15–17.

Small intestine pacing has also been investigated for its clinical potential and has reported success in modulat-
ing the electrical and motility responses alongside absorption  rates18–20. Electrical activity has been modulated to 
normalize dysrhythmias in intact and transected intestinal  segments20–22. In addition, motility responses associ-
ated with rate of contractions and emptying, as well as direction of content flow have been  regulated19,23,24, along 
with rates of nutrient  absorption19,21,25. These findings are highly relevant in treating multi-factorial conditions 
such as prolonged post-operative ileus and short bowel syndrome, which can be challenging to treat with con-
ventional  approaches26,27. A recent systematic review revealed pacing orientation plays a key role in enhancing 
and inhibiting these responses, which highlights the critical role of individual pacing parameters and the need 
for their systematic  evaluation18.

Historically, GI pacing response has been evaluated using low-resolution mapping techniques, but 
recent gastric pacing studies have utilized high-resolution techniques such as electrical and optical mapping 
 frameworks17,28. With the development of high-resolution surface-contact electrode  arrays17,29,30, and miniatur-
ized wireless  pacemakers31,32, the understanding of the gastric pacing response has been immensely expanded. 
However, pacing response of the small intestine is yet to be investigated using high-resolution techniques to 
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determine optimal settings. The need for appropriate high-resolution electrode arrays and implantable devices 
has been previously  highlighted18, and a novel framework which enables high-resolution electrical mapping was 
recently  introduced33.

This study evaluated the efficacy of the pacing response in the jejunum in high-resolution by systematically 
varying the pacing parameters. A novel high-resolution framework developed for simultaneous pacing and map-
ping of the small intestine response was used, along with signal-processing frameworks customized for pacing 
 recordings33,34. Slow wave response was quantitatively and qualitatively evaluated and histological examinations 
were conducted to assess for tissue damage.

Methods
Experimentation
Animal preparation
Ethical approval was granted by the University of Auckland Animal Ethics Committee and all methods were 
performed in accordance with the relevant guidelines and regulations. The study is reported in accordance with 
the ARRIVE guidelines.

Experiments were performed in vivo on 15 female crossbreed weaner pigs (weight = 40.9 ± 2.2 kg, 12–14 
weeks old). The animal preparation, anesthesia, surgical access and monitoring were previously  reported33,35. 
In brief, pigs were anesthetized by inducing Zoletil and maintained with isoflurane. A midline laparotomy was 
performed, and a proximal jejunal segment of approximately 20 cm in length was exteriorized with minimal 
handling. Recordings commenced less than 5 min after the laparotomy. At the conclusion of each study, the pigs 
were euthanized by injecting a bolus of sodium pentobarbital while still under anesthesia.

High‑resolution mapping and pacing
A surface-contact electrode array customized for simultaneous pacing and high-resolution mapping of the small 
intestine was used (see Fig. 1a). The specifications and the placement of the electrode arrays have been previously 
 described33. In summary, each electrode array had a total of 64 electrodes with 5 mm spacing and gold contacts 
(57 electrodes had a diameter of 0.3 mm and 7 electrodes with a diameter of 3 mm). In each study, two of the 
larger 3 mm electrodes positioned at the center were selected for pacing based on the desired pacing orienta-
tion. The jejunal segment was sandwiched between 2 electrode arrays making contact with the top and bottom 
surfaces of the intestine. Plastic wrap (Glad, Clorox New Zealand Ltd., Auckland, New Zealand) was laid on top 
of the jejunum to minimize evaporation and cooling of the intestine.

Electrical activity from 126 channels (114 electrodes with 0.3 mm diameter and 12 electrodes with 3 mm 
diameter) was recorded at 512 Hz using an ActiveTwo signal acquisition system (BioSemi, Amsterdam, Nether-
lands) modified for passive recordings. Pacing was applied via 2 pacing electrodes (3 mm diameter) located on 
the bottom array by a DS8000 stimulator (World Precision Instruments, Inc., Sarasota, FL, USA).

Baseline activity was recorded for 2 min prior to pacing and the intrinsic slow wave frequency (IF) was esti-
mated. Pacing was then applied for another 2 min at a frequency of 1.1 × IF, with the pulse-width (50 ms, 100 ms) 
and pulse-amplitude (2 mA, 4 mA, 8 mA) combinations randomized. Pacing was applied in the antegrade (see 
Fig. 1b), retrograde or circumferential (see Fig. 1c) direction as previously described in randomized  order33. In 
1980, Gladen et al., defined the terms antegrade and retrograde pacing which correspond to the orientation of 
pacing electrodes along the longitudinal axis. When the positive terminal (anode) was positioned anatomically 

Figure 1.  Small intestine pacing electrode and orientations. (a) Surface-contact electrode array used for 
simultaneous pacing and high-resolution mapping of the pacing response. (b) Longitudinal orientation of 
pacing electrodes enabled antegrade pacing. Retrograde pacing was achieved when the polarity was reversed 
such that the positive terminal was distal to the negative terminal. (c) The pacing electrodes were oriented along 
the circumferential axis of the intestine for circumferential pacing.
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proximal to the negative terminal (cathode), this configuration was termed antegrade  pacing36–38. In contrast, 
placing the positive terminal anatomically distal to the negative terminal was classified as retrograde pacing. The 
intrinsic activity was recorded for a further 3 min after pacing was terminated and this duration is referred to as 
the post-pacing recording. Finally, the post-pacing recording was followed by a rest period of 5 min after which 
the same protocol was repeated until all 6 pacing settings were applied. The corresponding baseline, pacing and 
post-pacing segments of each pacing setting were collectively identified as a single session.

Histology
In order to determine whether pacing affected the integrity of the intestinal muscle layers, histology was per-
formed on tissue from additional pacing sessions. At the end of all experiments, 2 pacing settings: (i) 4 mA, 
100 ms and (ii) 8 mA, 100 ms were sequentially applied at a frequency of 1.1 × IF for 10 min approximately 10 
cm apart. These settings correspond to the highest pulse-width combined with highest pulse-amplitudes. Sutures 
were applied adjacent to each pacing site on the tissue to mark the pacing location.

After euthanasia, an intestinal segment of approximately 30 cm was excised which contained the last 2 pac-
ing locations along with control tissue. The segment was washed with warm saline and fixed in 20% natural 
buffered formalin solution. After allowing the tissues to fix for at least 48 h, the segment was extracted from the 
solution and cut into 6 tissue blocks of approximately 10 mm long through each of the pacing sites (a cutline 
for each setting) and control tissue (1 cutline)33. Each cutline provided 2 tissue blocks and all tissue blocks were 
embedded in paraffin. Tissue slices of 5 µm thick were sliced off each paraffin block and stained with hematoxylin 
and eosin. The stained slices were then imaged under a microscope to assess for tissue damage based on tissue 
structure, blood congestion, and swollen nuclei. The paced tissues were compared against control tissue slices.

Data processing
Slow wave characterization
The raw signals were down sampled to 30 Hz for computational efficiency. The baseline wander of the acquired 
raw signals was estimated using a moving median filter (window width = 3 s) and smoothed using a Savitzky-
Golay filter (polynomial order = 2; window = 2 s). The baseline drift was then removed by subtracting the esti-
mated drift from the raw signal.

The large pacing artifacts superimposed on the slow wave recordings were detected using a Hampel outlier 
detection filter (number of neighbors = 15; number of standard deviations = 25) and removed using an autore-
gressive  model39. The model parameters of the autoregressive model were defined using data accounting for a 
predefined window length of 0.5 s from both sides of each artifact segment.

The artifact removed signals were then visualized and analyzed using custom software (GEMS v3.0)40. To 
remove common mode noise, the median signal across all channels was computed and subtracted from each 
channel. Finally the ventilation noise was  suppressed41. Post-filtering, the baseline segment and the post-pacing 
segment of each pacing setting were analyzed. The analysis of spatial entrainment was performed over 5 cycles 
post-pacing, as previous results have shown pacing response is maintained for approximately 5 cycles after pac-
ing is  stopped33. Activation times (AT) of individual slow wavefronts were automatically detected and clustered 
using validated  algorithms42,43. The detected events were then manually reviewed to ensure accuracy.

The pacing response during each setting based on orientation, pulse-width and pulse-amplitude were evalu-
ated to determine spatial entrainment of slow wave activity. Isochronal color maps were used to determine the 
slow wave propagation patterns where the initiation of a pacemaker propagation pattern confirmed spatial 
entrainment due to the paced activity. A pacemaker pattern was defined as the earliest activation of slow waves 
being observed at the center of the array, adjacent to the pacing electrodes and propagating towards the edges 
of the electrode array as rings of activations with a minimum of 80% coverage.

Energy quantification
To determine the energy applied at the pacing site corresponding to the histological analysis, the applied voltage 
was measured across the pacing electrodes for the 10-min duration (PicoScope 2000, Pico Technology, St Neots, 
UK). The captured pulses were approximately rectangular in shape and exhibited minimal capacitance effects. 
Therefore, a simplified ohmic calculation was performed to determine the energy applied during pacing. The 
measured voltage was averaged across the total duration, and thereby the tissue resistance between the 2 pacing 
electrodes was calculated using Eq. (1).

where applied current was 4 mA or 8 mA for the 2 pacing sites. The total pulse duration (ON time) was deter-
mined using Eq. (2).

where paced duration was 10 min, frequency was 1.1 × IF (around 2.7 s) and pulse-width was 100 ms. Therefore, 
the total energy applied to the pacing site was calculated using Eq. (3).

(1)Resistance =
Voltage

Applied current

(2)ON time = Paced duration× Frequency × Pulse-width

(3)Energy = Applied current2 × Resistance × ON time
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Pulse intensity
To determine the optimal pacing pulse-parameters for spatial entrainment, a pulse intensity was computed 
using Eq. (4)29,44.

The energy corresponding for a particular pulse intensity can be interpreted by rearranging Eqs. (2–4). By 
scaling the pulse intensity with a factor accounting for paced duration, frequency and resistance, the energy can 
be calculated as given by Eq. (5).

Statistical analysis
The data processing and statistical analyses were carried out using MATLAB R2022b (MathWorks, Natick, MA, 
USA), with all metrics being presented as the mean ± standard deviation. The normality of the data was deter-
mined using a Shapiro–Wilk test and a significance level of P < 0.05 was applied to all statistical tests.

The study used three-way analysis of variance (ANOVA) to examine the main and interaction effects of three 
pacing parameters (i.e., pulse-width, pulse-amplitude and pacing direction) on the rate of spatial entrainment, 
and Bonferroni’s post hoc test was used for pairwise comparisons.

Results
Slow wave activity was successfully spatially entrained in all 3 pacing directions and with all 6 combinations of 
pulse-amplitude and pulse-width. A total of 169 pacing studies with 1,014 slow wave cycles were analyzed from 
15 pigs.

Entrained slow wave propagation
Two representative cases of slow wave activity entrained by pacing are shown in Fig. 2. Pacing was applied with 
an amplitude of 8 mA and a pulse-width of 100 ms at an interval of 2.7 s. Figure 2a and c illustrate 15 s of baseline 
activity for each case whereas Fig. 2b and d illustrate 15 s of their corresponding post-pacing activity. The signal 
traces from top to bottom were extracted from electrodes laid out from left to right in the electrode array where 
the pacing electrodes were located at the center of the array closest to the middle signal trace. Therefore, the 
baseline signals for both cases illustrate slow wave activity propagating in the antegrade direction. The electrode 
closest to the pacing site has been identified with a yellow star and the initiation of a pacemaker propagation 
pattern (earliest activation) adjacent to the pacing electrode was confirmed as the earliest activation occurs 
closest to this pacing electrode (see Fig. 2b and d). Pacemaker patterns in the small intestine are relatively rare 
based on previous spatial mapping studies, with a prevalence of around 5%45. Hence, the presence of a pacemaker 
propagation pattern centered around the pacing electrodes immediately after pacing indicates entrainment due 
to the pacing events.

(4)Pulse intensity = Applied Current2 × Pulse-width

(5)Energy = Pulse intensity × Resistance × Paced duration× Frequency

Figure 2.  Signal traces of intrinsic and entrained slow wave activity. (a) and (c) are slow wave activity measured 
during baseline. (b) and (d) correspond to the post-pacing activity of (a) and (c) in order. The electrode located 
closest to the pacing electrodes is identified by a yellow star and was the site of the earliest activation indicating 
the origin of a pacemaker propagation pattern.
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The propagation patterns of slow wave activity corresponding to Fig. 2 are visualized using isochronal color 
maps in Fig. 3. Consecutive isochronal levels depict propagation within an interval of 0.25 s where the earliest AT 
are indicated by dark red, and the latest AT are represented by dark blue. The white arrows indicate the propaga-
tion direction of the wave, and the location and polarity of the pacing electrodes are indicated by the ‘+’ and ‘−’ 
symbols. Similar propagation of slow wave activity in the antegrade direction was observed during the baseline 
segment for both the cases. However, the pacemaker pattern initiated in response to antegrade pacing (Fig. 3b) 
originated slightly above the pacing electrodes whereas the pacemaker propagation pattern initiated in response 
to circumferential pacing originated slightly proximal to the pacing electrodes (see Fig. 3b).

The baseline activity propagated at a similar velocity for the 2 cases shown as illustrated in Fig. 3a and c. 
The pacemaker pattern induced in response to antegrade pacing propagated faster than the pacemaker pattern 
induced in response to circumferential pacing, i.e., the dark red isochrones were larger in Fig. 3b compared to 
Fig. 3d.

Optimal pacing energy
The effect of the electrical pulses applied during pacing to initiate a pacemaker pattern and achieve spatial 
entrainment was evaluated by comparing the pulse intensity (see Eq. 4) applied on the tissue site against the 
success.

Figure 4 illustrates the percentage of success in initiating a pacemaker propagation pattern and achieving spa-
tial entrainment for each pacing orientation with varying levels of pulse intensity. Each line on the graph depicts 
the outcomes for a separate pacing orientation, and the pulse parameters of each data point are labelled at their 
corresponding pulse intensity. The same information is presented in a different form in Fig. 5 with data grouped 
to highlight the influence of the pacing pulse-width (Fig. 5a), pulse-amplitude (Fig. 5b) and pacing direction 
(Fig. 5c) on the pacing response. The statistical significances indicated in Fig. 5 are based on three-way ANOVA.

The ANOVA results indicated that three pacing parameters (pulse-width, pulse-amplitude and pacing direc-
tion) had significant effects on the rate of spatial entrainment (p = 0.001, n = 169 pacing studies) while the inter-
action between the three pacing parameters was not significant. Pacing in the antegrade (n = 62 pacing studies) 
and circumferential (n = 51 pacing studies) directions achieved comparable success in spatially entraining the 
intrinsic activity (p = 0.746) and the percentage of success remained over 65.0% for all pulse intensities above 
1600  mA2ms. Both antegrade (77.8%) and circumferential (75.0%) pacing achieved identical success with ampli-
tudes of 4 mA and 8 mA and a pulse-width of 100 ms.

Spatial entrainment was least reliable in the retrograde direction for a pulse-amplitude of 2 mA with either 
pulse-width of 50 ms (11.1%) or 100 ms (23.1%). The highest reliability for retrograde pacing was 62.5% and 
it was achieved with a pulse-amplitude of 4 mA and a pulse-width of 100 ms. The success for retrograde pac-
ing at the highest pulse intensity (8 mA, 100 ms) was 55.6%. While reliability in achieving entrainment in the 
retrograde direction improved from a pulse input of 200  mA2ms to 1600  mA2ms based on Fig. 4, the overall 
success for retrograde pacing remained below 63.0% for all pulse settings. Therefore, both antegrade (p = 0.008) 
and circumferential (p = 0.025) orientations were significantly more effective in spatially entraining the intrinsic 
activity than retrograde (n = 56 pacing studies) direction.

For all pacing orientations, pulse-amplitudes of 4 mA (p = 0.012, n = 54 pacing studies) and 8 mA (p = 0.002, 
n = 50 pacing studies) were significantly more effective in spatially entraining intrinsic slow waves compared to 
2 mA for either pulse-width (50 ms or 100 ms, n = 65 pacing studies). However, there was no significant differ-
ence between 4 mA and 8 mA (p = 0.479) pulse-amplitudes in achieving entrainment in all pacing directions for 
either pulse-width. When evaluating the effect of pulse-width on the pacing response, the slow wave activity was 
more reliably entrained with a pulse-width of 100 ms (n = 89 pacing studies) compared to 50 ms (n = 80 pacing 
studies) except for one case (2 mA pacing in the antegrade direction), as depicted in Fig. 4. However, this differ-
ence was not statistically significant (p = 0.125).

Figure 3.  The isochronal maps corresponding to the signal traces illustrated in Fig. 2. The baseline activity in 
(a) and (c) propagated along the antegrade direction as indicated by the white arrows. Post-pacing activity (b 
and d) illustrates pacemaker propagation patterns initiated adjacent to the pacing electrode.
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An average tissue resistance of 1.3 ± 0.4 kΩ (n = 28 pacing sites) was measured when paced at 0.37 Hz (period 
of 2.7 s). Pacing was applied for a duration of 2 min at each setting and therefore, by multiplying the pulse inten-
sity with a scaling factor of 57.78 kΩ (see Eq. 5), the total energy corresponding to each pulse intensity can be 
determined.

Histological findings
Histological analysis was conducted on a total of 16 tissue sections excised from proximal jejunum of pigs 
(n = 10). Mean voltages of 6.0 ± 1.6 V and 7.9 ± 0.7 V were measured from tissue segments paced with a pulse-
width of 100 ms and amplitudes of 4 mA and 8 mA, respectively. Therefore, the mean tissue resistance across 
the pacing sites was between 1.0 ± 0.1 kΩ and 1.5 ± 0.4 kΩ and the mean energy applied for each 10-min pacing 
session was between 0.2 ± 0.1 J and 0.5 ± 0.1 J for a pulse-amplitude of 4 mA and 8 mA.

The structure of all tissue slices was visually examined under a microscope and compared against control tis-
sue slices to assess for tissue damage. Signs of tissue damage, such as deformed tissue structures, enlarged nuclei 
or congested blood vessels were not observed. As no tissue damage was observed in the first 16 tissue samples, 
it was concluded that the pacing settings investigated in this study do not cause tissue damage, and histological 
analysis was not performed in the subsequent studies. Figure 6 illustrates representative control (Fig. 6a) and 
paced tissue slices (Fig. 6b,c) with enlarged views of the pacing sites (Fig. 6e,f) and control tissue (Fig. 6d). No 
signs of tissue damage are evident.

Discussion
The efficacy of pacing parameters including pulse-amplitude, pulse-width and pacing direction was systematically 
investigated to determine optimal pacing settings for entraining slow wave activity in the small intestine for the 
first time. A novel high-resolution framework previously validated for spatial entrainment of the jejunum was 
adopted in this  study33. While our previous study reported initial results on the response to pacing the jejunum 
with only 2 energy levels, this study systematically varied pulse-amplitude from 2 to 8 mA and pulse-width from 
50 to 100 ms in the antegrade, retrograde and circumferential directions.

As intrinsic pacemaker propagation patterns are infrequent and observed only 5% of the time in mapping 
studies, the fact that such patterns initiated in 77% of cases (4 mA and 8 mA) immediately after pacing indicates 

Figure 4.  Success rates in spatially entraining slow waves of the small intestine through pacing based on the 
applied pulse intensity (a total of 169 recordings from 15 female pigs). The orientation of the pacing electrodes 
is represented by the color (antegrade = red, retrograde = black, and circumferential = blue). Pulse-amplitudes are 
represented by the shape (2 mA = circle, 4 mA = square, and 8 mA = star). The pulse-width is represented by the 
fill of the shape (50 ms = hollow, and 100 ms = solid).
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Figure 5.  The effect of pacing (a) pulse-width, (b) pulse-amplitude, and (c) direction on the entrainment 
success rate. The orientation of the pacing electrodes is represented by the color (antegrade = red, 
retrograde = black, and circumferential = blue). Pulse-amplitudes are represented by the shape (2 mA = circle, 
4 mA = square, and 8 mA = star). The pulse-width is represented by the fill of the shape (50 ms = hollow, and 
100 ms = solid). *Indicates the statistical significance between groups based on three-way analysis of variance.

Figure 6.  Histological comparison of hematoxylin and eosin stained (a) control and (b–c) paced tissue slices of 
the jejunum. The segments were paced with a pulse-width of 100 ms and pulse-amplitudes of (b) 4 mA and (c) 
8 mA. The locations of pacing sites on the tissue slices are indicated using black arrows. Enlarged views of the 
areas highlighted using black squares in (a–c) are illustrated in (d–f), in order.
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that pacing has successfully modulated the slow wave activity. In order to determine the optimal pacing setting 
for spatial entrainment, the pulse intensity was computed and the percentage of success in achieving spatial 
entrainment at these intensities was compared against different pacing directions. The pulse intensity allows 
comparison solely based on pulse inputs as opposed to energy which accounts for tissue resistance. Antegrade 
and circumferential pacing performed comparably and the highest percentage of success for both directions 
was identical with a pulse-width of 100 ms and pulse-amplitudes of 4 mA and 8 mA. However, retrograde pac-
ing was inferior to both antegrade (p = 0.008) and circumferential (p = 0.025) pacing. As the intrinsic dominant 
frequency of the interstitial cells of Cajal in the small intestine decreases along the length of the  intestine46, this 
frequency gradient likely causes the paced activity to have a preferential propagation in the antegrade direction 
as opposed to the retrograde direction.

Based on Fig. 4, the entrainment was reliable for pulse intensities beyond 1600  mA2ms and remained stable 
thereafter. Therefore, pacing in the antegrade or circumferential directions with a pulse-amplitude of 4 mA and a 
pulse-width of 100 ms can be considered optimal as this pulse intensity achieves the highest success in achieving 
spatial entrainment with minimum energy. Ensuring reliable entrainment with minimal energy is crucial for 
preserving the battery life of a chronic implant. Furthermore, excessively high energy levels are more likely to 
result in tissue damage and may directly trigger smooth muscle contractions rather than the targeted pacemaker 
 cells47, whereas higher frequency stimulation has been shown to trigger neural  pathways4. Therefore, the key 
to long term pacing lies in achieving reliable entrainment to modulate pacemaker cells in the gastrointestinal 
tract, commonly referred to as interstitial cells of Cajal, while simultaneously minimizing energy consumption.

Pre-clinical gastric pacing studies have previously identified minimum pulse intensities between 400  mA2ms 
and 12,500  mA2ms to be necessary for slow wave  entrainment29,32,48. However, only one group of studies achieved 
entrainment using a pulse intensity less than 1600  mA2ms29,49. While our study was able to spatially entrain with 
a pulse intensity of 400  mA2ms (2 mA, 100 ms), 1600  mA2ms was found to provide more consistent results. 
Therefore, the optimal pulse intensity for small intestine pacing is less than the intensity defined by most gastric 
pacing studies. The thickness of the gastric wall is greater than that of the small intestine and therefore, the 
serosal layer of the small intestine is closer to the pacemaker cells (i.e., the interstitial cells of Cajal) than in the 
 stomach50,51. This indicates that the energy is likely to be more readily dissipated from the serosa to the pace-
maker cells in the small intestine compared to the stomach and that this may be a plausible explanation for the 
lower pulse intensity. However, both this study and the previous gastric studies which achieved entrainment 
with 400  mA2ms were performed using surface-contact  electrodes29,49, and the larger electrode contact surface 
may be a feature unique to surface-contact pacing over other types of pacing electrodes.

When paced with a pulse-amplitude of 2 mA, the percentage of success in achieving spatial entrainment was 
inconsistent and highly variable when paced in the any direction with either a pulse-width of 50 ms or 100 ms 
(see Fig. 4). However, amplitudes of 4 mA and 8 mA were significantly more effective in achieving entrainment 
compared to 2 mA. Previous small intestinal pacing studies have determined a pulse-amplitude of 4 mA to be 
optimal whereas the optimal pulse-width was  variable52–54. There was no significant difference between the 
applied pulse-widths in this study and 100 ms was determined optimal based on the optimal pulse intensity, i.e., 
1600  mA2ms. Lin et al.52, reported a pulse-amplitude of 140 ms to be optimal in pacing the jejunum, whereas 
pulse-widths of 160 ms and 10–20 ms have been reported optimal for  duodenum53,54. However, none of these 
studies considered the pacing direction and the optimal settings were based on the assessment of temporal 
changes in slow wave frequency assessed by a few sparse electrodes. Previous investigations used limited number 
of electrodes that do not provide information on the propagation patterns whereas high-resolution techniques 
used in this study allow both spatial and temporal propagation information. Nevertheless, the optimal pulse-
amplitude agrees with previous reports and the pulse-width determined is less than the pulse-width reported 
by Lin et al., in pacing the jejunum.

Histological analyses were conducted for tissues paced with 1600  mA2ms and 6400  mA2ms pulse intensities 
which corresponded to the energy levels with highest percentages of success. However, no tissue damage was 
observed from any of the tissue specimens. Only a single small intestinal pacing study has previously conducted 
histological analysis of the pacing sites and has reported scarring of the serosa possibly from suturing the elec-
trode to the  bowel24. However, they also applied comparatively higher pulse-amplitudes 25–30 mA. Future 
research can improve tissue assessment by exploring tissue inflammation with histological markers like the 
Geboes score and blood biomarkers, and evaluating cellular stress by examining DNA and RNA  damage55,56. 
Studies conducted on the stomach using surface-contact electrodes have also reported success in pacing without 
damaging the stomach  wall29, which suggests surface-contact pacing to be a safe technique at the applied energy 
levels.

A key limitation of this study is the acute setting which does not enable the evaluation of the long-term effect 
of pacing. In addition, functional changes such as transit rate of luminal contents were not examined in this 
study. The analysis of the pacing response was restricted to post-pacing activity as the activity induced during 
pacing was obstructed by the onset of periodic stimuli. The small intestine pacing frequency is faster than the 
gastric pacing frequency and therefore, the activity in between pacing pulses does not allow sufficient time for 
the complete propagation of wavefronts. Furthermore, surgery, visceral handling, and anesthetics, as used in this 
study, have been shown to influence slow wave  activity57, but numerous studies have successfully investigated 
normal slow wave behavior in different anesthetized animal  models58–60.

Future research will seek to define the long-term effects of small intestine pacing based on chronic studies. 
Development of micro-electrode arrays and miniaturized devices suitable for implantation on the small intestine 
is necessary to conduct chronic studies. While a few studies have successfully normalized dysrhythmic slow wave 
activity temporally by  pacing22,61,62, dysrhythmic slow wave activity is yet to be spatially entrained in the small 
intestine by pacing. It is hypothesized that multi-point pacing requires less overall energy to entrain slow waves 
over an extended length of the bowel, and this can be investigated in the future. In addition, the role played 
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by small intestine pacing on motility functions can be explored by mapping the contractile response. Closed-
loop pacing strategies which minimize battery consumption can also improve the efficacy of this promising 
 technique63,64.

Conclusion
Optimal pacing parameters to reliably achieve spatial entrainment of slow waves in the small intestine were deter-
mined. By varying the pacing parameters systematically, pulse intensities below 1600  mA2ms (pulse-amplitude 
of 4 mA and pulse-width of 100 ms) were found to be less effective in entraining slow wave activity. Pulse-
amplitudes greater than 2 mA were found to be more effective than pulse-widths of 50 ms or 100 ms. Therefore, 
a pulse-amplitude of 4 mA and pulse-width of 100 ms were defined as optimal for slow wave entrainment while 
also minimizing energy input, when paced in the antegrade or circumferential direction of the jejunum. Future 
studies can utilize the optimal pacing configurations to assess the long-term effectiveness of the pacing response 
and examine functional changes such as changes in emptying rate and body weight.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Received: 12 October 2023; Accepted: 4 March 2024

References
 1. Chen, P. S., Wolf, P. D. & Ideker, R. E. Mechanism of cardiac defibrillation. A different point of view. Circulation 84, 913–919 (1991).
 2. Chalhoub, F. & Mela, T. Cardiac Pacing and Monitoring: Past, Present, and Future. in Encyclopedia of Cardiovascular Research and 

Medicine 463–467 (Elsevier, 2018). https:// doi. org/ 10. 1016/ B978-0- 12- 809657- 4. 10946-9.
 3. Wood, M. A. & Ellenbogen, K. A. Temporary Cardiac Pacing. In Cardiac Pacing and ICDs 4th edn (eds Ellenbogen, K. A. & Wood, 

M. A.) 163–195 (Wiley, 2007). https:// doi. org/ 10. 1002/ 97804 70750 674. ch4.
 4. Cheng, L. K. et al. Strategies to refine gastric stimulation and pacing protocols: Experimental and modeling approaches. Front. 

Neurosci. 15, 1–16 (2021).
 5. Paskaranandavadivel, N., Avci, R., Nagahawatte, N., Farajidavar, A. & Cheng, L. K. Electroceutical Approaches for Gastroparesis. 

In Obesity and Diabetes: Scientific Advances and Best Practice (eds Faintuch, J. & Faintuch, S.) 967–982 (Springer, 2020). https:// 
doi. org/ 10. 1007/ 978-3- 030- 53370-0_ 72.

 6. Alvarez, W. C. The electrogastrogram and what it shows. J. Am. Med. Assoc. 78, 1116 (1922).
 7. Chen, J. D. Z., Lin, Z., Pan, J. & Mccallum, R. W. Abnormal gastric myoelectrical activity and delayed gastric emptying in patients 

with symptoms suggestive of gastroparesis. Dig. Dis. Sci. 41, 1538–1545 (1996).
 8. O’Grady, G. et al. Abnormal initiation and conduction of slow-wave activity in gastroparesis, defined by high-resolution electrical 

mapping. Gastroenterology 143, 589-598.e3 (2012).
 9. Angeli, T. R. et al. Loss of interstitial cells of Cajal and patterns of gastric dysrhythmia in patients with chronic unexplained nausea 

and vomiting. Gastroenterology 149, 56-66.e5 (2015).
 10. Angeli, T. R. et al. Acute slow wave responses to high-frequency gastric electrical stimulation in patients with gastroparesis defined 

by high-resolution mapping. Neuromodul. Technol. Neural Interface 19, 864–871 (2016).
 11. Lin, Z., Forster, J., Sarosiek, I. & McCallum, R. W. Effect of high-frequency gastric electrical stimulation on gastric myoelectric 

activity in gastroparetic patients. Neurogastroenterol. Motil. 16, 205–212 (2004).
 12. Bortolotti, M. Gastric electrical stimulation for gastroparesis: A goal greatly pursued, but not yet attained. World J. Gastroenterol. 

17, 273 (2011).
 13. O’Grady, G. et al. High-frequency gastric electrical stimulation for the treatment of gastroparesis: A meta-analysis. World J. Surg. 

33, 1693–1701 (2009).
 14. Ducrotte, P. et al. Gastric electrical stimulation reduces refractory vomiting in a randomized crossover trial. Gastroenterology 158, 

506–514 (2020).
 15. Hocking, M. P., Vogel, S. B. & Sninsky, C. A. Human gastric myoelectric activity and gastric emptying following gastric surgery 

and with pacing. Gastroenterology 103, 1811–1816 (1992).
 16. Miedema, B. W. et al. Human gastric and jejunal transit and motility after Roux gastrojejunostomy. Gastroenterology 103, 1133–1143 

(1992).
 17. O’Grady, G. et al. High-resolution entrainment mapping of gastric pacing: a new analytical tool. Am. J. Physiol. Liver Physiol. 298, 

G314–G321 (2010).
 18. Nagahawatte, N. D., Cheng, L. K., Avci, R., Angeli-Gordon, T. R. & Paskaranandavadivel, N. Systematic review of small intestine 

pacing parameters for modulation of gut function. Neurogastroenterol. Motil. 35, e14473 (2023).
 19. Collin, J., Kelly, K. A. & Phillips, S. F. Increased canine jejunal absorption of water, glucose, and sodium with intestinal pacing. 

Am. J. Dig. Dis. 23, 1121–1124 (1978).
 20. Akwari, O. E. et al. Electric pacing of intact and transected canine small intestine and its computer model. Am. J. Physiol. 229, 

1188–1197 (1975).
 21. Collin, J., Kelly, K. A. & Phillips, S. F. Enhancement of absorption from the intact and transected canine small intestine by electrical 

pacing. Gastroenterology 76, 1422–1428 (1979).
 22. Karlstrom, L. H., Soper, N. J., Kelly, K. A. & Phillips, S. F. Ectopic jejunal pacemakers and enterogastric reflux after Roux gastrec-

tomy: Effect of intestinal pacing. Surgery 106, 486–495 (1989).
 23. Zhao, X. et al. Inhibitory effects and mechanisms of intestinal electrical stimulation on gastric tone, antral contractions, pyloric 

tone, and gastric emptying in dogs. Am. J. Physiol.‑ Regul. Integr. Comp. Physiol. 296, 36–42 (2009).
 24. Moritz, A. et al. Electrical pulse train and single pulse stimulation of the small intestine: Acute and chronic studies in the dog. 

Artif. Organs 13, 116–122 (1989).
 25. Collin, J., Kelly, K. A. & Phillips, S. F. Absorption from the jejunum is increased by forward and backward pacing. Br. J. Surg. 66, 

489–492 (1979).
 26. Seetharam, P. & Rodrigues, G. Short bowel syndrome: A review of management options. Saudi J. Gastroenterol. 17, 229–235 (2011).
 27. Venara, A. et al. Postoperative ileus: Pathophysiology, incidence, and prevention. J. Visc. Surg. 153, 439–446 (2016).
 28. Zhang, H. et al. High-resolution optical mapping of gastric slow wave propagation. Neurogastroenterol. Motil. 31, e13449 (2019).
 29. Alighaleh, S. et al. Design and validation of a surface-contact electrode for gastric pacing and concurrent slow-wave mapping. 

IEEE Trans. Biomed. Eng. 68, 2574–2581 (2021).

https://doi.org/10.1016/B978-0-12-809657-4.10946-9
https://doi.org/10.1002/9780470750674.ch4
https://doi.org/10.1007/978-3-030-53370-0_72
https://doi.org/10.1007/978-3-030-53370-0_72


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6038  | https://doi.org/10.1038/s41598-024-56256-2

www.nature.com/scientificreports/

 30. Lammers, W. J. E. P., Al-Kais, A., Singh, S., Arafat, K. & El-Sharkawy, T. Y. Multielectrode mapping of slow-wave activity in the 
isolated rabbit duodenum. J. Appl. Physiol. 74, 1454–1461 (1993).

 31. Alighaleh, S. et al. A novel gastric pacing device to modulate slow waves and assessment by high-resolution mapping. IEEE Trans. 
Biomed. Eng. 66, 2823–2830 (2019).

 32. Wang, R. et al. A miniature configurable wireless system for recording gastric electrophysiological activity and delivering high-
energy electrical stimulation. IEEE J. Emerg. Sel. Top. Circuits Syst. 8, 221–229 (2018).

 33. Nagahawatte, N. D., Avci, R., Paskaranandavadivel, N., Angeli-Gordon, T. R. & Cheng, L. K. Spatial response of jejunal pacing 
defined by a novel high-resolution multielectrode array. Am. J. Physiol. Liver Physiol. 324, G329–G340 (2023).

 34. Nagahawatte, N. D., Cheng, L. K., Avci, R., Bear, L. R. & Paskaranandavadivel, N. A generalized framework for pacing artifact 
removal using a Hampel filter. In 2022 44th Annual International Conference of the IEEE Engineering in Medicine & Biology Society 
(EMBC) 2022, 2009–2012 (IEEE, 2022).

 35. Egbuji, J. U. et al. Origin, propagation and regional characteristics of porcine gastric slow wave activity determined by high-
resolution mapping. Neurogastroenterol. Motil. 22, 292–300 (2010).

 36. Gladen, H. E. & Kelly, K. A. Enhancing absorption in the canine short bowel syndrome by intesitnal pacing. Surgery 88, 281–286 
(1980).

 37. Layzell, T. & Collin, J. Retrograde electrical pacing of the small intestine—a new treatment for the short bowel syndrome?. Br. J. 
Surg. 68, 711–713 (1981).

 38. Sawchuk, A. et al. Reverse electrical pacing improves intestinal absorption and transit time. Surgery 100, 454–460 (1986).
 39. Nagahawatte, N. D., Paskaranandavadivel, N., Bear, L. R., Avci, R. & Cheng, L. K. A novel framework for the removal of pacing 

artifacts from bio-electrical recordings. Comput. Biol. Med. 155, 106673 (2023).
 40. Yassi, R. et al. The gastrointestinal electrical mapping suite (GEMS): Software for analyzing and visualizing high-resolution (multi-

electrode) recordings in spatiotemporal detail. BMC Gastroenterol. 12, 60 (2012).
 41. Paskaranandavadivel, N., Alighaleh, S., Du, P., O’Grady, G. & Cheng, L. K. Suppression of ventilation artifacts for gastrointestinal 

slow wave recordings. In 2017 39th Annual International Conference of the IEEE Engineering in Medicine and Biology Society 
(EMBC) 2769–2772 (IEEE, 2017). https:// doi. org/ 10. 1109/ EMBC. 2017. 80374 31.

 42. Erickson, J. C. et al. Falling-edge, variable threshold (FEVT) method for the automated detection of gastric slow wave events in 
high-resolution serosal electrode recordings. Ann. Biomed. Eng. 38, 1511–1529 (2010).

 43. Erickson, J. C. et al. Automated gastric slow wave cycle partitioning and visualization for high-resolution activation time maps. 
Ann. Biomed. Eng. 39, 469–483 (2011).

 44. Lin, Z. et al. Two-channel gastric pacing in patients with diabetic gastroparesis. Neurogastroenterol. Motil. 23, 912-e396 (2011).
 45. Nagahawatte, N. Prevalence of slow wave patterns during baseline recordings of the jejunum. https:// doi. org/ 10. 17608/ k6. auckl 

and. 24274 798. v2 (2023).
 46. Christensen, J., Clifton, J. A. & Schedl, H. P. Variations in the frequency of the human duodenal basic electrical rhythm in health 

and disease. Gastroenterology 51, 200–206 (1966).
 47. Nagahawatte, N. D., Avci, R., Angeli-Gordon, T. R., Paskaranandavadivel, N. & Cheng, L. K. High-energy pacing in the jejunum 

elicits pulsatile segmental contractions. IEEE Trans. Biomed. Eng. https:// doi. org/ 10. 1109/ TBME. 2023. 33174 00 (2023).
 48. Kelly, K. A. & La Force, R. C. Pacing the canine stomach with electric stimulation. Am. J. Physiol. 222, 588–594 (1972).
 49. Alighaleh, S., Cheng, L. K., Angeli-Gordon, T. R., O’Grady, G. & Paskaranandavadivel, N. Optimization of gastric pacing parameters 

using high-resolution mapping. IEEE Trans. Biomed. Eng. 70, 2964–2971 (2023).
 50. Desai, R. K., Tagliabue, J. R., Wegryn, S. A. & Einstein, D. M. CT evaluation of wall thickening in the alimentary tract. Radiographics 

11, 771–83; discussion 784 (1991).
 51. Nylund, K., Hausken, T., Ødegaard, S., Eide, G. E. & Gilja, O. H. Gastrointestinal wall thickness measured with transabdominal 

ultrasonography and its relationship to demographic factors in healthy subjects. Ultraschall Med. 33, E225–E232 (2012).
 52. Lin, X., Peters, L. J., Hayes, J. & Chen, J. D. Entrainment of segmental small intestinal slow waves with electrical stimulation in 

dogs. Dig. Dis. Sci. 45, 652–656 (2000).
 53. Xin Lin et al. Electrical stimulation of the small intestine in dogs. In Proceedings of the 19th Annual International Conference of 

the IEEE Engineering in Medicine and Biology Society. ‘Magnificent Milestones and Emerging Opportunities in Medical Engineering’ 
(Cat. No.97CH36136) vol. 4 1803–1806 (IEEE, 1997).

 54. Sun, Y., Song, G. Q., Yin, J., Lei, Y. & Chen, J. D. Z. Effects and mechanisms of gastrointestinal electrical stimulation on slow waves: 
A systematic canine study. Am. J. Physiol. ‑ Regul. Integr. Comp. Physiol. 297, 1392–1399 (2009).

 55. Murphy, M. P. et al. Guidelines for measuring reactive oxygen species and oxidative damage in cells and in vivo. Nat. Metab. 4, 
651–662 (2022).

 56. Rosenberg, L. et al. Histologic markers of inflammation in patients with ulcerative colitis in clinical remission. Clin. Gastroenterol. 
Hepatol. 11, 991–996 (2013).

 57. Lammers, W. J. E. P., Ver Donck, L., Stephen, B., Smets, D. & Schuurkes, J. A. J. Focal activities and Re-entrant propagations as 
mechanisms of gastric tachyarrhythmias. Gastroenterology 135, 1601–1611 (2008).

 58. Du, P. et al. High-resolution Mapping of in vivo gastrointestinal slow wave activity using flexible printed circuit board electrodes: 
methodology and validation. Ann. Biomed. Eng. 37, 839–846 (2009).

 59. Lammers, W. J. E. P. et al. Electrical activity in the rectum of anaesthetized dogs. Neurogastroenterol. Motil. 18, 569–577 (2006).
 60. Miller, K. J. W., Cheng, L. K., Angeli-Gordon, T. R., Avci, R. & Paskaranandavadivel, N. The bioelectrical conduction system around 

the ileocecal junction defined through in vivo high-resolution mapping in rabbits. Am. J. Physiol. Gastrointest. Liver Physiol. 323, 
G318–G330 (2022).

 61. Abo, M., Liang, J., Qian, L. & Chen, J. D. Z. Distension-induced myoelectrical dysrhythmia and effect of intestinal pacing in dogs. 
Dig. Dis. Sci. 45, 129–135 (2000).

 62. Liu, J., Wang, L. & Chen, J. D. Z. Effects of intestinal electrical stimulation on intestinal dysrhythmia and symptoms in dogs. Dig. 
Dis. Sci. 49, 720–728 (2004).

 63. Wang, L. et al. A novel approach for model-based design of gastric pacemakers. Comput. Biol. Med. 116, 103576 (2020).
 64. Wang, L., Malik, A., Roop, P. S., Cheng, L. K. & Paskaranandavadivel, N. A formal approach for scalable simulation of gastric ICC 

electrophysiology. IEEE Trans. Biomed. Eng. 66, 3320–3329 (2019).

Acknowledgements
The authors thank Mrs. Linley Nisbet, Dr. Timothy Angeli-Gordon and Dr. Satya Amirapu for their assistance. 
This work was supported by a UoA Doctoral Scholarship, Marsden Fund Council, and Riddet Institute Centre 
of Research Excellence.

Author contributions
N.D.N., N.P. and L.K.C. conceived and designed research. N.D.N., N.P. and L.K.C. performed experiments. 
N.D.N., R.A., and L.K.C. analyzed data. All authors interpreted results, edited, revised and approved the final 
version of manuscript.

https://doi.org/10.1109/EMBC.2017.8037431
https://doi.org/10.17608/k6.auckland.24274798.v2
https://doi.org/10.17608/k6.auckland.24274798.v2
https://doi.org/10.1109/TBME.2023.3317400


11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6038  | https://doi.org/10.1038/s41598-024-56256-2

www.nature.com/scientificreports/

Funding
Funding was provided by University of Auckland, Marsden Fund, New Zealand, Riddet Institute, New Zealand.

Competing interests 
No commercial support was received for any material presented in this publication. LKC and NP hold intel-
lectual property and/or patent applications on gastrointestinal electrophysiology. LKC and NP are shareholders 
in FlexiMap Ltd. All other authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.K.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimization of pacing parameters to entrain slow wave activity in the pig jejunum
	Methods
	Experimentation
	Animal preparation
	High-resolution mapping and pacing
	Histology

	Data processing
	Slow wave characterization
	Energy quantification
	Pulse intensity
	Statistical analysis


	Results
	Entrained slow wave propagation
	Optimal pacing energy
	Histological findings

	Discussion
	Conclusion
	References
	Acknowledgements


