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Validation of body surface colonic
mapping (BSCM) against high
resolution colonic manometry

for evaluation of colonic motility
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Abnormal cyclic motor pattern (CMP) activity is implicated in colonic dysfunction, but the only

tool to evaluate CMP activity, high-resolution colonic manometry (HRCM), remains expensive and
not widely accessible. This study aimed to validate body surface colonic mapping (BSCM) through
direct correlation with HRCM. Synchronous meal-test recordings were performed in asymptomatic
participants with intact colons. A signal processing method for BSCM was developed to detect CMPs.
Quantitative temporal analysis was performed comparing the meal responses and motility indices
(M1). Spatial heat maps were also compared. Post-study questionnaires evaluated participants’
preference and comfort/distress experienced from either test. 11 participants were recruited and

7 had successful synchronous recordings (5 females/2 males; median age: 50 years [range 38-63]).
The best-correlating MI temporal analyses achieved a high degree of agreement (median Pearson
correlation coefficient (Rp) value: 0.69; range 0.47-0.77). HRCM and BSCM meal response start and
end times (Rp=0.998 and 0.83; both p <0.05) and durations (Rp=0.85; p=0.03) were similar. Heat
maps demonstrated good spatial agreement. BSCM is the first non-invasive method to be validated by
demonstrating a direct spatio-temporal correlation to manometry in evaluating colonic motility.

Disorders of lower gastrointestinal (GI) function affect 10-33% of the global population, and significantly impact
quality of life'™. Costs of investigations and treatments impose a substantial burden to healthcare systems®~.
In the past decade, translational studies using high-resolution colonic manometry (HRCM) have found that
alterations in colonic cyclic motor pattern (CMP) activity are implicated in a diverse range of functional bowel
disorders®1%. These studies have had a pivotal role in elucidating our understanding of colonic motility and
function, and HRCM has become the ‘gold standard’ tool for researching colonic motility'**. Modern HR
manometers have sensors at up to 1 cm resolution, allowing detection of shorter propagating sequences (i.e.,
CMPs) than previous low-resolution devices'®. When paired with X-ray imaging, propagating events can be
localized to an area along the colon to enable spatio-temporal correlation'®!7-1°,

However, while HRCM is a valuable research tool, it has not been widely adopted for clinical use due to its
limited availability, invasiveness, cost, and the complexity of analysis. Conventional diagnostic tests for colonic
functional disorders that are widely available are principally transit studies and do not directly assess motility pat-
terns, limiting the depth of pathophysiological data that can be assessed®. The lack of an accessible tool to identify
physiological biomarkers has led to the wide use of symptom-based definitions for functional disorders®!~* which
impedes therapeutic advances. Understanding the motility phenotypes of the colon that correlate with specific
dysfunctions will be essential to develop targeted and individualized therapies in the future.

Body surface electrical mapping technologies have recently emerged as a novel approach to evaluating GI elec-
trophysiology and function?**. These techniques are non-invasive, easy to implement, and have recently achieved
regulatory approvals in gastric conditions?®%, paving the way for a similar technical platform for non-invasively
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evaluating clinically relevant biomarkers in colonic (dys-)function. For the stomach, non-invasive body surface
gastric mapping (BSGM) has been validated against invasive high resolution (HR) serosal mapping®***?%, For the
colon, animal and human studies using internal and/or external electrical sensors have detected rhythmic colonic
electrical activities of congruent frequency; however there have been no studies directly correlating outputs from
non-invasive methods to manometry*-*. Evaluating colonic activity can also be complex relative to the stomach,
due to larger anatomical variations, intermittent activity profiles, a more diverse frequency range, and potential
for multiple synchronous active regions with independent CMP characteristics®..

In order to advance the clinical translation of non-invasive colonic mapping, the current study aimed to
validate the performance of Body Surface Colonic Mapping (BSCM), an automated signal processing method
for extracting the colonic signal from body surface electrical recordings, against simultaneous HRCM recordings
in healthy individuals. Validated BSCM methodology could enable translational research in colonic function
to be much more acceptable to participants, less costly for researchers, and may accelerate the identification of
clinically significant biomarkers of colonic function.

Methods

Ethical approval was obtained from Auckland Health Research Ethics Committee (AHREC); AH1287. This study
was conducted in accordance with the ethical principles outlined in the Helsinki Declaration. All participants
provided informed consent which included the use of non-identifying photographs in publication of the study.

Eligibility criteria

Adult patients (aged 18 years or above) were recruited who were planned for elective colonoscopy for surveil-
lance or for indications correlated with a low likelihood of underlying diverticular disease or colorectal cancer in
Auckland City Hospital, Auckland, New Zealand. Patients were excluded if they were pregnant, had a history of
previous colonic resection, diagnosed GI motility disorders or comorbidities that affect bowel motility/function
(Parkinson’s disease, thyroid function diseases, and diabetes mellitus), or if they had a regular prescription for
agents affecting bowel function (including, but not exclusive to, loperamide, prokinetics, metformin, laxatives,
and opioids).

Study protocol

High-resolution colonic manometry

A fiber-optic manometry catheter with 72 sensors spaced at 1 cm intervals was used®. All participants agreed
to have placement in the same procedure as the elective colonoscopy. Following the clinical colonoscopy, a
re-entry was made with an endoscopic grasper holding a nylon loop which had been placed at the proximal
tip of the manometer. The catheter was placed in the maximum possible extent in the right colon. At extent,
the nylon loop was endo-clipped to the colonic mucosa to keep the catheter in place and the colonoscope was
gently removed. The manometer was fixed in position with an adhesive dressing to the right buttock to prevent
unintended withdrawal during the recording period. A spectral interrogator acquisition unit was connected to
the catheter to record the data (FBG-scan 804; FOS&S, Geel, Belgium). (See Fig. 1).

Figure 1. High resolution fiber-optic colonic manometer and body surface mapping (BSM) array placement.
LEFT: 72 sensor manometer with 1 cm sensor spacing was clipped with multiple endoclips to the mucosa of the
colon. The paperclips demarcate the area covered by the 8 x 8 electrode grid of the array. RIGHT: BSCM array is
affixed to abdominal skin. Ground and reference electrodes are located on the small extension flap of the array
on the right (anatomical) side of the participant.
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Body surface colonic mapping

The BSCM electrical recordings were acquired using the Alimetry® body surface mapping hardware (Alimetry
Ltd, Auckland, New Zealand) with an 8 x 8 stretchable electronics adhesive array with pre-gelled Ag/AgCl elec-
trodes at 2 cm spacing; area 225 cm? (see Fig. 1)?. Prior to array placement, abdominal hair was clipped, and
the skin was prepared with an exfoliant (NuPrep®; Weaver, Aurora, CO) to facilitate low impedance electrical
contact. The array was positioned on the lower abdomen primarily to capture electrical activity arising from the
rectosigmoid junction and the left colon®***,

Experimental protocol

On the morning of the experiment, informed consent was obtained. All participants completed the standard regi-
men of the bowel purgative agent Glycoprep-C® (Fresenius Kabi, Australia). The choice and dose of procedural
medications (anesthetic and analgesia) were decided by the endoscopist/anesthetist. Smooth muscle relaxants,
such as hyoscine, were not administered. Following placement, the manometer was connected to the acquisi-
tion unit, and the BSCM array was placed on the abdomen and connected to the Alimetry Reader. Participants
underwent a plain abdominal X-ray with the corners of the array marked with radio-opaque clips to spatially
register the position of the manometer in relation to the body surface array (see Fig. 1). Concurrent data acquisi-
tion was performed for three to four hours (one hour pre-meal period, two to three hours post-meal). During
the recording, participants were asked to lie in a reclining chair/bed positioned 20-30 degrees from horizontal.
The standardized meal included a 232-kcal nutrient drink (230 ml Ensure; Abbott Nutrition, IL, USA) and an
oatmeal energy bar (250-kcal with 5 g fat, 45 g carbohydrate, 10 g protein, 7 g fiber; Clif Bar & Company, CA,
USA). Participants were given 10 min to complete the meal. At the end of the study participants were asked to
fill out an electronic questionnaire pertaining to the comparative experience of HRCM and BSCM. Likert scales
from 1 to 10 were used for perceptions of discomfort/pain and usability.

Data analysis
The protocol included a 10 min settling period, which was not analyzed. The earlier end of data acquisition of
either the HRCM or BSCM device was deemed the end of time of the experiment.

HRCM analysis

Primary analysis was performed using PlotHRM (Flinders University, Adelaide, Australia). Markers were placed
manually on the consecutive peaks of propagating or simultaneous events. Criteria for motor events were pres-
surizations of 5 mmHg or greater across four or more consecutive channels (i.e., 4 cm or longer)®'”**, All pressure
events in multiple (2 or greater) within 1 min of each other were marked and included in the analysis. Custom
MATLAB R2022b (MathWorks, Natick, Massachusetts, USA) software was used for further analysis. Amplitude
(in units of mmHg) was defined, following previous studies, as the average of the peak pressures noted in every
channel involved in a propagating pressure wave'®*>. Length of a CMP (units of cm) was defined as the distance
between the first and last manometer sensors along the same marked sequence-e.g., 5 consecutive sensors
involved making up a CMP =4 cm in length. The instantaneous rate of CMPs was determined from the number
of propagating events occurring within a sliding 2 min window. To prevent double counting, a single propagating
event was time-stamped at its mid-point. HRCM frequency was analyzed using two separate methods. Intrinsic
frequency was defined as the rate of CMP activity detected on each individual manometer sensor, independent
of other sensor’s data, thus representing the electrophysiological rate of region-specific CMP activity. Sequential
frequency was defined using the time interval of 2 successive events marked array-wide on any sensor, thus
representing the rate of multifocal CMP activities along the entire colon superposing at the body surface. When
only one region is active, the sequential frequency equals the intrinsic frequency. In this paper, HRCM frequency
refers to the intrinsic frequency unless stated otherwise.

BSCM analysis: preprocessing methods

An optimized BSCM signal processing method was developed on the foundations of a previous proof of concept
study that used Continuous Wavelet Transform (CWT) analysis to characterize the electrical activities occurring
within a set frequency bandwidth?. Guided by HRCM frequency analysis and other literature, it became prudent
to further develop the signal processing pipeline to be capable of monitoring a wide and dynamic frequency
range at the body surface. Initially, three frequency bandwidth filters were used to cover the colonic frequency
ranges previously stated in literature®*® and observed in the HRCM results in this study; low (0.6-6 cpm), high
(5-12 cpm) and wide (0.12-12 cpm). Subsequently, frequency ranges were fine-tuned on an empirical basis. For
each of 10 total frequency bands tested, we explored whether application of common mode re-referencing (CMR)
and linear minimum mean square estimation (LMMSE) artifact reduction improved the correlation with HRCM
ML In total, we explored a parameter space consisting of 40 total preprocessing combinations.

Raw BSCM recording were processed as follows:

1. Remove baseline wander using a moving median filter with a 30 s window.

If selected, reduce motion artifacts using LMMSE filter with 30 s averaging window and adaptive noise
threshold window of 300 s*7*%.

3. Attenuate noise and interference while isolating various putative colonic components using a Butterworth
filter (2nd order; zero phase). We tested passbands (in units of cpm): 0.12-12, 0.6-6, 0.6-12, 2-8, 3-10, 4-10,
4-12,5-8, 5-12, and 8-12 (see also Fig. 3b).

4. If selected, apply common mode re-referencing (CMR) following the PREP pipeline*. CMR was applied
using only channels with good signal quality, based on criteria of low electrical impedance (<500 kQ); low
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noise but not “dead channel” amplitude (1 to 4000 uV); sufficient spectral correlation to other channels
(correlation >0.3). Only ‘good’ channels meeting all of the above criteria were included for the remaining
analyses; ‘bad’ channels were excluded.

5. Anadditional stage of large transient reduction was applied based on soft-thresholding. The soft-thresholding
coeflicient was determined as:

2
A:l—(ﬂ); 0<i<1 1)
n(t)

where s(t) is the magnitude of the Hilbert Transform of the signal resulting from steps 1-4 above, smoothed
over a 300 s window. It’s ratio relative to n(t) = median(s(t)) + k*MAD(s(t)) sets the threshold level, where
MAD is the median of the absolute deviation, an estimate of the signal variance. We set k = 5, a choice known
empirically to work well, as well as a maximum value for n(t) = 500V for compatibility with physiologically
plausible maximum signal strength. Note that colonic signal amplitudes are expected to be in the range of
50-200 uV, such that non-artifact corrupted segments of the signal amplitude are only modestly attenuated
by ~1-16%, while larger transients are strongly reduced.

Motility indices

HRCM MLI. In this study, we focused on aspects of CMPs that should be detectable from the body surface
including temporal activation and localization of the regions of CMP activity. Specific characteristics of any indi-
vidual motility events, such as direction and velocity of a CMP, were judged less likely to be relatable to BSCM
electrophysiological signals owing to complex orientation and geometry of the colon and the spatial volume
conductor effect. Thus, we defined the HRCM motility index (MI) representing the summative CMP activity
as a product of three metrics: number of CMPs per unit time (N_CMP); mean amplitude (A) and distance of
propagation (L):

HRCM MI = Ncyp x L (cm) x A (mmHg) ()

BSCM MIL. BSCM MI was derived from Continuous Wavelet Transform (CWT) analysis in a 3-step process.
First, for each channel the CWT spectrogram was computed as previously described®. Note the magnitude of
CWT coefficients represent the amplitude of the signal at each frequency (scale) and time point. Second, the
array-wide spectrogram was computed by averaging CWT spectrograms from all individual-channels. Finally,
BSCM MI was computed as the mean of the top 10% wavelet coefficient values at each time point. We termed
this the ‘CWTmaxval’ method. Because the preprocessing stage accurately rejects artifacts and noise compo-
nents, CWTmaxval is a robust metric quantifying the colonic motility over time, which may exhibit a variable
dominant frequency.

Comparative analysis/outcomes

Temporal (quantitative) analysis. Meal response: Meal response start, end and duration times were assessed
independently by 2 researchers (SHBS and JE) and any disagreements were resolved by a third reviewer (CW).
Meal responses start time was the earliest time at which MI rose above the baseline level for longer than 10 min.
The point at which the MI returned to baseline levels, sustained for the ensuing 10 min or long, was the end time
of the meal response.

Motility index correlations: Correlation analyses evaluated which BSCM MI result for each of 40 preproc-
essing parameter sets (10 filter bandwidths x 2 artifact reduction settings (on/off) x 2 CMR settings (on/off))
best represented the CMP activity as apprised by manometry. HRCM MI and BSCM MI were smoothed over
a 5 min window, chosen to reduce noise while preserving temporal dynamics characteristic of episodic CMPs
observed in this study cohort.

Spatial correlations. The abdominal X-ray images were used to register the approximate location and orienta-
tion of the manometer and the body surface array. To spatially compare the dominant region(s) of CMP activity,
the experiment time course was divided into manually identified epochs that we considered to be major phases
of the meal response; pre-meal, meal response, post meal response (quiescence) and secondary active segments
(if any) as identified from HRCM analysis. Spatiotemporal activity in each of these time periods were compared
using HRCM activity maps to BSCM heatmaps, visualizing the most active zones detected in each, respectively.
Qualitative analyses assessed the synchronicity and general location of dynamic spatial ‘hot spots” during the
meal response epochs.

Temporal epochs for each study participant were manually identified through multifactorial HRCM analyses
(i.e., results shown in Figs. 2b and 3). Each study contained at least a pre-meal and meal-response phase. For some
subjects, the post-meal response was multi-phasic: following the primary meal response, an epoch of quiescence
was followed by a secondary period of activity.

HRCM spatiotemporal activity maps were generated in each temporal epoch using a two-step process as
follows:

1. The cumulative mean activity for each sensor was computed as S = % 3", Py where P; denotes pressure
amplitude of the k-th marked event within the time window of duration T.
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Figure 3. Motility index temporal correlation grid and time course of the best matching signal processing
pipelines: (a) BSCM-HRCM MI correlation values across 40 different combinations (4 columns per frequency
bandwidth tested) of signal processing performed for each of 7 subjects. The sets of 4 preprocessing filter
combinations within a specified frequency band are specified as (artifact reduction, CMR) = {(off, off); (off, on);
(on, off); (on, on)}. Pseudocolor indicates value of Pearson correlation coefficient (Rp). (b) Box plot statistical
summary computed across all subjects for each of 40 individual preprocessing parameter sets. Combination 23
(frequency 4-10 cpm, artifact reduction on, CMR off) yielded the cohort-wide best overall performance. (c)
Motility index vs. time: black trace=HRCM MI, blue trace = maximum correlating BSCM MI; and red-orange
trace = cohort-wide best overall preprocessing parameter set (number 23). Meal times are aligned at t=0 min.
Every subject had a different preprocessing parameter set achieving maximal correlation, but there was a strong
trend toward higher frequency range filtering achieving better overall performance.

2. Bivariate kernel smoothing was applied with a bandwidth equal to ~ 1.5% of the mean scale of the X-ray image
(in pixels). This last step was done primarily to match the approximate diameter of the colon in the X-ray
image.

BSCM heatmaps were rendered for each temporal epoch as follows:

1. For each good channel, the MI was scaled to have unit area under the curve: MIgscam (t)/ Y, MIpscm ().
Normalization helps compensate for variable source to sensor distance across the array, emphasizing overall
changes in activity®.
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2. The mean MI for within a defined temporal epoch was computed for each electrode.

3. To fill gaps in the map where bad electrodes existed, inverse cubic weighting interpolation (distance scale =2
pixels) temporal weighting was applied with a radius of 2 x electrode distance (=4 cm).

4. To reduce the effect of any remaining outliers in the heat map, a thin plate spline was applied (smoothing
parameter =0.5).

5. The 8 x 8 grid of values was up-sampled by a factor of 10x for a clearer visualization.

6. Global color scale limits were set using the 25-99 percentile of values in the heat map. These values were
empirically determined to be a good compromise between sufficiently rendering detail in a single map versus
highlighting large contrasts in activity that may exist across epochs (e.g., quiescent vs active).

Statistical analysis

Student’s t-test was performed to compare the difference between the meal response outcomes measured from the
HRCM and BSCM data. The null hypothesis was that there was no difference between the two datasets. Pearson’s
correlation coefficients were used to assess the strength of correlations between the motility index (MI) outcomes
of the recordings. A p-value of <0.05 was deemed to show statistical significance between two datasets. Pearson
coefficient values > 0.5 were considered to indicate ‘good’ or substantial agreement between MI traces. GraphPad
Prism version 9.5.1 (GraphPad Software, San Diego, California USA) and MATLAB R2022b (MathWorks, Natick,
Massachusetts, USA) were used for statistical analyses and production of figures.

Results

Participants information

A total of 11 participants were recruited with a median age of 50 (range 30-69) and majority were female (9:2).
Simultaneous recordings for analysis were successfully achieved in 7 participants whose median BMI was 25.6
(range 22.3-31.3). Recordings from 4 subjects were excluded from further analysis due to: insufficient overlap-
ping data due to a delayed X-ray and loss of over half of the manometry data due to setting/connection error (1),
manometer insertion failure (1), manometer technical failure and inadequate BSCM data (1), and participant
early withdrawal (1). One participant had a pre-arranged propofol anesthetic and one participant declined both
sedation and analgesia. Indications for colonoscopies were family history (3), anemia (2) and mild GI symp-
toms at the time of referral which had settled completely by the time of investigation (2). All other participants
received a combination of intravenous midazolam and fentanyl, and none were administered hyoscine or other
antispasmodic medications (see Table 1).

The median recording duration was 211 min (range 50-239). The first two of the analyzed cases had irregular
pre-meal periods of 23 and 102 min due to being called for the X-ray imaging. In the subsequent studies, X-ray
imaging was performed pre-recording, facilitating uninterrupted synchronous recordings of pre-meal (60 min)
and post-meal periods.

Data summary

Synchronously recorded BSCM and HRCM data from the 7 subjects with successful recordings were analyzed. A
meal response occurred in all, with timings and duration observed to be highly concordant between HRCM and
BSCM measurement modes (see Fig. 3c). Temporal analysis of BSCM and HRCM motility indices demonstrated
a high level of correlation (median Pearson r=0.69; 0.47-0.77) using the subject-specific optimal signal process-
ing method for each case. Collectively across the cohort, the frequency bandwidth range 4-10 cycles per minute
(CMR = off; LMMSE artifact reduction = on) was identified as the best single signal processing method (out of 40
possible) to achieve the highest correlation to the manometry data (median Pearson r=0.63; 0.43-0.69). Spatial
analyses showed good agreement of the regions of CMP activation during the active and quiescent epochs.
Participants’ experience was significantly more positive with BSCM compared with HRCM,; all participants
unanimously preferred BSCM to HRCM and less discomfort was reported with BSCM (HRCM: median 7.5/10;
range 2-9 vs. BSCM: median of 1/10; range 1-5; p=0.0005).

HRCM frequency and best correlating BSCM frequency bandwidths

Colonic intrinsic frequency was dynamic and generally rose to higher frequencies following the meal. For
example, during subject 4’s meal response CMPs were mainly above 6 cpm and showed 2-3 min bursts of high
frequency activity in the rectosigmoid region up to 12 cpm. Subjects 3, 6 and 7 also had dynamic rises in their

Subject ID | Age | Sex | Ethnicity BMI | Clinical indication Sedation

1 38 F Middle Eastern | 22.7 | Iron deficiency anemia and rectal outlet bleeding Propofol

2 50 M NZ European 25.6 | Intermittent abdominal discomfort and dyspepsia Midazolam + Fentanyl
3 63 F NZ European 244 | Family history of bowel cancer and previous polyps Midazolam + Fentanyl
4 62 F NZ European 22.3 | Altered bowel habit and family history of bowel cancer | Midazolam + Fentanyl
5 42 F Other European | 25.8 | Bloating/epigastric pain Midazolam + Fentanyl
6 50 F NZ European 31.3 | Anemia Midazolam + Fentanyl
7 52 M NZ European 31 Lynch syndrome—regular surveillance Nil

Table 1. Demographics of participants.
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CMP frequency during the post meal period. Only subjects 1, 2 and 5 continued to exhibit only low frequency
(~2-4 cpm) CMPs in their post meal periods (see Fig. 2). These findings are all within the ranges of normal
CMP physiology stated in the literature®"*. Low frequency CMPs (2-4 cpm) were the dominant intrinsic fre-
quency type (2-4 cpm activity: 46.4%, 4-10 cpm activity: 33.3%; p=0.036); however, the sequential frequency
range analysis showed the opposite result; a significantly higher proportion of CMP activity incurred within the
higher frequency bandwidth (4-10 cpm activity: 47.0% vs 2-4 cpm activity: 26.5%; p=0.007) (see Supplementary
information: Table S1). The cohort-wide optimally correlating preprocessing settings were determined to be:
frequency range =4-10 cpm, LMMSE = on; CMR = off.

Motility index correlation
Overall, the CMP activity for every subject was successfully identified and correlated well between manometry
and body surface measurement modes (see Fig. 3). Even highly dynamic motility was observed to be highly cor-
related. For example, subjects 5, 8, 9 and 11 all had secondary activities (rise in CMP activity after the primary
meal response had completed per this study’s definition of meal response) that were closely concordant in BSCM
and HRCM MI traces vs time.

The optimal (maximal correlation) signal processing parameter set varied across subjects (see Fig. 3). Artifact
reduction was favorable in 3 out of 7 cases, similarly CMR results were just as divided. While searching for the
best overall signal processing combination, out of the possible 40, the higher frequency filter bands, with the
lower cutoff >4 cpm, were significantly better in 4 out of 7 cases. Frequency bands with lower cutoffs <3 cpm
resulted in poor performance (negative correlation values) for 2 subjects (2 and 3), and <2 cpm cutoft addition-
ally yielded reduced correlation for 2 more subjects (4 and 6). Across the 7 recordings, the signal processing com-
bination with frequency bandwidth 4-10 cpmy; artifact reduction on, CMR off (combination number 23 in Fig. 3)
offered the best cohort-wide performance (Pearson r mean + std = 0.56 +0.13; median = 0.63; range = 0.38-0.69)
(see Fig. 3b). The motility index correlation using individually optimal signal processing pipelines (see Fig. 3a)
led to modestly higher levels of correlation (Pearson r mean + std =0.64 +0.12; median = 0.69; range =0.41-0.77).

Meal response match

Meal responses were successfully identified in all 7 subjects. All measured endpoints correlated strongly between
manometry and body surface data (Fig. 4a,b). The meal response start time had a very strong correlation (Pear-
son r=0.998; p <0.0001). The meal response end time (Pearson r=0.83, p=0.041) and meal response duration
(Pearson r=0.85; p=0.03) between HRCM and BSCM were also strongly correlated. Subject 2 was not included
in the end time and duration analyses as the experiment ended early in the initial period of the meal response
(53 min total recording duration). As illustrated in Fig. 3, meal response activities started at the beginning of
the meal ingestion period, aside from subject 4, whose primary meal related activity rose just after the meal was
completed. The correlation for meal response end time and duration correlation was weakened by subject 1, an
outlier. At the end of subject 1’s meal response on manometry, BSCM also shows a drop in the MI (approximately
halved), however, the MI level is maintained above the baseline for another hour (see Fig. 3c). The BSCM spatial
analysis of subject 1 suggests that the meal response continues in a region not reached by manometry (in the
proximal/right colon) which may account for the discrepancy between HRCM and BSCM (see Supplementary
Information: Fig. S1).

Activity lines (Fig. 4c) were generated by establishing a MI level threshold (2.5 standard deviations above
pre-meal MI levels) above which the colon is deemed to be active as per previous work®. ‘Similarity scores’
quantified the proportion of time in agreement over the course of the study (0—no agreement; 100 = perfect
agreement across the whole study period). For the ’best BSCM trace (blue BSCM vs black HRM activity lines) the
similarity score was 78.0 + 4.8 (median = 80.2. range = 69.1-82.4). For the cohort-wide best analysis combination
(red BSCM vs black HRM activity lines) the similarity score was 78.2+ 8.0 (median=80.2; range=61.7-92.8).
Thus, the activity line analysis, an objective measure of active times, demonstrated an overall high concordance,
further corroborating the high degree of synchronicity in HRCM vs. BSCM meal response timings based on
subjective visual identification via expert manual review.

Spatial analysis

Spatial correlation

Spatial maps presented were made using the data resulting from the signal processing combination, number
23. This was done to test the sensitivity of the ‘best overall method’ to localize CMP hot zones and remove the
impact that a CMR filter may have on creating accurate heat maps. Summary figures were produced with ‘main
phases’ as defined from analysis of the HRCM data. These were pre-meal and meal response periods, which were
ubiquitously present, as well as quiescent and secondary activity periods. Heatmap representation of CMP activity
in different phases demonstrated spatio-temporal agreement between HRCM and BSCM.

For example, Figs. 5 and 6 are summaries from two recordings (subjects 5 and 6) showing when CMP activ-
ity level is at baseline on HRCM (pre-meal and quiescent periods) the BSCM heatmap exhibits a concordant
general paucity of activity. When the CMP activity levels are higher in the HRCM maps during the primary
meal response and the secondary activity periods, the BSCM heatmaps show a similar dynamic rise in activity.
A closer examination of the BSCM heatmaps revealed two main visual signatures of CMP activity; (1) bright
foci on the array that represent dominant CMP active sources that lie under the array, i.e. distal colon/RSJ (c.f.
secondary activity epochs of subjects 5 and 6); and (2) diffuse, low intensity changes across a large region of the
body surface map caused by CMP activities projecting from a distance onto the BSCM array (c.f. proximal colon
dominant primary meal response of subject 5). As the array covers the abdomen and the colon only in part,
CMPs that arise from outside the array perimeter lose signal intensity inverse to the square of the source-sensor
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Figure 4. Summary of CMP meal response match between HRCM and BSCM. (a) High level of correlation
observed for both start and end times of the meal responses; (b) Meal response duration (meal response end
time — start time) was also well correlated. Values are in units of minutes. (¢) Suprathreshold Activity Lines show
a high level of agreement in active vs quiescent periods for all subjects. Black trace=HRCM; Blue =highest
correlation BSCM; Red = cohort-wide optimum parameter combination BSCM trace. Meal times are aligned at
t=0 min.

distance. The diffuse activity observed on the array can be attributed to the spatial volume conductor effect. In
periods of multifocal activities, a mix of diffuse and focal activities were appreciable on the BSCM heatmaps
making localization of specific hotspots challenging (e.g., during the primary meal response periods of subjects
2,5, 6 and 7) (see Supplementary Information: Fig. SI).

Data was also analyzed in 10-min epochs to examine the heatmaps in finer temporal detail (see Supplemen-
tary Information: Fig. S2) however, the main spatial analysis discussions presented in this study are based on
the main phases.

Detection of dynamic shifts in the regions of dominant CMP activity on BSCM

Cases 5 and 6 also display diachronous changes to the dominant pacemaker region which altered between differ-
ent phases of the recordings. This provided an opportunity to assess the sensitivity of BSCM demonstrating the
changes spatially. During subject 5’s meal response period, the proximal colon is dominantly active (see Fig. 5
¢), followed by a 35-min period of quiescence. In the final 30 min, the main activity is focused in the RS]J region.
BSCM heat-maps are clearly in agreement with the manometry findings; during the meal response period, a
diffuse activity pattern is observed across the array, but when the distal colon is dominant in the last 30 min,
there is a focally bright spot localizing the CMP source to be directly over the RS]J area. In subject 6, the HRCM
MI during the meal response is mainly driven by the distal colon and the right/proximal transverse colon (blue
and red lines in Fig. 6 ¢). Here, two clear active foci are observed, one hotspot on the upper left (anatomical
right) array, corresponding to the proximal colon’s activity and another in the left right (anatomical left) corner
that correlates to the RSJ/sigmoid regional activity. Subject 6s transverse colon hangs low, as opposed to subject
5%, thus the proximal colon’s activity projects a brighter distinct focus onto the array. In the last 20 min of the

Scientific Reports |

(2024) 14:4842 | https://doi.org/10.1038/s41598-024-54429-7 nature portfolio



www.nature.com/scientificreports/

Subject 5
Quiescence

Pre-meal Meal response 2nd activity
o - bckeihe

HRM

62 to 169 min
e

BSCM

a.u.

Meal response

80

60—

40—

HRCMMI

20—

— L A LAY e h e e
0 50 100 150 200 250
Mins

—— Proximal colon (1-48)

— Distal colon (44-72)

Figure 5. Spatial analysis of subject 5 with regional analysis of HRCM MI. Two key observations from HRCM
spatial analysis (a) are the dominant right and transverse colon activity in the primary meal response (62—

169 min) followed by an RS] dominant secondary period of CMP activity (200-230 min). The shift in regional
dominance is mirrored by BSCM (b). Distant dominant source (right/transverse colon) in the meal response
period projects onto the array as a diffuse activation with weak hotspots over the RS] and sigmoid colon. The
RSJ activity in the last 20 min is strongly represented by a corresponding hotspot on the lower (anatomical) right
corner of the array. The corresponding HRCM MI graph (c) shows the clear shift in regional dominance of CMP
activity. The sensor numbers 44-48 overlap for proximal and distal colon, but this was to allow for a few CMPs
crossing over into the adjacent regions; no CMPs were double counted.

recording, the transverse colon (directly above the array) is inactive while the distal colon remains strongly
active, thus the singularly active distal colon region of activity is more clearly appreciable on the BSCM heatmap.

Participant survey

All participants preferred BSCM to HRCM. All participants who underwent both concurrently commented
that BSCM was less invasive, easier, and quicker. Significantly less discomfort was incurred with BSCM (median
6.5/10 with HRCM vs. 1/10 with BSCM; p=0.0005) (see Fig. 7). Only one participant mentioned that removal
of the BSCM array caused discomfort as they had sensitive skin but would still prefer BSCM over HRCM. Four
participants added that not requiring bowel prep was an important factor in choosing BSCM to be their pre-
ferred choice of investigation. Two participants expressed that the potential for BSCM to be undertaken out of
the hospital setting without sedation and causing less disruption to work life (due to bowel prep and hospital
day admission) were potential advantages.

Discussion

This study has validated BSCM as a non-invasive technique against HRCM for detecting colonic CMP activ-
ity from body surface electrical recordings. The results show that BSCM can detect CMP activity in the colon,
quantify meal responses, and spatially locate hotspots of CMP activity with a high level of correlation to HRCM.
BSCM’s significantly updated CWT-based signal processing pipeline, informed from a rich set of colonic
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Figure 6. Spatial analysis of subject 6 with regional breakdown of HRCM MI. Subject 6 had a multifocal meal
response involving most of the colon (a). The transverse colon is closer to the BSCM array, so its activity projects
a more focal impression on the top (anatomical) right side of the array during the meal response period (as seen
on row b). During the second active period (i.e. the last 20 min), the distal transverse colon (sensors 14-38)
exhibit no CMP activity (as seen on rows a and ¢) and the intensity at the top of the BSCM array is concordantly
minimal.

physiology analyses via HRCM, was crucial for performing temporal correlation and spatial map analyses. The
study presents clear evidence that BSCM is sensitive and specific to colonic CMPs, exhibiting a high degree of
spatiotemporal correlation with HRCM analyses.

As HRCM and BSCM are fundamentally different measurement modalities, motility indices were used for
quantitative comparison. Motility index has been described by a number of previous manometry studies to char-
acterize the activity density in a given epoch using an area under the curve (AUC) approach*~*, the definition
of which has not been standardized for interpreting high resolution data. In the current study, HRCM MI was
defined as a product of the 3 key HRCM outputs (number of CMPs, mean amplitude, and propagation length).
The current HRCM MI metric cannot differentiate the CMP activities of lower frequency (number of CMPs per
unit time) with longer distances vs. higher frequency with shorter lengths in an analysis window. The BSCM MI
correlation should be better in the former case but may be mismatched in the latter. An important limitation
of the BSCM technique is that the directions of wave propagation cannot yet reliably be ascertained due to the
complex and variable anatomy of the colon. Traditionally, HRCM studies have reported a mixture of ante- and
retrograde CMP activities®**°, with directionality likely to play a key role in storage and organization of bowel
contents, controlling passage of contents to the rectum, and the maintenance of continence!®!%347,

The bandpass filter frequency range selected for the BSCM analysis method was found to be the single most
significant parameter for identifying the colonic electrophysiological signal referenced to HRCM. There was only
one case (subject 5) for which correlation improved slightly with a lower frequency range approach (2-8 cpm),
likely owing to the fact that a single region/single pacemaker was predominantly active at any one time, with
an intrinsic frequency range of 2-4 cpm (see Fig. 3). It is worth noting that the high frequency analyses also
performed well for this case. The overall superior performance of the 4-10 cpm bandwidth may be attributed
to the following three factors. First, the high intrinsic frequencies in this range were observed in some cases
(notably in subjects 3, 4 and 7; see Fig. 3). Further analysis of HRCM frequency distributions revealed that the
largest post- vs pre-meal distribution changes occur in frequency bands >3 cpm (see Supplementary Information:
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Figure 7. Box plot summary of the participants’ numerically reported outcomes: Non-invasive BSCM was
found to be significantly more comfortable than HRCM. BSCM was also favorable in terms of usability and
acquiescence to repeated testing. Neither investigation inflicted significant levels of pain on the participants.

Fig. S3). Second, the superposition of multiple CMP sources generates multiphasic waveforms manifesting
as higher frequencies (see Supplementary Information: Table S1). For instance, independent colonic sources
generating CMPs in the 2-6 cpm range, but out of phase by 10 s, may result in a strong > 6 cpm frequency (i.e.,
sequential frequency). Lastly, higher frequency bandwidth screens out gastric slow wave activity most efficiently.
To summarize, based on the current study’s findings, the frequency range 4-10 cpm, artifact windowing, and
no CMR (combination 23) was the most robust combination, and may provide a suitable analysis pipeline for
future BSCM studies when HRCM referential data is absent. A caveat to the generalization of the study’s results is
that the effects of the unnatural conditioning of the colon prior to recording (bowel preparation and endoscopic
insertion of the HRCM catheter) on CMP activity remain to be investigated.

It is also worth noting that the optimal colonic filter bandwidth substantially differs from the 0.6-6 cpm
previously validated for detecting gastric activity using BSGM?®, which may be useful for dual colonic and
gastric monitoring in future. Whereas, gastric slow waves usually propagate at a stable frequency with minimal
variance (3.04 cpmy; reference interval: 2.65-3.35 cpm)**#°, the colon’s CMP frequency range is broader with a
more intermittent/sporadic temporal activity profile’’. Another major difference is that the stomach normally
has a single dominant pacemaker, but the colon has multiple independent and simultaneously active regions.
While others have reported a colonic frequency range measured on the body surface of 12-20 cpm®>*!, we have
only observed frequencies up to a maximum of about 12 cpm from HRCM analysis, which is in keeping with the
majority of manometry studies®****2. Also, our data clearly show that the observed frequency range from the
body surface is not always directly congruent with actual colonic frequency range (due to summation effects),
yet it still remains below 12 cpm. Care must be taken to differentiate colonic CMPs vs. respiratory artifacts in
the 12-20 cpm frequency band.

The spatial mapping of the case studies presented herein illustrate for the first time that focal regions of activ-
ity can be approximately localized using the BSCM techniques. When a singular dominant region of the colon is
present two observations are made: activities occurring directly beneath the array appear as focal hotspots, and
activities outside of the array’s area are perceived as diffuse and broad low level of activity sensed across a large
region of the array edge. The current study’s analysis also indicates that simultaneous multifocal activities lead
to more diffuse heat maps that make localization challenging. This issue could be mitigated with a larger area
BSCM array that would overlay the entire colon, thus CMP hotspots may be visualized with higher accuracy
and focus; however, the current array setup used in this study is already a significant manufacturing challenge.
More studies in the future that display dominance of meal response in different, singular regions in the colon,
would be instrumental for estimating the expected contribution from different colonic sources projecting onto
the spatial map.

It is important to consider to what extent rhythmic electrical activity from other abdominal sources, namely
the small bowel and urinary bladder, couple into the BSCM heatmaps. The small bowel operates at a frequency
of about 12-15 cpm in the duodenum, decreasing along its length to 8-10 cpm in the ileum®***. The BSCM’s
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optimal 4-10 cpm filter band is therefore expected to attenuate components arising from the proximal small
bowel. The ileum frequency range does overlap; however, its contributions are expected to be relatively minimal
based on the simple biophysical model that propagating waves would be represented by essentially randomly
oriented, small magnitude dipoles owing to adjacent and anti-parallel sections of tissue. The urinary bladder
has been reported to operate at a frequency of about 2.2 cpm®, thus the BSCM filter band set for 4-10 cpm is
also expected to strongly attenuate its components as well. In summary, BSCM heatmaps feature contributions
primarily from the colon and minimally, if any, from other abdominal sources.

A limitation of the current spatial mapping technique is the assumption that electrical activities would pro-
ject directly anteriorly and interpret an inherently 3-D biophysical activity using a 2-D single X-ray image.
The distortion in the heatmaps is expected to be minimal in the middle of the BSCM electrode array, which is
co-planar with the X-ray, and may be more pronounced at the edges where the orientation deviates most from
being coplanar, dependent upon the subject-specific abdominal radius of curvature. BSCM with cross-sectional
imaging would likely improve accuracy in interpreting spatial patterns with a better appreciation of the variably
convoluted course of the colonic tract and the abdominal wall’s shape and depth, but poses logistical, cost, and
radiation challenges.

In the current study, the whole array’s data were used to derive the BSCM motility index which correlated well
with manometry MI output from distal half to nearly full lengths of the colon. Many translational manometry
studies have only quantified the CMP activities arising from the distal half of the colon/rectosigmoid region
and it remains unclear what role proximal colon CMPs may play in function'®>173_ Localization and analysis
of specific regional activities are easier with manometry data by selecting only sensors that correlate either
anatomically or physiologically with the colon region in question. However, regional analysis with BSCM is
challenging due to several factors. First, the BSCM array only covers a limited segment of the colon directly, thus
it is difficult to ascertain the exact source of electrical activities arising from outside the array covered area (i.e.
proximal or transverse colon). In addition, due to the position of the ground and reference electrodes, on the
right side (anatomical) of the array, the right colon’s CMP activity injects a common mode signal into the rest
of the measurement electrodes with variable intensity depending on distance from the active current sources.
In some cases (subjects 4 and 6) CMR appeared to be beneficial in correcting a predominant activity pattern
observed via HRCM in the ascending colon, beneath the ground and reference electrode. However, application of
CMR worsened the correlation in 2 cases where simultaneous multifocal activity was observed (subjects 5 and 7).

One limitation of this study is the small cohort size, which reflects the highly technical and challenging experi-
mental technique which also poses difficulties to patient recruitment and throughput owing to the invasiveness
of manometry, procedural stressors, and time factors, as well as COVID-related mandatory restrictions during
the study period. However, together the data set is rich in that every case provided sufficient physiological and
anatomical variations (frequency, regional activities, colonic anatomy, and manometer insertion depth) to inform
an analysis pipeline of strong correlation which could be applied in future BSCM studies.

Although HRCM served as the ground truth in this study, it must be recognized that HRCM has a limited
scope based on the extent to which the catheter is inserted (the manometer could not reach the right colon in
3 out of 7 cases). In contrast, BSCM electrodes detect a superposition of all activities, with weighted intensities
dependent on source-sensor distances. For example, subject 1 had less than half the colon’s length measured by
the manometer resulting in the biggest discrepancy in meal response correlations to BSCM. The data from the
full colon manometry studies show that the proximal colon invariably switches on during the meal response
period and BSCM heatmap analysis of subject 1 also suggests that the proximal colon remains active during the
quiescent period (see Supplementary information: Fig. S2).

In summary, this study has demonstrated three different metrics with validation that the resulting signal
source from BSCM analysis is reliably of colonic origin: (1) motility index correlations, (2) meal response syn-
chronicity, and (3) spatial hotspot analysis. CMP hypoactivity or hyperactivity has been associated with the
development of low anterior resection syndrome (LARS)", fecal incontinence®!?, postoperative ileus'®*, and
irritable bowel syndrome (IBS)", such that these newly validated BSCM biomarkers could serve to guide clinical
therapies. This is particularly significant because while HRCM remains an important research tool, it is not widely
available, relatively invasive, and its data is time-consuming and complex to analyze. BSCM, on the other hand,
may be performed without anesthesia nor endoscopy, and interrogates the colon in its physiologically natural/
unprepped state for longer durations. BSCM, as validated in this study, therefore has significant potential to
generate a meaningful mechanistic understanding of functional disorders and guide clinical therapies.

Data availability
The data generated in this work will be made available upon reasonable request. Requests should be made to the
corresponding author, Jonathan Erickson.

Received: 4 July 2023; Accepted: 13 February 2024
Published online: 28 February 2024

References
1. Meyer, I. & Richter, H. E. Impact of fecal incontinence and its treatment on quality of life in women. Womens. Health 11, 225-238
(2015).
2. Oka, P. et al. Global prevalence of irritable bowel syndrome according to Rome III or IV criteria: A systematic review and meta-
analysis. Lancet Gastroenterol. Hepatol. 5, 908-917 (2020).
3. Palsson, O. S., Whitehead, W., Tornblom, H., Sperber, A. D. & Simren, M. Prevalence of Rome IV functional bowel disorders
among adults in the United States, Canada, and the United Kingdom. Gastroenterology 158, 1262-1273.e3 (2020).

Scientific Reports |

(2024) 14:4842 | https://doi.org/10.1038/s41598-024-54429-7 nature portfolio



www.nature.com/scientificreports/

4. Sperber, A. D. et al. Worldwide prevalence and burden of functional gastrointestinal disorders, results of Rome Foundation Global
Study. Gastroenterology 160, 99-114.e3 (2021).
5. Nellesen, D., Yee, K., Chawla, A., Lewis, B. E. & Carson, R. T. A systematic review of the economic and humanistic burden of illness
in irritable bowel syndrome and chronic constipation. . Manag. Care Pharm. 19, 755-764 (2013).
6. Buono, J. L., Mathur, K., Averitt, A. ]. & Andrae, D. A. Economic burden of irritable bowel syndrome with diarrhea: Retrospective
analysis of a U.S. Commercially Insured Population. J. Manag. Care Spec. Pharm. 23, 453-460 (2017).
7. Doshi, J. A. et al. Economic burden of irritable bowel syndrome with constipation: A retrospective analysis of health care costs in
a commercially insured population. J. Manag. Care Spec. Pharm. 20, 382-390 (2014).
8. Patton, V., Wiklendt, L., Arkwright, J. W., Lubowski, D. Z. & Dinning, P. G. The effect of sacral nerve stimulation on distal colonic
motility in patients with faecal incontinence. Br. J. Surg. 100, 959-968 (2013).
9. Chen, J. H. et al. Intraluminal pressure patterns in the human colon assessed by high-resolution manometry. Sci. Rep. 7, 41436
(2017).
10. Vather, R. et al. Hyperactive cyclic motor activity in the distal colon after colonic surgery as defined by high-resolution colonic
manometry. Br. J. Surg. 105, 907-917 (2018).
11. Chen, J.-H. & Huizinga, ]. D. High-pressure tactic: Colonic manometry in chronic constipation. Digestive Diseases Sci. 63, 2820—
2822 (2018).
12. Lin, A. Y. et al. Faecal incontinence is associated with an impaired rectosigmoid brake and improved by sacral neuromodulation.
Colorectal Dis. https://doi.org/10.1111/codi.16249 (2022).
13. Wiklendt, L. et al. Inhibited postprandial retrograde cyclic motor pattern in the distal colon of patients with diarrhea predominant
irritable bowel syndrome. Am. J. Physiol. Gastrointest. Liver Physiol. https://doi.org/10.1152/ajpgi.00114.2022 (2023).
14. Corsetti, M. et al. First translational consensus on terminology and definitions of colonic motility in animals and humans studied
by manometric and other techniques. Nat. Rev. Gastroenterol. Hepatol. 16, 559-579 (2019).
15. Pannemans, J. et al. High-resolution colonic manometry interobserver analysis trial. Neurogastroenterol. Motil. 34, e14285 (2022).
16. Dinning, P. G. et al. Low-resolution colonic manometry leads to a gross misinterpretation of the frequency and polarity of propa-
gating sequences: Initial results from fiber-optic high-resolution manometry studies. Neurogastroenterol. Motil. 25, e640-e649
(2013).
17. Keane, C. et al. Altered colonic motility is associated with low anterior resection syndrome. Colorectal Dis. 23, 415-423 (2021).
18. Wells, C. 1. et al. A novel mechanism for acute colonic pseudo-obstruction revealed by high-resolution manometry: A case report.
Physiol. Rep. 9, e14950 (2021).
19. Dinning, P. G. et al. Colonic motor abnormalities in slow transit constipation defined by high resolution, fibre-optic manometry.
Neurogastroenterol. Motil. 27, 379-388 (2015).
20. Saad, R.J. & Hasler, W. L. A technical review and clinical assessment of the wireless motility capsule. Gastroenterol. Hepatol. 7,
795-804 (2011).
21. Palsson, O. S. et al. Rome IV diagnostic questionnaires and tables for investigators and clinicians. Gastroenterology. https://doi.
org/10.1053/j.gastro.2016.02.014 (2016).
22. Vather, R, Trivedi, S. & Bissett, I. Defining postoperative ileus: Results of a systematic review and global survey. J. Gastrointest.
Surg. 17, 962-972 (2013).
23. Keane, C., Wells, C., O'Grady, G. & Bissett, I. P. Defining low anterior resection syndrome: A systematic review of the literature.
Colorectal Disease. https://doi.org/10.1111/codi.13767 (2017).
24. Carson, D. A, O’Grady, G., Du, P, Gharibans, A. A. & Andrews, C. N. Body surface mapping of the stomach: New directions for
clinically evaluating gastric electrical activity. Neurogastroenterol. Motil. 33, 14048 (2021).
25. O’'Grady, G. et al. Principles and clinical methods of body surface gastric mapping: Technical review. Neurogastroenterol. Motil.
35, e14556 (2023).
26. Gharibans, A. A. et al. A novel scalable electrode array and system for non-invasively assessing gastric function using flexible
electronics. Neurogastroenterol. Motil. 35, e14418 (2022).
27. Gharibans, A. A. et al. Gastric dysfunction in patients with chronic nausea and vomiting syndromes defined by a noninvasive
gastric mapping device. Sci. Transl. Med. 14, eabq3544 (2022).
28. Calder, S. et al. Validation of noninvasive body-surface gastric mapping for detecting gastric slow-wave spatiotemporal features
by simultaneous serosal mapping in porcine. Am. J. Physiol. Gastrointest. Liver Physiol. 323, G295-G305 (2022).
29. Erickson, J. C. et al. Electrocolonography: Non-invasive detection of colonic cyclic motor activity from multielectrode body surface
recordings. IEEE Trans. Biomed. Eng. 67, 1628-1637 (2020).
30. Salimi-Jazi, F. et al. Gastrointestinal myoelectric measurements via simultaneous external and internal electrodes in pigs. J. Surg.
Res. 279, 119-126 (2022).
31. Pervez, M., Ratcliffe, E., Parsons, S. P, Chen, ].-H. & Huizinga, J. D. The cyclic motor patterns in the human colon. Neurogastro-
enterol. Motil. 32, e13807 (2020).
32. Arkwright, J. W. et al. Design of a high-sensor count fibre optic manometry catheter for in-vivo colonic diagnostics. Opt. Express
17,22423-22431 (2009).
33. Dinning, P. G. et al. Quantification of in vivo colonic motor patterns in healthy humans before and after a meal revealed by high-
resolution fiber-optic manometry. Neurogastroenterol. Motil. 26, 1443-1457 (2014).
34. Lin, A. Y. et al. High-resolution anatomic correlation of cyclic motor patterns in the human colon: Evidence of a rectosigmoid
brake. Am. J. Physiol. Gastrointestinal Liver Physiol. 312, G508-G515 (2017).
35. Paskaranandavadivel, N. et al. ManoMap: an automated system for characterization of colonic propagating contractions recorded
by high-resolution manometry. Med. Biol. Eng. Comput. 59, 417-429 (2021).
36. Huizinga, J. D., Hussain, A. & Chen, J.-H. Interstitial cells of Cajal and human colon motility in health and disease. Am. J. Physiol.
Gastrointest. Liver Physiol. 321, G552-G575 (2021).
37. Erickson, J. C., Stepanyan, E. & Hassid, E. Comparison of dry and wet electrodes for detecting gastrointestinal activity patterns
from body surface electrical recordings. Ann. Biomed. Eng. https://doi.org/10.1007/s10439-023-03137-w (2023).
38. Gharibans, A. A. et al. Artifact rejection methodology enables continuous, noninvasive measurement of gastric myoelectric activity
in ambulatory subjects. Sci. Rep. 8, 1-12 (2018).
39. Bigdely-Shamlo, N., Mullen, T., Kothe, C., Su, K.-M. & Robbins, K. A. The PREP pipeline: Standardized preprocessing for large-
scale EEG analysis. Front. Neuroinform. 9, 16 (2015).
40. Hammer, J., Camilleri, M., Phillips, S. E,, Aggarwal, A. & Haddad, A. M. Does the ileocolonic junction differentiate between solids
and liquids?. Gut 34, 222-226 (1993).
41. Miedema, B. W, Karlstrom, L., Hanson, R. B., Johnson, G. P. & Kelly, K. A. Absorption and motility of the bypassed human ileum.
Dis. Colon Rectum 33, 829-835 (1990).
42. Kamath, P. S,, Phillips, S. F. & Zinsmeister, A. R. Short-chain fatty acids stimulate ileal motility in humans. Gastroenterology 95,
1496-1502 (1988).
43. Kachel, G. et al. Human intestinal motor activity and transport: Effects of a synthetic opiate. Gastroenterology 90, 85-93 (1986).
44. Kellow, J. E. et al. Sensitivities of human jejunum, ileum, proximal colon, and gallbladder to cholecystokinin octapeptide. Am. J.
Physiol. 252, G345-G356 (1987).
Scientific Reports | (2024) 14:4842 | https://doi.org/10.1038/s41598-024-54429-7 nature portfolio


https://doi.org/10.1111/codi.16249
https://doi.org/10.1152/ajpgi.00114.2022
https://doi.org/10.1053/j.gastro.2016.02.014
https://doi.org/10.1053/j.gastro.2016.02.014
https://doi.org/10.1111/codi.13767
https://doi.org/10.1007/s10439-023-03137-w

www.nature.com/scientificreports/

45. Spiller, R. C., Brown, M. L. & Phillips, S. E. Decreased fluid tolerance, accelerated transit, and abnormal motility of the human
colon induced by oleic acid. Gastroenterology 91, 100-107 (1986).

46. Davidson, J. B. et al. Anatomical registration and three-dimensional visualization of low and high-resolution pan-colonic manom-
etry recordings. Neurogastroenterol. Motil. 23, 387-90.e171 (2011).

47. Chen, J.-H., Nirmalathasan, S., Pervez, M., Milkova, N. & Huizinga, J. D. The sphincter of O’Beirne—Part 1: Study of 18 normal
subjects. Dig. Dis. Sci. https://doi.org/10.1007/s10620-020-06657-w (2021).

48. O'Grady, G. et al. Origin and propagation of human gastric slow-wave activity defined by high-resolution mapping. Am. J. Physiol.
Gastrointest. Liver Physiol. 299, G585-G592 (2010).

49. Varghese, C. et al. Normative values for body surface gastric mapping evaluations of gastric motility using gastric alimetry: Spectral
analysis. Am. J. Gastroenterol. https://doi.org/10.14309/ajg.0000000000002077 (2022).

50. Navalgund, A. et al. Colon myoelectric activity measured after open abdominal surgery with a noninvasive wireless patch system
predicts time to first flatus. J. Gastrointest. Surg. 23, 982-989 (2019).

51. Axelrod, L., Axelrod, S., Navalgund, A. & Triadafilopoulos, G. Pilot validation of a new wireless patch system as an ambulatory,
noninvasive tool that measures gut myoelectrical signals: Physiologic and disease correlations. Dig. Dis. Sci. 66, 3505-3515 (2021).

52. Rao, S. S. & Welcher, K. Periodic rectal motor activity: the intrinsic colonic gatekeeper?. Am. J. Gastroenterol. 91, 890-897 (1996).

53. Christensen, J., Schedl, H. P. & Clifton, J. A. The small intestinal basic electrical rhythm (slow wave) frequency gradient in normal
men and in patients with variety of diseases. Gastroenterology 50, 309-315 (1966).

54. Somarajan, S., Cassilly, S., Obioha, C., Bradshaw, L. A. & Richards, W. O. Noninvasive biomagnetic detection of isolated ischemic
bowel segments. IEEE Trans. Biomed. Eng. 60, 1677-1684 (2013).

55. Sibley, G. N. A comparison of spontaneous and nerve-mediated activity in bladder muscle from man, pig and rabbit. J. Physiol.
354, 431-443 (1984).

56. Wells, C. I et al. Hyperactive distal colonic motility and recovery patterns following right colectomy: A high-resolution manometry
study. Dis. Colon Rectum. https://doi.org/10.1097/DCR.0000000000002356 (2022).

Acknowledgements

We would like to acknowledge and thank every participant in this study. We would also like to thank the Colorec-
tal Surgical Society of Australia and New Zealand (CSSANZ), Health Research Council of New Zealand (HRC)
and the Royal Australasian College of Surgeons (RACS) for supporting this research. Thank you to both Phil
Dinning (Flinders University, Adelaide, Australia) and Nira Paskaranandavadivel (Auckland Bioengineering
Institute, University of Auckland, Auckland, New Zealand) for their early input in this study.

Author contributions

S.H.B.S.: Conceptualization, methodology, formal analysis, validation, investigation, data curation, writing-origi-
nal draft, visualization, and funding acquisition. C.W.: Methodology and data curation. T.D.: Methodology and
data curation. D.R.: Investigation (endoscopy) and resources. A.G.: Editing. S.C.: Formal analysis and editing.
L.B.: Supervision, writing-review and editing. G.O’G.: Supervision, writing-review and editing, and funding
acquisition. J.E.: Conceptualization, methodology, formal analysis, validation, formal analysis, data curation,
and writing-original draft.

Competing interests

This project was financially supported by CSSANZ with a Foundation Grant and HRC. Sean Ho Beom Seo is a
recipient of the New Zealand Research Scholarship from RACS. Jonathan Erickson was supported by a Wash-
ington and Lee University Lenfest Sabbatical Fellowship. Greg O’Grady, Stefan Calder, Armen Gharibans and
Jonathan Erickson are shareholders of Alimetry Ltd and hold intellectual property in the field of noninvasive
gastric mapping. No commercial financial support was received for this study. The other authors have no conflict
of interest to declare.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-54429-7.

Correspondence and requests for materials should be addressed to J.C.E.
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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:4842 | https://doi.org/10.1038/s41598-024-54429-7 nature portfolio


https://doi.org/10.1007/s10620-020-06657-w
https://doi.org/10.14309/ajg.0000000000002077
https://doi.org/10.1097/DCR.0000000000002356
https://doi.org/10.1038/s41598-024-54429-7
https://doi.org/10.1038/s41598-024-54429-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Validation of body surface colonic mapping (BSCM) against high resolution colonic manometry for evaluation of colonic motility
	Methods
	Eligibility criteria
	Study protocol
	High-resolution colonic manometry
	Body surface colonic mapping
	Experimental protocol

	Data analysis
	HRCM analysis
	BSCM analysis: preprocessing methods
	Motility indices
	HRCM MI. 
	BSCM MI. 

	Comparative analysisoutcomes
	Temporal (quantitative) analysis. 
	Spatial correlations. 


	Statistical analysis

	Results
	Participants information
	Data summary
	HRCM frequency and best correlating BSCM frequency bandwidths
	Motility index correlation
	Meal response match
	Spatial analysis
	Spatial correlation
	Detection of dynamic shifts in the regions of dominant CMP activity on BSCM

	Participant survey

	Discussion
	References
	Acknowledgements


