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Abstract

Effective and widely available strategies are needed to diagnose colonic motility dysfunction. We investigated whether ultraso-
nography could generate spatiotemporal maps combined with motor pattern frequency analysis, to become a noninvasive
method to characterize human colon motor patterns. Abdominal colonic ultrasonography was performed on healthy subjects
(N =7), focusing on the detailed recording of spontaneous haustral activities. We developed image segmentation and frequency
analysis software to analyze the motor patterns captured. Ultrasonography recordings of the ascending, transverse, and de-
scending colon identified three distinct rhythmic motor patterns: the 1 cycle/min and the 3 cycles/min cyclic motor pattern were
seen throughout the whole colon, whereas the 12 cycles/min cyclic motor pattern was identified in the ascending colon. The
rhythmic motor patterns of the human colon that are associated with interstitial cells of Cajal-associated pacemaking activity can
be accurately identified and quantified using ultrasound.

NEW & NOTEWORTHY Ultrasonography in the clinical field is an underutilized tool for assessing colonic motility; however, with
the addition of frequency analysis techniques, it provides a method to identify human colonic motor patterns. Here we report on
the 1, 3, and 12 cpm rhythmic motor patterns. Ultrasound has the potential to become a bedside assessment for colonic dysmotil-

ity and may reveal the health of interstitial cells of Cajal (ICC) pacemaker activities.

colonic motility; cyclic motor patterns; interstitial cells of Cajal; ultrasonography

INTRODUCTION

Ultrasound is a noninvasive tool that can provide real-time
visualization of the gastrointestinal tract (1). Motility can be
observed in a natural state without sedatives, although full
characterization of motor patterns will require the develop-
ment of analysis techniques for spatiotemporal mapping.
Most diagnoses of motility disorders are subjective, based on
clinical signs such as stool morphology and defecation fre-
quency rather than physiological measurements of motility
(2). The most advanced technique for assessing colonic motil-
ity is high-resolution colonic manometry (HRCM) using cathe-
ters with 1 cm spaced sensors that cover the entire colon (3).
Using the HRCM technique, major recent advances have been
made in understanding physiology and diagnosing the patho-
physiology of colonic dysmotility in patients (3-7). However,
HRCM has disadvantages as it is costly, time-consuming, and
invasive, and ultrasonography may become an alternative (8).
Since ultrasonography, by its nature, will focus on a 4-5-cm
length of the colon, it will capture motility within 2-4 haustra.

Dinning and coworkers have shown that the most com-
mon motor pattern of the human colon is a low-frequency
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“cyclic motor pattern,” a pattern that shows pressure
waves at 2-6 cycles/min over a length of ~4-10 cm, com-
monly referred to as the 3 cpm cyclic motor pattern, since
that frequency dominates. Furthermore, they showed
that this motor pattern might not be evoked by a meal in
patients with constipation, unlike healthy subjects,
which was suggested to be due to neuropathy in the ex-
trinsic parasympathetic innervation of the colon (9).
Recently, we found the 3 cpm cyclic motor pattern to be
absent in most patients with chronic constipation, which
was associated with high sympathetic tone measured
using heart rate variability techniques (4). The cyclic
motor pattern can be confined to a single haustrum or a
few haustra throughout the colon (7, 10), and it is also
prominent in the rectum (10, 11). The absence of the 3
cpm motor pattern may become a biomarker for dysmo-
tility in chronic constipation.

The present study characterizes spontaneous rhythmic
motor patterns of the human colon, observed without seda-
tion or invasive techniques, captured by ultrasonography.
The developed analysis techniques characterize their occur-
rence, intrinsic frequency, and amplitude.
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MATERIALS AND METHODS

Participants

Seven healthy participants, 20-27 yr, 4 female, were
recruited for abdominal bowel ultrasonography. Participants
did not have a prior history of cardiovascular or gastrointes-
tinal disease and were not taking any medications that
affected their cardiac or gastrointestinal function. The study
was conducted at McMaster University with ethics approvals
obtained from McMaster University, Hamilton Integrated
Research Ethics Board (Approval No. 12580), with written
consent from all participants.

Ultrasonography

Ultrasonography was performed with the Z-ONE ultra-
sound system (MindRay). Volunteers prepared for ultraso-
nography by performing a bowel cleansing the night before,
followed by drinking 1.5 L of sorbitol just before the ultra-
sound. Sorbitol will remove gas and suspend solids, and the
water (that is poorly absorbed due to the sorbitol) gives good
contrast. Ultrasonography was done by finding colon loca-
tions that were active and visually clear such that both the
top and bottom luminal wall were visible, since that is a
requirement for the method of analysis. The probe was
held in a fixed position to record for 5-10 min in longitudi-
nal orientation to capture motor patterns. Several record-
ings were taken of each section of the colon, including
ascending, transverse, and descending colon, when found
to be optimal for ultrasound recording for each subject.
The sigmoid and rectum were not captured as they did not
provide quality imaging for capturing motor patterns
because of their depth. Areas of overlapping colonic
regions were avoided. A summary of the sections included
in this report is found in Supplemental Fig. S1 (see https://
doi.org/10.6084/m9.figshare.22572688.v2).

Software and Language

We developed the software to create a Bowel Sonography
Analysis program to generate spatiotemporal maps and fre-
quency analysis in Python with the following libraries:
OpenCV, scikit-image (v. 0.19), scikit-learn, and PyWavelets
(v.1.20). All figures were made with Matplotlib.

Development of Our Bowel Sonography Analysis
Program

We first selected a region of interest (ROI) window
manually at the beginning of a recording that includes
the top and bottom haustra wall (for more information
see https://doi.org/10.5281/zenodo.8135841). There is no
requirement for the size of the ROI window, it but should
not cover the black region outside of the actual recording
window.

Image segmentation was developed with the objective of
capturing rhythmic motor patterns at distinct frequencies
(range = 0.5-20 cpm). We leveraged existing methods from
computer visions and signal processing libraries in Python
to measure the diameter change within and across the haus-
tra from a 5-10 min video recording. We tested established
convolution neural network backbones and traditional histo-
gram-based methods for image segmentation. We opted for

the latter method, which produced similar results but was
faster in practice. The selected ROI region was down-
sampled and preprocessed with a bilateral filter to remove
sparkling noise from the ultrasound recording. The proc-
essed image was then segmented using mean-shift cluster-
ing or Otsu thresholding depending on the contrast ratio of
the recording. After the segmentation, an edge detection fil-
ter was applied to identify the rectal walls. We measured the
wall locations in eight sections of the ROI. For example, in a
256 x 256 (Width x Height) ROI image, the image was
cropped into eight 32 x 256 equally spaced patches, and
therefore eight distance measures were made. The distance
was measured independently in each section. We dealt with
artifacts or shadows that may disrupt the measurement in
each section separately. In other words, we took into account
any artifacts that may show up during the process by divid-
ing the image into different parts to remove artifacts. Each
segment was spatially close, and if an artifact was present in
one segment, it was detected and the program referred
back to a previous image so as not to lose all the informa-
tion from that image. A spatial consistency model (https://
gaussianbp.github.io/) was used to interpret the occluded
region and smooth out adjacent regions. If all regions
failed to make consistent measures, pure Gaussian noise
was sampled instead of reusing measurements from the
previous frame. The distances were then measured by cal-
culating the vertical pixel-level distance between the two
haustrum walls. The pixel distance was converted into
centimeters based on the scale provided within the sonog-
raphy recording. The diameter changes were measured at
10 locations across the haustral walls to reduce variance
and measurement errors sudden appearance of gas that
will create distortion of the wall detection. The PyWavelets
software was used for continuous wavelet transforms and
data analysis.

“Optical flows” were used to track the “horizontal”
movement of the haustrum due to breathing, and we cor-
rected for this movement. The program measures the op-
tical flow using the OpenCV built-in Lucas-Kanade
method to adjust the ROI accounting for horizontal move-
ment per frame.

To calculate motor pattern frequency, the sampled time-
series data were analyzed with the continuous wavelet trans-
form to observe changes in frequency over time and better
visualization of frequency components. To calculate the
global frequency, we applied singular value decomposition
on the data matrix and computed the Fourier transform on
the first principal vector. We used the power spectrum den-
sity from the fast Fourier transforms as a comparison, albeit
the lower frequency was distorted due to the nonstationarity
in the original signal. It is worth noting that the frequency
interpolated by Fourier analysis does not necessarily trans-
late to cpm but instead is based on the duration of repetitive
contraction during sonography (similar to wave functions).
However, it was found to match with observations and was
used to infer the underlying patterns. The diameters of the
haustral regions were measured at the rate of 10-12 Hz,
depending on the ultrasound settings. During image segmen-
tation, the boundaries between two adjacent haustra were
generally not included in the assessment of luminal diameter
change. We created the program such that four different
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TRANS

Figure 1. Sample of ultrasonography image
and frequency analysis. A: sonography still
image where the blue box is an ROI to be
tracked for diameter change. The program
identifies the borders of the haustrum and
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maps were generated: 1) diameter maps, 2) spatiotemporal
maps, 3) wavelet plots, and 4) breathing displacement maps.

Diameter Mapping

Diameter mapping illustrates the luminal diameter
change of a selected region or region of interest (ROI,
Fig. 1), which includes 1-3 haustra of the colon, over
time, that is manually selected within a sonography
video (Fig. 2A). The diameter mapping quantitatively
shows the luminal diameter change that occurs over
time, represented as a line graph, thus showing when
contractions occur. An increase in diameter represents
relaxation as the distance between the luminal walls
increases, whereas a decrease represents contraction,
hence the reverse y-axis scale.

Spatiotemporal Mapping

The spatiotemporal mapping represents the contractions
and relaxations across 1-3 haustra over time, where the oral-
facing side of the lumen (denoted with a blue “Z” in sonogra-
phy) associates with the top of the spatiotemporal mapping,
whereas the anal-facing side of the lumen is associated with
the bottom of the spatiotemporal mapping (Fig. 2A). In the
spatiotemporal map, darker shades of blue and black are
associated with increased lumen diameter or the relaxation
of circular muscle. In contrast, green to red is associated
with circular muscle contraction.

Wavelet Plot

The wavelet plot illustrates the power (postlogarithmic
transformation) of the frequencies recorded during so-
nography, as in Fig. 1B, where frequency (in Hz) is on the
y-axis and time (seconds) is on the x-axis. The average di-
ameter change was obtained using sample medians at

tracks their distance over time. The ruler is
found on the right side of the recording in
centimeters. B: wavelet plot from sonogra-
phy recording identifying frequencies over
time, showing dominant cyclic activity at 2.4
cpm (0.04 Hz) and 0.6 cpm (0.01 Hz). ROI,
region of interest.

0.04

0.01

each sampling time. The power is represented by a color
scale similar to spatiotemporal mapping. Figure 1B shows
a wavelet example with the most significant frequencies
(most power) observed at 0.04 and 0.01 Hz, or 2.4 and 0.6
cpm, respectively. The strength of the frequency is calcu-
lated by FFT using Welch’s method with a window size of
200 s to minimize spectral leakages.

RESULTS

Ultrasonography was performed on healthy volunteers,
where recordings were taken of several sections of the ascend-
ing, transverse, and descending colon (capture 2—4 haustra) to
capture motor patterns, as the colon can be quiet at times.
Video recordings of 5-10 min were analyzed by creating spa-
tiotemporal maps and subsequent frequency analyses devel-
oped for the present study (see MATERIALS AND METHODS).

The 3 Cpm Cyclic Motor Pattern

The 3 cpm cyclic motor pattern was the dominant motor
activity observed. The average frequency was 2.6+0.6
cpm, ranging from 1.8 to 3.7 cpm, and captured in the
ascending, transverse, and descending colon (N =7; n =
10). An individual contraction within a burst of 3 cpm ac-
tivity showed a contraction that took ~5-10 s to fully con-
tract before relaxing slowly over the following 15-25 s,
with a propagation velocity of ~1 cm/s. Figure 2A shows a
typical spatiotemporal map based on a video recording
capturing 2 haustra at the ascending colon. The dominant
contraction pattern occurred at 2.3 cycles/min as deter-
mined by wavelet frequency analysis (Fig. 2C). Breathing
occurred at 18 breaths/min as determined by the displace-
ment map that monitors horizontal movements due to
breathing (Fig. 2D). The spatiotemporal map (Fig. 2A) also
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shows this breathing frequency; hence, the colon diame-
ter changes due to breathing, which is superimposed on
the colonic contraction pattern (Fig. 2B). Contractions are
sometimes confined to a single haustrum (see Fig. 2A), but
most contractions are synchronized across the haustra. A

propagation velocity is usually difficult to determine
since most contractions within the cyclic motor pattern
appear simultaneous across the haustra, consistent with
the findings using high-resolution colonic manometry
(Fig. 2F; 12).
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Figure 3 shows ultrasonography data from an 8 min re-
cording (Supplemental Video: https://doi.org/10.6084/m9.
figshare.22572688.v2) from a segment of the descending co-
lon that was 4.1 cm in length. As illustrated in a diameter
map (Fig. 3B), the colon showed continuous rhythmic con-
traction-relaxation activity with an average contraction fre-
quency of ~3 cpm. The motor pattern showed mixed
antegrade and retrograde propagation, associated with
turbulent flow. The wavelet plot (Fig. 3C) shows the domi-
nant frequency at 2.4 cpm, with peaks also seen at 3.1 and
3.7 cpm; hence, the frequency range was 2.4-3.7 cpm, thus
representing the typical 3 cpm cyclic motor pattern. Using
frequency analysis, we can isolate the motor pattern at the
dominant frequency of 2.4 cpm (Fig. 3C). Figure 3D shows
the frequency of the horizontal breathing adjustment to
the ROI at 0.28 Hz or 16.8 breaths/min.

The 1 Cpm Rhythmic Motor Pattern

The 1 cpm rhythmic motor pattern was seen throughout
the colon.

Figure 4A shows still images of an ultrasonography re-
cording that captures movements of 2-3 haustra, a bowel
length of 4.2 cm, and horizontal displacements due to
breathing. Figure 4B shows the spatiotemporal map from
which horizontal breathing movements shown in Fig. 4E
were removed. The 6-min map shows strong circular muscle
contractions (Fig. 4, B and C) of irregular duration and fre-
quency and an average frequency of 0.9 cpm. Three areas of
deep relaxation (shown in black in Fig. 4B) were observed to
be ~25-35 s in duration, during which dominant antegrade
flow occurred in combination with the retrograde and turbu-
lent flow (Fig. 4C). The wavelet plots (Fig. 4D) show the most
dominant frequency to be 0.015 Hz or 0.9 cpm. The breath-
ing rate during this recording can be inferred from the hori-
zontal adjustments to the ROI for the breathing interference
(Fig. 4E), which was 0.24 Hz (~14 breaths/min).

Figure 5 shows a dominant frequency of 1.2 cpm with the
3.2 cpm cyclic motor pattern superimposed. The average fre-
quency of this motor pattern was 1.14*0.2 cpm, ranging
from = 0.9 to 1.4 cpm, and captured in the ascending and de-
scending colon (N = 5; n = 6).

The 12 Cpm Cyclic Motor Pattern

The 12 cpm cyclic motor pattern reported previously using
HRCM was observed in the descending colon (Fig. 6, A and C)
(7). Figure 6, A and B, shows bursts of cyclic activity. The
wavelet frequency analysis (Fig. 6C) captures 1 cpm bursts of
rhythmic motor activity, dominated by a 12-cpm cyclic motor
pattern, clearly distinguished from the consistent and contin-
uous breathing frequency of 16.4 cpm, as seen in Fig. 6D. The
bursts represent a high-amplitude pressure wave (HAPW)
since HAPWs are composed of 12 cpm pressure waves (10).

DISCUSSION

The 3 cpm cyclic motor pattern is one of the human
colon’s dominant motor activities and was the present
study’s dominant motor pattern, seen in the cecum-ascend-
ing colon, the transverse colon, and the descending colon.
This motor pattern was demonstrated previously using elec-
trical recordings and pressure measurements (10, 13-15), and
here we show that ultrasound cannot only faithfully capture
this motor pattern but also its association with content flow.
The turbulent nature of the associated flow suggests that its
main function is content mixing for absorption and stool for-
mation. Colon motility is designed to prevent continuous
transit into the rectum that would give rise to a continuous
urge to defecate (10, 16). The rectosigmoid brake hypothesis
was reported on by Lin et al. (6), which points to the promi-
nence of retrograde propagation of this motor pattern in the
sigmoid and rectum (6, 10).

The 12 cpm cyclic motor pattern was first described by us
as a distinct cyclic motor pattern using HRCM (10). It was
also seen in electrical recordings of the human colon in vivo
(13). The 12 cpm activity is proposed to underlie the HAPWs
such that the HAPW is a result of transient activation of the
12-cpm interstitial cells of Cajal (ICC) pacemaker activity that
results in contractions at this frequency unless the ampli-
tude is high, which then results in contraction summation,
forming the HAPW. Since the HAPW is generated infre-
quently, it is expected to be seen by ultrasound infrequently,
and it will require a stimulus such as rectal stimulation to be
observed during a relatively short ultrasound assessment.

The 1 cpm cyclic motor pattern was captured in both the
ascending and descending colon. The patterns consisted
of an irregular duration of the contraction phase followed
by 25-35 s of relaxation, which involved antegrade, retro-
grade, and turbulent flow, with a slightly greater preva-
lence of turbulent and antegrade flow as seen from
ultrasonography (Supplemental Material: https://doi.org/
10.6084/m9.figshare.22572688.v2). The 1 cpm motor pat-
tern appears to be important for transit and absorption;
previous studies have demonstrated low-frequency, high-
amplitude contractions that occur between 0 and 1 cpm in
the human colon (17-19). This motor pattern appears to
persist in colonic in vitro strips devoid of the interstitial
cells of Cajal of the submuscular plexus (ICC-SMP) network
associated with the submuscular plexus (17). Since it is
shown to be tetrodotoxin resistant, it is hypothesized that
the 1 cpm rhythmic motor pattern is of myogenic origin
and associated with ICC of the myenteric plexus (ICC-MP)
evoked by excitatory neural inputs related to stretch or
distention of the colon (20).

In concert with the autonomic nervous system, four net-
works of ICC orchestrate haustral motor patterns throughout

Figure 2. Ultrasonography of the ascending colon involving 3 haustra. All images are from one male subject. A: spatiotemporal map with subtraction of
horizontal movement artifact due to breathing (Supplemental Video E12_C2: https://doi.org/10.6084/m9.figshare.22572688.v2). B: diameter map track-
ing average diameter change in the ROI (segment of the colon) over time. C: wavelet plot to analyze frequency components over time along with con-
traction plot over time with the most power at 0.039 Hz or 2.3 cpm. D: breathing displacement map, the horizontal displacements of the ROI box, with O
as the original placement. The frequency plot shows frequencies with the most significant powers corresponding to the horizontal displacement due to
breathing. E: three-dimensional (3-D) spatiotemporal map of contractions that occur down the length of the segment of the colon over time after subtrac-
tion of horizontal movement artifact due to breathing. F: spatiotemporal map obtained through high-resolution colonic manometry showing a cyclic

motor pattern as pressure waves (10). ROI, region of interest.
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Figure 3. Ultrasonography of the descending colon involving 3 haustra. All images from one male subject. A: spatiotemporal map (Supplemental Video
E12_C5: https://doi.org/10.6084/m9.figshare.22572688.v2). B: diameter map. C: wavelet plot along with contraction plot with the most power at 0.04
and 0.06 Hz or 2.4 and 3.6 cpm, respectively. D: breathing displacement map. E: three-dimensional (3-D) spatiotemporal map.
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Figure 4. Ultrasonography of the descending colon involving 2—3 haustra. All images from one female subject. A: static image from ultrasonography re-

cording (Supplemental Video E1_C37: https://doi.org/10.6084/m9.figshare.22572688.v2). B: spatiotemporal map. C: diameter map. D: wavelet plot along

with contraction plot with the most power at 0.015 and 0.044 Hz or 0.9 and 2.6 cpm, respectively. E: breathing displacement map. F: three-dimensional
AQ: 17  (3-D) spatiotemporal map.

AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00068.2023 « www.ajpgi.org G7


https://doi.org/10.6084/m9.figshare.22572688.v2
http://www.ajpgi.org

000

J_ID: AJPGI ART NO: GI-00068-2023 Date: 20-July-23 20:39 Page: 8  Total Pages: 13 ini: 6//DH

@ HAUSTRAL MOTOR PATTERNS REVEALED BY ULTRASOUND

A 6.0 1.0
—_ 0.8
g 0.8
=~ 0.6
c
S 16
© 04
8
S 24 l 02
3.2 T T u T T T T T 1 0.0
58 115 173 231 288 346 404 462 519
Time (s)
B 1.25
1.50
175
L 200
st
8 225
()
€ 250
o
a 275
3.00
0 100 200 ) 300 400 500
Time (s)
0.2
N 01
z
>
(8]
=
g 0.054
g 005 :
w
0.02{ 0.020
0 100 200 ) 300 400 500
Time (s)
F=0.020 Hz
€
A
=
o
=
©
o
o
-
T35 146 257 368 478
Time(s)
D 0.8
0.6
0.4
(=} 05 n 0.2
3 0 ‘
©,
fg‘ 05 0
% A
(:a/ - -0.2
. |
- 0 -0.4
5 £ 05
&S 4
< @« -0.6
Nd 18
58
SN 2 -0.8
qQ 25 =4

Figure 5. Ultrasonography of the descending colon involving 2—-3 haustra. All images from one female subject. A: spatiotemporal map (Supplemental
Video E13_C6: https://doi.org/10.6084/m9.figshare.22572688.v2). B: diameter map. C: wavelet plot along with contraction plot with the most power at
0.020 and 0.054 Hz or 1.2 and 3.24 cpm, respectively. D: three-dimensional (3-D) spatiotemporal map.
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the human colon. ICC associated with the myenteric plexus
or ICC-MP function as stimulus-dependent pacemaker cells
that orchestrate high-amplitude pressure waves and the
associated 12 cpm high-frequency cyclic motor pattern (16).

0.2

Figure 6. Ultrasonography of the ascending
colon involving 2—3 haustra. All images from
one male subject. A: spatiotemporal map
(link Supplemental Video E3_C1: https:/doi.
0rg/10.6084/m9.figshare.22572688.v2). B:
diameter map. C: wavelet and contraction
plots with the most power at 0.016 Hz or
0.96 cpm. In addition, a frequency of 12 cpm
can also be seen in spatiotemporal and di-
ameter maps, where the wavelet shows a
high frequency pattern that differs from the
breathing frequency (D, 16.38 cpm). D:
breathing displacement map. E: three-
dimensional (3-D) map of A.

A second ICC network is associated with the submuscular
plexus, the ICC-SMP, which functions as the dominant pace-
maker cells of the human colon, generating the 3 cpm cyclic
motor pattern (10, 21). A third network is the intramuscular
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ICC (interstitial cells of Cajal of the intermuscular plexus,
ICC-IM), present in both the longitudinal and circular
muscles. The ICC-IM is involved in transmitting pacemaker
activity throughout the musculature and mediating neural
stimuli from the autonomic nervous systems (10, 22).
Finally, a fourth ICC network is associated with the subser-
osa, or interstitial cells of Cajal of the subserosa plexus (ICC-
SS; 23), which may play a role in the pacemaker functions of
the longitudinal muscle layer within the colon (24, 25).

An important part of generating informative spatiotempo-
ral maps was the removal of movement due to breathing, the
horizontal movement of the entire colon in view. Even after
removal, contractions and relaxations at the breathing fre-
quency are still visible. In addition, from sonography
recordings, content can be seen to be mixing due to ante-
grade and retrograde movements, resulting in turbulent
flow in relation to breathing. It may be hypothesized that
the act of breathing provides mechanical stimulation to
the colon. By inhaling and exhaling, expansion and con-
traction of the diaphragm provide mechanical stimula-
tion. In addition, breathing also influences the autonomic
nervous system at the breathing frequency, a phenomenon
called respiratory sinus arrhythmia (RSA), potentially pro-
viding stimulation and inhibition to the colon at the
breathing frequency.

Our goal is to develop ultrasonography for determining
dysmotility. A limitation of the technique is that it is chal-
lenging to capture motor patterns that may only arise once
every few hours, such as the HAPW (or HAPC, high ampli-
tude propagating contraction). This may be overcome by
assessing motor patterns in response to a stimulus. We found
that rectal stimulation with bisacodyl is a reliable stimulus
to evoke HAPWs (4, 5). A meal is not optimal with ultraso-
nography, as 1.5 L of sorbitol is taken before ultrasound, and
a subsequent meal intake would provide discomfort. In addi-
tion, motor patterns evoked by a meal may not appear im-
mediately or consistently.

One issue is the low signal-to-noise ratio when the con-
tractions are weak. The currently implemented solution
is to combine independent samples with random pertur-
bation of local subsamples. Improving the signal-to-noise
ratio using more advanced segmentation algorithms such
as U-Net will relax this assumption. Our current approach
for propagation velocity measurements is to calculate the
instantaneous phase synchrony between each sample
location through a complex wavelet transform. However,
the result tends to have high variance and requires human
fine-tuning. Furthermore, visual-based flow tracking with
ultrasound proved difficult due to the natural limitations
of the two-dimensional (2-D) field of view. The presence of
small fecal content is relied upon to measure flow, but
such particles often disappear in subsequent frames,
which makes traditional sparse optical flow tracking
(Lucas-Kanade) not feasible.

One of the challenges is the measurement of false wall
boundaries due to the colonic wall “disappearing,” out of
focus, during contractions. In addition, the visual contrast
between the wall, content (such as fecal matter), and gas in
the ultrasound images can be limited as the ultrasound pro-
vides black-and-white recording, which complicates the task
of distinguishing between different structures for the

G10

purpose of image segmentation. Ideally, a program should
allow for the manual correction of such artifacts.

In summary, within the human colon, rhythmic motor
patterns result from the communication between muscula-
ture, efferent enteric and extrinsic autonomic nerves, and
several networks of ICC. ICC determines many of the proper-
ties of colonic motor patterns, such as the frequency, veloc-
ity, and direction of propagation, which can be visually
measured via ultrasonography. We show here that filtering
breathing frequency followed by frequency analysis allows
for characterizing individual motor patterns that occur
within and across haustra. Further development of the tech-
niques to characterize not only spontaneous motor patterns
but also those that occur following a stimulus, such as rectal
stimulation, will result in a noninvasive methodology for
determining motility dysfunction.
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