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Abstract
Background: High-resolution colonic manometry gives an unprecedented window 
into motor patterns of the human colon. Our objective was to characterize motor ac-
tivities throughout the entire colon that possessed persistent rhythmicity and span-
ning at least 5 cm.
Methods: High-resolution colonic manometry using an 84-channel water-perfused 
catheter was performed in 19 healthy volunteers. Rhythmic activity was assessed 
during baseline, proximal balloon distention, meal, and bisacodyl administration.
Key Results: Throughout the entire colon, a cyclic motor pattern occurred either in 
isolation or following a high-amplitude propagating pressure wave (HAPW), consist-
ing of clusters of pressure waves at a frequency centered on 11-13 cycles/min, unre-
lated to breathing. The cluster duration was 1-6 minutes; the pressure waves traveled 
for 8-27 cm, lasting 5-8 seconds. The clusters itself could be rhythmic at 0.5-2 cpm. 
The propagation direction of the individual pressure waves was mixed with >50% oc-
curring simultaneous. This high-frequency cyclic motor pattern co-existed with the 
well-known low-frequency cyclic motor pattern centered on 3-4 cpm. In the rectum, 
the low-frequency cyclic motor pattern dominated, propagating predominantly in 
retrograde direction. Proximal balloon distention, a meal and bisacodyl administra-
tion induced HAPWs followed by cyclic motor patterns.
Conclusions and Inferences: Within cyclic motor patterns, retrograde propagating, 
low-frequency pressure waves dominate in the rectum, likely keeping the rectum 
empty; and mixed propagation, high-frequency pressure waves dominate in the 
colon, likely promoting absorption and storage, hence contributing to continence. 
Propagation and frequency characteristics are likely determined by network proper-
ties of the interstitial cells of Cajal.

K E Y W O R D S

colonic motility, cyclic motor pattern, high-resolution colonic manometry, interstitial cells of 
Cajal, rectal pressure waves

www.wileyonlinelibrary.com/journal/nmo
https://orcid.org/0000-0002-9004-2778
mailto:﻿
https://orcid.org/0000-0001-5031-3871
https://orcid.org/0000-0001-8016-1055
mailto:chen338@mcmaster.ca
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fnmo.13807&domain=pdf&date_stamp=2020-03-02


2 of 17  |     PERVEZ et al.

1  | INTRODUC TION

Colonic manometry is the method of choice to diagnose potential 
colonic motor disorders and the procedure is recommended by con-
sensus guidelines.1,2 Detailed analysis of colonic motility patterns is 
now possible using high-resolution manometry. Studies in patients 
have proposed biomarkers of disease identified by high-resolution 
manometry.3,4 However, detailed analysis of normal motor patterns 
in healthy subjects is still in its infancy and claims for biomarkers of 
disease deserve scrutiny as more features of normal motor activity 
become known. In adult and pediatric colonic manometry, the pri-
mary goal is to confirm or exclude colonic inertia which is assessed 
by the colon's ability to generate high-amplitude propagating pres-
sure waves (abbreviated as HAPWs or HAPCs or HAPSs), either 
spontaneously, in response to a meal or in response to bisacodyl. 
Based on the HAPW appearance, guidelines have been developed 
to distinguish normal from abnormal activity.1,2 Although very use-
ful, in particular when colonic inertia is excluded, focusing only on 
HAPWs assesses only a very small part of colonic motor activity. 
It is now clear from studies using high-resolution colonic manom-
etry (HRCM) that other motor patterns deserve to be incorporated 
in the assessment of colon motility such as “simultaneous pressure 
waves”5-7 and the “cyclic motor pattern”3,4,8 or “periodic motor ac-
tivity”.9 Dinning et al proposed that the absence of an increase in 
the cyclic motor pattern after a meal was a feature of slow transit 
constipation,4 and Lindley and co-workers proposed that the oc-
currence of a cyclic motor pattern in between bisacodyl-induced 
HAPWs was a biomarker of constipation.3 Hence, cyclic motor 
patterns deserve extensive investigation. Dinning and co-workers 
defined the cyclic motor pattern as repetitive propagating pressure 
events with a frequency of 2-6 per minutes and proposed that the 
pressure wave frequency and propagation characteristics were or-
chestrated by interstitial cells of Cajal (ICC).4 Consistently, myogenic 
activity in the human colon has most commonly been attributed to 
pacemaker-generated activity ranging from 2 to 8 cpm, often very 
evident in the human rectum.10-13 Interestingly, direct measurement 
of slow wave activity in the human colon also showed prominent 
frequencies around 12 cpm.14-16

A major reason for exploration of rhythmic motor patterns that 
are likely associated with ICC pacemaker activity13,17-19 is the consis-
tent finding that ICC are markedly reduced in patients with severe 
constipation who underwent surgery.3,20,21 It is not known if loss of 
ICC is a primary cause of constipation but loss of ICC causes dysmo-
tility.22,23 Hence, an understanding of ICC-directed motor patterns 
in healthy volunteers and patients may shed light on the conse-
quences of loss of ICC. This may contribute to our understanding of 
the pathophysiology of severe constipation. Research into plasticity 
of ICC may lead to future opportunities for restoration of function.24

Although all motor patterns of the human colon can occur in a 
rhythmic manner, the objective of the present study was to explore 
all propagating motor patterns over at least 5 cm in the colon and 
at least 3 cm in the rectum that have rhythmicity as a defining and 
constant feature.

2  | METHODS

2.1 | Study subjects

Nineteen healthy subjects with an average age of 36.4 ± 14.0 years 
(range: 19-60 years; 7 females) were recruited as volunteers through 
local advertising. In 17 of these volunteers, the characteristics of the 
simultaneous pressure waves have been analyzed and published,6 but 
the cyclic motor patterns were not analyzed previously nor reported 
on. All participants gave written informed consent and all procedures 
were approved by the Hamilton Integrated Research Ethics Board 
(HiREB). Exclusion criteria included the following: abdominal surgery, 
hepatic, kidney or cardiac diseases, connective tissue disorders, central 
nervous system disorders, thyroid diseases, prostate diseases, or ma-
lignancies. All subjects had normal stool consistency and normal bowel 
frequency; between 1 every 3 days and 3 per day. None of the subjects 
experienced defecation difficulty, nor did they take any medication 
that might influence bowel movements.

2.2 | High-resolution colonic manometry

High-resolution colonic manometry (HRCM) was performed on a cus-
tom-made platform (Medical Measurement Systems (MMS); Laborie). 
One of two 84-sensor water-perfused catheter were used (diameter: 
8.0 mm; Mui Scientific) that included either two 10-cm long balloons 
between sensors 10 and 11 (proximal balloon) and 40 and 41 (distal 
balloon), or a single balloon between sensors 10 and 11 only. No sen-
sors were present in these 10 cm segments. In seven volunteers, a 
separate rectal balloon was used in place of the distal balloon. The 
catheter is calibrated the morning of the colonoscopy with 0 mm Hg 
pressure corresponding to the position of the catheter inside the pa-
tient while lying on the hospital bed. The bed is raised during the 
colonoscopy and lowered thereafter to the calibrated position. The 
catheter was inserted with minimal sedation (fentanyl iv 50-100 mcg 

Key Points

•	 High-Resolution Colonic Manometry allows explora-
tion of motor patterns of the human colon as pressure 
waves. We characterized all motor patterns with persis-
tent intrinsic rhythmicity, using 84 sensors, 1 cm apart, 
throughout the entire colon.

•	 A prominent high-frequency cyclic motor pattern, cen-
tered around 12 cpm, was characterized that was unre-
lated to breathing and co-existed with the well-known 
cyclic motor pattern centered around 3 cpm.

•	 The high-frequency cyclic motor pattern occurred 
prominently in the wake of 44% of the high amplitude 
propagating pressure waves (HAPWs).
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and midazolam iv 2-5 mg) with the assistance of a colonoscope after a 
bowel cleaning procedure using an inert osmotic laxative (PEG-Lyte, 
Pendopharm, Montreal, QC, Canada), but no use of stimulant laxa-
tives such as bisacodyl. For the bowel cleaning procedure, 3 L of PEG 
(70 g/L) was taken between 4 and 6 pm the day before the procedure, 
with more water consumed if needed to have all solids removed. The 
next morning, 1  L was taken at 4  am. The tip of the catheter was 
clipped to the mucosa via a fish line, a few cm distal to the cecum. 
The catheter was made of 100% silicon; after use, an extensive ap-
proved cleaning procedure was executed followed by sterilization. A 
disposable dual lumen stomach tube (3.3 mm × 91 cm; Salem Sump™, 
Covidien Ilc) was placed in the rectum for passive liquid drainage in-
troduced by the water perfusion system. In 18 of the 19 subjects, 
the drainage tube was present for the entire duration of the study. 
During the recording, the total diameter of the tubing (accounting 
the water-perfused catheter and the drainage tube) in the participant 
was 11 mm. This diameter is comparable to the 3D high-definition 
anorectal manometry (HDAM) catheters (diameter: 10.8 mm).25

2.3 | Protocol

A minimum of thirty minutes after the scope was withdrawn, a 
90 minutes recording of baseline activity was started (Table S1). 
The response to a 5-min balloon distension at the proximal colon 
and/or the rectum was investigated. The balloon was inflated until 
first sensation was reported; this was followed by incremental in-
creases in balloon volume by 60 mL until the maximum tolerated 
volume was achieved which was between 250 and 400 mL air. In 
each of these periods, the volume was sustained for a short period 
(between 2 and 3 minutes). The extent of the balloon inflation was 
determined by the subject's level of discomfort in response to the 
distension. Inflation was stopped when the discomfort reached 6-7 
on a 10-point scale, but such that the subject could manage the bal-
loon distention for 5 minutes. After the 5-min distention, the bal-
loon was deflated. Analysis of the response to balloon distention 
was performed on the 5 minutes period of sustained distention, and 
a 15-min period after deflation. After the balloon distension, a meal 
was given (500 g of organic vanilla yogurt fortified with organic milk 
fat to 40% fat (Mapleton Organics)), providing 800-1000 kcal (based 
on the volume consumed). Its effect was observed for 90 minutes. 
Lastly, the effects of 10  mg of bisacodyl (Dulcolax; Boehringer 
Ingelheim, Sanofi Canada, Quebec) in the proximal colon via the 
catheter or per rectum (Table S1) were observed for 30 minutes; 
the bisacodyl suspension was made in saline by crushing 2 × 5 mg 
tablets, with a pestle and mortar for 5 minutes.

2.4 | Water perfusion

The water perfusion rate was 0.1 mL/min via each sensor, resulting 
in a maximum total of 0.5 L/h if all pressure sensors were inside the 
colon; the pressure was calibrated to 1000 mBar. Each manometry 

study would last 6-8 hours, resulting in 3-4 L of water being delivered 
into the colon. The drainage tube diverted 1.2 ± 0.7 L water (N = 18). 
In addition, water was expelled by the subject through colonic motor 
activities, in particular HAPWs and SPWs, and water absorption will 
have taken place. Whether inflow of water for the duration of the 
6-8-hour manometry session was affecting intraluminal pressure, 
that may induce motor patterns, was assessed through the ImageJ-
automated comparison of intraluminal pressures made during the 
baseline period and just before bisacodyl administration as outlined 
in “statistical analysis” below. Across 19 volunteers, the mean dif-
ference in pressure between a period in baseline and a period just 
prior to bisacodyl administration was 1.2 ± 2.0 mm Hg (P =  .056), 
hence no statistically or physiologically significant difference. The 
subjects were informed about water “leakage” due to propulsive 
motor patterns, and absorptive pads were provided to give maximal 
comfort. The discomfort level due to water leakage was different for 
each subject; from no discomfort at all to some embarrassment with 
some leakage episodes associated with motor patterns. Comparable 
results of solid-state and water-perfused catheters have been re-
ported for the detection of HAPWs 26 and cyclic motor patterns.27

2.5 | Visual identification analysis of motor patterns

Data were not filtered prior to analysis. All data were acquired using 
the software developed by Medical Measurement Systems (MMS®; 
Laborie) and analyzed using programs developed by Sean Parsons 
using ImageJ® (National Institutes of Health, Bethesda) and Matlab® 
(Mathworks Natick). With an acquisition rate of 10/s in high-reso-
lution manometry, the data were used to calculate the amplitude 
(mm  Hg), interval between successive pressure waves in a cyclic 
motor pattern occurrence (seconds), propagation velocity (cm/s) and 
direction (antegrade, retrograde, simultaneous), number of pressure 
waves within a cyclic motor pattern occurrence, duration (seconds, 
minutes), and length (cm) in ImageJ. The direction was assessed ac-
cording to the upstroke of the pressure event. The intraluminal pres-
sures reported (e.g., in the case of cyclic motor pattern amplitude 
assessment) were relative to the atmospheric pressure outside the 
colon. ImageJ was also used to conduct FFT analysis to confirm the 
manual frequency assessment. FFT spectra, with decibel scaling, 
were calculated for each pressure channel over the time period indi-
cated in the figure legends. Thus pressure (channel, time) maps were 
converted into spectral-power (channel, frequency) maps. Lastly, 
Matlab was used to generate the 2D, 3D, and line plot images.

2.6 | Motor patterns in the human colon

1.	 HAPWs: High-amplitude propagating pressure waves. HAPWs 
are defined as transient increases in pressure of >50 mm Hg 
(average of all measured pixels within the area of the HAPW) 
that propagate, almost always in anal direction.28 They are 
also referred to in the literature as high-amplitude propagating 
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contractions or sequences. HAPWs can occur rhythmically 
at ~1  cpm but it is not a defining characteristic.

2.	 SPWs: Simultaneous pressure waves. SPWs occur in isolation 
or following an HAPW; they can occur in a rhythmic fashion at 
~2 cpm, but it is not a defining characteristic.6,7,28,29

3.	 CMPs: Cyclic motor patterns. The cyclic motor pattern is de-
fined as a cluster of pressure waves; the pressure waves occur 
with persistent rhythmicity and propagate over a distance of 
at least 5  cm. The present study developed a comprehensive 
analysis of cyclic motor patterns with pressure wave frequen-
cies ranging from 0.3 to 20 cpm. This includes the periodic rec-
tal motor activity at ~3 cpm as described by Rao et al5 and the 
cyclic motor pattern extensively reported on by Dinning and 
co-workers, defined as “repetitive propagating events with a 
frequency range between 2 and 6 cycles/min”8,9,30; we refer to 
this motor pattern as the “low-frequency cyclic motor pattern.” 
New in the present study is the discovery of a cyclic motor pat-
tern that centers around 11-13 cpm, ranging from 7 to 20 cpm, 
we refer to this motor pattern as the “high-frequency cyclic 
motor pattern.”

4.	 Synchronized haustral pressure waves. These occur in a very de-
fined space of 3-5 cm bordered by haustral boundaries.28 These 
activities were not taken into account in the present study; their 
relationship with cyclic motor patterns deserves future studies.

2.7 | Statistical analysis

The present study was designed to record the baseline colonic 
motor activity, which was followed by sessions with different 
stimuli. It is a descriptive study to document all rhythmic activity 
in the colon and rectum of healthy volunteers. The stimuli were 
given consecutively, therefore, data following a stimulus might 
have been influenced by the remaining activity of the previous 
stimulus, except the first stimulation (proximal balloon distention 
(PBD)). Frequency, number of pressure waves, amplitude, propaga-
tion velocity and direction, length, and duration were determined 
for each motor pattern and recording period; the data are given 
as mean  ±  SD. N represents the number of subjects and n indi-
cates the number of motor patterns. Each parameter noted above 
was compared as a function of recording period (baseline, proximal 
balloon distention, meal, and bisacodyl administration) and/or as a 
function of frequency group (high- vs low-frequency). Duration and 
number of pressure waves were analyzed and reported per subject 
or reported overall across all volunteers (the latter mode applied 
in the reporting of average frequency, amplitude, and length (cm) 
of cyclic motor patterns). Propagation direction of cyclic motor 
patterns was compared based on overall presence in each record-
ing period or as a function of colonic location in which the motor 
pattern was present. Significance of the above parameters was 
determined by one-way ANOVA with the Bonferroni's correction 
procedure using Prism 8 software (GraphPad). The Kruskal-Wallis 

test was conducted for small sample datasets pertaining to the 
calculation of cyclic motor pattern duration per volunteer with a 
follow-up of Dunn's multiple comparison test. Wilcoxon signed-
rank test was conducted to assess whether there was a difference 
in the number of pressure waves before and after a meal per volun-
teer as a function of high- and low-frequency cyclic motor patterns. 
Pearson's  correlation coefficient test was conducted to assess a 
potential relationship between the amplitudes of the HAPWs and 
the amplitudes of the pressure waves in the associated cyclic motor 
pattern. P < .05 was considered significant.

Potential changes in the intraluminal pressure during the manom-
etry sessions were assessed. In the unfiltered manometry record-
ing, 5-minutes segments were obtained where artifacts impacting 
colonic pressure were absent (eg, coughing, changing position, bed 
raised, periods of urination) during baseline and just prior to bisac-
odyl administration. A segment immediately prior to bisacodyl ad-
ministration was used given the number of motor patterns present in 
response to bisacodyl. These segments were analyzed using ImageJ 
where baseline corrections were made as outlined previously,31 
a Gaussian filter was used with width of the Gaussian defined as 
60  seconds. Upon determining the average pressure  ±  SD of the 
5-minutes intervals during baseline and immediately prior to bisac-
odyl administration in each volunteer, a non-parametric Wilcoxon 
signed-rank test was conducted, given the limited sample size, to as-
sess whether there was a difference in basal intraluminal pressures. 
P < .05 was considered significant.

The analysis of overall cyclic motor pattern frequency and in-
terval data was carried out with Python in a Jupyter Notebook. 
Scikit-learn was used for Gaussian kernel density estimation (sklearn.
neignbors.KernelDensity) and Gaussian mixture estimation (sklearn.
mixture.GaussianMixture). Gaussian kernel density estimation fits 
the data with a large number (as many as are required to reach fitting 
tolerance) of Gaussian functions of the same, fixed scale (standard 
deviation): we used a scale of 1 cpm. Gaussian mixture estimation fits 
the data with a fixed number of Gaussians (we used 2) with differing 
scale.

2.8 | Determining the position of the sensors

The position of a balloon in all figures is identified by a white line 
which represents a gap of 10 cm where no data were recorded. The 
length and velocity of the pressure waves indicated in the figures is 
accurately reported, taking the balloon position into account. The tip 
of the catheter was clipped near the ileocecal valve in 15 of 19 vol-
unteers (Table S1). Recording of the anal sphincter pressures made 
it easy to identify rectal motor activity. The figures mark the loca-
tion of the first sensor, the position of the balloon(s) and the anal 
sphincter which were verified by the X-rays taken. A small amount of 
air was injected into the balloon(s) to facilitate recognition by X-ray. 
Radiopaque markers were present at channel 1 and at both sides of 
the balloon(s).
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2.9 | Impedance cardiography

In all subjects, the electrocardiogram and cardiac impedance 
was recorded to analyze heart rate variability and impedance. 
In the present study, the only data used from this analysis were 
the breathing frequency that can be extracted from the imped-
ance measurements. Impedance was recorded by affixing four 
electrodes in a standard tetrapolar electrode configuration for 
impedance recording, where two electrodes supplied the con-
stant current source and two electrodes sensed the changes in 
the transfer impedance. The electrocardiogram was obtained by 
a standard electrode configuration. Signals were recorded using a 
MindWare impedance cardio GSC monitor and heart rate variabil-
ity (HRV) analyzed by MindWare HRV 3.1 and IMP 3.1 software 
(MindWare Technologies LTD.).

3  | RESULTS

3.1 | The cyclic motor patterns

Cyclic motor patterns were defined as clusters of cyclic pressure 
waves with a distinct pressure wave frequency ranging from 0.3 
to 20 cpm (Figures 1-4). Incidental clusters of cyclic SPWs or cyclic 
HAPWs were not classified within the cyclic motor pattern cate-
gory. Frequency analysis of the cyclic motor patterns showed that 
there are two groups of cyclic motor patterns, a “low-frequency” 
and a “high-frequency” pattern (Figure 5; Table 1). This was calcu-
lated by measuring the average frequency of the pressure waves 
within each manually identified cyclic motor pattern (Figure 5A), 
and by interval analysis of all pressure waves within all cyclic motor 
patterns (Figure 5B). Both methods showed the same probability of 

F I G U R E  1  The high-frequency cyclic 
motor pattern occurring post-HAPW. 
(A), (C), and (D). A cyclic motor pattern 
that follows an HAPW seen in the 2-D, 
3-D, and line plot respectively during 
proximal balloon distention (PBD) with 
the most proximal sensor (0 cm) in the 
proximal ascending colon (PA), balloon 
1 (B1) in the mid-transverse colon (MT) 
and anal sphincter (AS) approximately 
90 cm from the first sensor. White line 
and red line in D represent position of 
the 10 cm balloon. The HAPW average 
amplitude is 174.0 mm Hg which was 
cut off in the plots to allow for the 
visualization of lower-amplitude events. 
(B) FFT spectrum with a broad peak 
from 6 to 13 cpm circled with a dotted 
line. X-axis represents the frequency 
from 0 to 20 cpm. Y-axis represents the 
sensors where the vertical scale bar in 
the spectrum equates to 20 sensors. 
The FFT analysis was run on the same 
140 s duration of the cyclic motor 
pattern in (A), (C), and (D) following the 
HAPW. The pressure waves express 
simultaneous, antegrade, and strong 
retrograde propagation. This is in contrast 
to the breathing frequency, which is also 
commonly expressed at 11-13 cpm but 
shows exclusively simultaneous events. 
Breathing frequency noted in this subject 
was 15 cpm

(A)

(B)

(D)

(C)
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a motor pattern belonging to the high-frequency or low-frequency 
group (Figure 5C). Using the average frequency analysis, the aver-
age frequency of the low- and high-frequency cyclic motor patterns 
was 3.8 and 12.2 cpm, respectively. The interval analysis showed 
an average frequency of 3.4 and 11.2 cpm, respectively.

Taking the low-frequency pattern as a frequency range of 
2-6 cpm8,13 and the high-frequency range as 7 cpm or higher, the average 
amplitude of the high-frequency pressure waves, 22.2 ± 8.7 mm Hg, is 
significantly higher compared to the low-frequency pressure waves at 
16.5 ± 6.4 mm Hg (Figure 6F; P <  .0001). Overall, their direction of 
propagation, retrograde or antegrade, was not significantly different, 
with simultaneous propagation dominating (Figure 6A).

The total number of pressure waves within the cyclic motor pat-
terns per subject was not significantly different before and after the 

meal. The total number of pressure wave corresponding to low-fre-
quency cyclic motor patterns in the 90 minutes before the meal was 
33.2 ± 33.8 and 20.5 ± 18.1 in the 90 minutes after the meal (P = .34). 
Focusing only on low-frequency retrograde pressure waves, we ob-
served 19.5 ± 30.4 pressure waves per 2 hours per subject during 
baseline and 7.2 ± 14.9 retrograde pressure waves per 2 hours per 
subject after a meal (P = .86). The total number of pressure wave cor-
responding to high-frequency cyclic motor patterns in the 90 min-
utes before was 30.7 ± 45.4 and 29.0 ± 44.4 in the 90 minutes after 
the meal (P = .78).

Three areas were identified where the occurrence of the cyclic 
motor pattern was prominent (Table 2). (a) A cyclic motor pattern 
often followed an HAPW (HAPW-CMP) which was dominated by 
high-frequency pressure waves with frequencies in the range of 

F I G U R E  2  The high-frequency cyclic motor pattern occurring post-HAPW. (A) 2-D plot of a cyclic motor pattern following HAPW during 
proximal balloon distention (PBD) with the first sensor in the mid-transverse (MT) colon and no balloons. (B) FFT spectrum of (A) with a 
peak between 11 and 12 cpm circled with a dotted line. X-axis represents the frequency from 0 to 20 cpm. Y-axis represents the sensors 
where the vertical scale bar in the spectrum equates to 20 sensors. The FFT analysis was run on the same 180 s duration of the cyclic 
motor pattern in (A) following the HAPW. The HAPW average amplitude was 160.2 mm Hg which was cut off in the plots to allow for the 
visualization of lower-amplitude events. (C) 3-D plot of a cyclic motor pattern following an HAPW in the distal sigmoid colon during baseline, 
showing interaction of two distinct frequencies estimated at approximately 3 and 12 cpm. The first sensor is in the proximal ascending colon 
(PA), with balloon (B1-white line) in the mid-ascending (MA) colon and the anal sphincter (AS) located approximately 95 cm from the first 
sensor. (D) FFT spectrum of (C) with 2 peaks circled with dotted lines at frequencies of 3.2 cpm and another broad peak from 8-13 cpm. 
X-axis represents the frequency from 0 to 20 cpm. Y-axis represents the sensors where the vertical scale bar in the spectrum equates to 20 
sensors. The FFT analysis was run on the same 130 s duration of the cyclic motor pattern in (C) following the HAPW. The HAPW average 
amplitude was 174.7 mm Hg which was cut off in the plots to allow for the visualization of lower-amplitude events

(A)

(B)

(C) (D)
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7-20 cpm (Figures 1 and 2). (b) A cyclic motor pattern was prom-
inent in the rectum (rectal-CMP), dominated by low-frequency 
pressure waves with an average frequency of 3.3 ± 2.3 cpm (range 
2-6 cpm). This cyclic motor pattern could be restricted to the rec-
tum but was often congruent with a 3 cpm cyclic motor pattern 
in the sigmoid (Figure 3). (c) A cyclic motor pattern could occur 
anywhere throughout the colon (colonic-CMP), but primarily in 
the transverse, descending, sigmoid colon, not associated with 
an HAPW; its pressure wave frequency was a mix of low- and 

high-frequency cyclic motor patterns, with a range of 0.3-16.3 cpm 
(Figure 4; Table 2).

3.2 | The high-frequency cyclic motor pattern 
dominates following the HAPW

From the 243 HAPWs observed, 43.6% were followed by a cy-
clic motor pattern (n  =  106; N  =  17; Figures 1 and 2). 82.4% of 

F I G U R E  3  The low-frequency (3 cpm) 
cyclic motor pattern in the rectum. (A) 
2-D rectal cyclic motor pattern, primarily 
retrograde activity at 2.2 cycles/min 
during baseline with an average length of 
4 cm, duration of 660 s. Two white lines 
represent 10 cm sections of the balloons 
(B1 and B2). (B) FFT spectrum with a 
peak at 2.2 cycles per min (cpm) circled 
with a dotted line. X-axis represents 
the frequency from 0 to 20 cpm. Y-axis 
represents the sensors where the vertical 
scale bar in the spectrum equates to 20 
sensors. The FFT analysis was run on 
the same 660 s duration of the cyclic 
motor pattern in (A). (C) Line plot of the 
rectal cyclic motor pattern as seen in 
(A) operating primarily in the retrograde 
direction (seen between 60 and 70 cm on 
the right y-axis). Two red lines represent 
the balloons (B1 and B2). (D) 3-D plot of 
(A): rhythmic activity during baseline in 
the distal sigmoid colon and rectum. Note 
lack of rhythmic activity preceding the 
sigmoid colon. Two white lines represent 
position of 10 cm balloon (B1 and B2). In 
(A), (C), and (D) the most proximal sensor 
is located in the proximal ascending colon 
(PA), balloon 1 (B1) and balloon 2 (B2) are 
located in the mid-transverse (MT) and 
distal sigmoid colon (DS), respectively, and 
the anal sphincter (AS) is located 70 cm 
from the location of the first sensor

(A)

(B)

(C)

(D)
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the frequencies of the cyclic motor patterns were between 7 and 
20 cpm (12.8 ± 3.3 cpm); 17.6% of the frequencies were between 
2 and 6 cpm, as assessed by the percent durations of cyclic motor 
patterns. The average amplitude of the high-frequency cyclic motor 
pattern was 22.7 ± 8.9 mm Hg associated with HAPWs of an av-
erage amplitude of 140.0 ± 50.7 mm Hg. There was a strong cor-
relation between the amplitude of the HAPW and the amplitude 
of the pressure waves within the cyclic motor pattern following 
it (P <  .0001; Figure 6E). This significance was very evident in the 

bisacodyl-induced HAPW and the cyclic motor pattern following it 
(P =  .003). The propagation direction of all pressure waves follow-
ing HAPWs was as follows: 58.9% occurred simultaneously, 24.2% 
propagated in oral direction and 16.9% in anal direction. There was 
no statistical difference between the number of oral and anal propa-
gating pressure waves (Figure 6B). Simultaneous propagation was 
the most common direction in the transverse, descending and sig-
moid colon (70.8%, 54.5%, 51.1%, respectively) in any occurrence of 
the cyclic motor pattern. There was no difference in the percentage 

(A) (B)

(C)

(D) (E)
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of anterograde and retrograde propagation directions within a loca-
tion, and no statistical difference in the appearance of a particular 
direction in any location of the colon.

The average length and duration of the cyclic motor patterns that 
followed the HAPWs were 15.8 ± 8.1 cm and 76.2 ± 53.3 seconds, 
respectively (Table 2). When comparing different locations along the 
colon, the average frequencies did not differ significantly; transverse 
11.9 ± 3.3 cpm (n = 51), descending 11.3 ± 4.3 cpm (n = 19), and sig-
moid 11.1 ± 5.1 cpm (n = 42).

The individual pressure waves within the cyclic motor pattern 
were almost always occurring without interruption but occasionally 
a clear segmentation pattern was observed, that is, the wave con-
sisted of a pressure-relaxation cycle (Figure 2C), resulting in a check-
ered pattern of isolated pressure transient, identical in appearance 
to the classic Cannon-type segmentation in the small intestine.32 
This occurred when the low- and high-frequency cyclic motor pat-
terns appeared in the same section of the colon. The pattern was 
distinctly seen in the distal colon amidst propagating and simultane-
ous pressure waves.

3.3 | Distinguishing the high-frequency cyclic motor 
pattern from the breathing frequency

In most subjects, breathing was identifiable as background simul-
taneous pressurizations at the breathing frequency established 
by manually counting breaths per minute, and through the imped-
ance measurements which were obtained simultaneously with the 
manometry assessment. In 10 subjects with a cyclic motor pattern 
pressure wave frequency of 12.0  ±  1.2  cpm, the breathing fre-
quency ranged from 15 to 18  cpm. Figure 7 shows that a subject 
with a breathing frequency of 15 cpm identified by background and 
impedance had a concomitant pressure wave frequency of 12 cpm. 
Another distinct feature of the high-frequency cyclic motor pattern 
is that it shows direction of propagation, that is, any cyclic motor pat-
tern consists of a mixture of simultaneous, retrograde and antegrade 

propagating pressure waves, whereas the breathing frequency ar-
tifact always showed exclusively simultaneous pressure changes. 
Figure 1 shows a typical motor pattern with distinct antegrade or 
retrograde propagation, in stark contrast to the simultaneous pres-
surizations as the hallmark of the breathing artifact.

3.4 | The low-frequency cyclic motor pattern 
in the rectum

The rectal cyclic motor pattern (Figure 3) was present in 14 subjects, 
occurring a total of 37 times, most prominent during baseline (N = 8, 
n = 15), and meal periods (N = 6, n = 11), although it was also pre-
sent during balloon distention (N = 5, n = 7) and bisacodyl (N = 3, 
n = 4). The overall amplitude of the cyclic motor pattern in the rec-
tum was 18.0 ± 5.6 mm Hg (Table 2). The rectal cyclic motor pattern 
presented a combination of simultaneous, antegrade and retrograde 
propagation. The most prominent propagation direction was retro-
grade representing ~50.2% of total propagation overall, followed 
by simultaneous direction at 32.8% and antegrade at 16.9%. The 
overall propagation velocities for retrograde and antegrade direc-
tion were found to be 0.82 ± 0.77 cm/s and 1.10 ± 1.10 cm/s re-
spectively, not significantly different. Only during baseline was the 
retrograde direction more prominent compared to the antegrade 
activity (Figure 6C; P < .001). The average length and duration of the 
rectal cyclic motor pattern were 5.7 ± 2.5 cm and 6.0 ± 4.9 minutes, 
respectively (Table 2).

3.5 | The colonic cyclic motor pattern not 
associated with HAPWs

The colonic cyclic motor pattern, not associated with HAPWs was 
observed in 18 subjects (n = 107; Figure 4), most prominently found 
during baseline (N = 16, n = 47) and meal periods (N = 12, n = 29). 
Three quarters of this activity originated in the descending or 

F I G U R E  4  The high-frequency colonic cyclic motor pattern. (A) 2-D plot of colonic cyclic motor pattern in the descending and sigmoid 
colon during proximal balloon distention (PBD); the first sensor is in the proximal ascending colon (PA), and the balloon (B1) is located in the 
mid-transverse (MT) colon with the anal sphincter (AS) located approximately 90 cm from the most proximal sensor. White line represents 
positioning of 10 cm balloon. (B) FFT spectrum of (A) with peak centered at 12.7 cpm corresponding to the colonic cyclic motor pattern. 
X-axis represents the frequency from 0 to 20 cpm. Y-axis represents the sensors where the vertical scale bar in the spectrum equates 
to 20 sensors. The FFT analysis was run on the same 130 s duration of the cyclic motor pattern in (A). (C) 2-D plot of a high-frequency 
colonic-CMP occurring in the distal colon, during baseline, with a concomitant presence of the low-frequency rectal-CMP and 1 cpm anal 
sphincter oscillations. The first sensor is in the mid-ascending colon; the balloons, B1 and B2, are located in the distal ascending and proximal 
descending colon (PD), respectively, with the anal sphincter (AS) located approximately 97 cm from the proximal most sensor. This figure 
does not illustrate the location of the first sensor and the proximal balloon location as they were omitted to allow for the clear visualization 
of the shown motor patterns. (D) FFT spectrum of (C) with a low-frequency peak centered at 2.7 cpm corresponding to the cyclic motor 
pattern in the rectum, and a high-frequency peak at 11.1 cpm representative of the high-frequency colonic cyclic motor pattern. X-axis 
represents the frequency from 0 to 20 cpm. Y-axis represents the sensors where the vertical scale bar in the spectrum equates to 20 
sensors. The FFT analysis was run on the same 330 s duration of the cyclic motor pattern in (C). (E) 3-D plot of the rhythmicity of colonic-
CMP clusters appearing at 1 cpm, originating in the proximal colon. The proximal most sensor is in the proximal ascending colon (PA); the 
balloon is present in the mid-transverse colon (MT) and the anal sphincter (AS) is located approximately 85 cm from the first sensor. The 
pressure waves within a single cluster of the colonic-CMP in the sigmoid colon displayed high-frequency (10-12 cpm). White line represents 
positioning of 10 cm balloon (B1)
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sigmoid colon whereas 25% originated more proximally. The colonic 
motor pattern episodes would also occur simultaneously with rhyth-
mic activity in the rectum (Figure 4C). The propagation direction of 

the pressure waves across all the colonic cyclic motor patterns was 
predominantly simultaneous (47%), followed by retrograde (26%) 
and antegrade (27%) pressure waves. When different interventions 
and different sites of origin were compared, there were no signifi-
cant differences between antegrade and retrograde directionality of 
the pressure waves (Figure 6D; Table 2). The mean propagation ve-
locity was 6.6 ± 5.8 cm/s and 5.2 ± 6.7 cm/s for antegrade and retro-
grade propagation, respectively, not significant different. The length 
(along the colon) and duration (of the cyclic motor pattern cluster) 
were both highly variable at 20.1 ± 13.5 cm and 5.0 ± 10.0 minutes, 
respectively (Table 2). The colonic cyclic motor pattern itself also 
occurred in a rhythmic fashion (N = 9, n = 17) at 1.4 ± 0.5 cpm with 
a range of 0.5-2.3 cpm (Figure 4E). Most pressure waves associated 
with colonic cyclic motor patterns that were not associated with 
HAPWs belonged to the high-frequency category. The proportion of 
total pressure waves associated with low- and high-frequency cyclic 
motor patterns were 37.2% and 62.8%, respectively.

3.6 | Comparison between the cyclic motor patterns 
in the rectum, colon, and following the HAPWs

Taking all pressure wave frequencies into account, we compared the 
cyclic motor pattern characteristics in the rectum, colon, and fol-
lowing HAPWs (Table 2). The pressure waves following the HAPW 
possessed much higher amplitudes than those within the colonic 
cyclic motor pattern (P = .0002) and within the rectum (P = .0088). 
The largest increase in amplitude across all cyclic motor patterns was 
from baseline to bisacodyl, specifically in cyclic motor patterns fol-
lowing the HAPW (P =  .0264) and within the colonic cyclic motor 
pattern (P <  .0001), while there were no interventional effects on 
rectal cyclic motor pattern amplitudes. The cyclic motor patterns in 
the colon and following the HAPW had the greatest proportion of 
simultaneous propagation. In addition, both the retrograde and an-
tegrade proportions of the HAPW and colonic cyclic motor patterns 
were significantly less than the retrograde proportions found in rec-
tal cyclic motor pattern (P < .05 overall). The durations and lengths of 
the cyclic motor pattern differed (Table 2). The colonic cyclic motor 
pattern was on average present for the longest duration when com-
pared to the durations of the rectal cyclic motor pattern (P = .002) 
and the cyclic motor patterns following the HAPW (P = .0006). The 
rectal cyclic motor pattern was the shortest motor pattern in terms 
of length when compared to colonic cyclic motor pattern (P < .0001) 
and the cyclic motor patterns following the HAPW (P < .0001).

4  | DISCUSSION
The present study shows that in addition to the low-frequency cyclic 
motor pattern, defined previously as clusters of pressure waves be-
tween 2 and 6 cpm,8,9 the colon exhibits a prominent high-frequency 
cyclic motor pattern that is often seen in the wake of a high-ampli-
tude propagating pressure wave (HAPW) but is also seen through-
out the transverse, descending, and sigmoid colon as an isolated 
motor pattern. The high-frequency cyclic motor pattern centers 

F I G U R E  5  Analysis of cyclic motor pattern frequency by 
average frequencies and intervals. (A) All cyclic motor patterns 
were identified, the average frequency of each individual cyclic 
motor pattern occurrence calculated and the number of pressure 
waves corresponding to the average frequency noted. The 
histogram (stepped gray line) shows the number of CMPs with a 
particular average frequency, multiplied by (ie, weighted by) the 
number of pressure waves present in the occurrence (left y-axis). 
If the histogram is scaled such that its total area is equal to one, 
the relevant height scale is the probability density (right y-axis) 
which indicates the probability of a CMP having the particular 
frequency. The histogram was modeled (fitted) by a sum of Gaussian 
distributions. In Gaussian kernel density estimation (dark smooth 
line) the histogram is fitted with as many Gaussians as are required 
for a good fit, but they all have the same width (standard deviation; 
here set to 1.0 cpm). In Gaussian mixture estimation (light smooth 
lines) the histogram is fitted with a fixed number of Gaussians (here 
2; dotted lines) of any width. (B) The interval between every pressure 
wave in every CMP is measured and is converted into a frequency 
(1/interval). The histogram (stepped gray line) shows the number of 
intervals with a particular frequency (left y-axis). As in (A) the right 
y-axis shows the corresponding probability density scale and the 
data is fitted with a Gaussian kernel density estimate (1.0 cpm SD) 
and a Gaussian mixture estimate of two components. (C) reports the 
parameters of the two Gaussians (dotted lines) in (A) and (B)
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around 11-13 cpm. It is rarely reported on in human colonic manom-
etry studies, but noted in early research. Code33 reported in 1952 
type 1 waves in the human colon, described as simple monophasic 
waves that had the highest rhythmic frequency characteristic for the 
colon at 13 cpm, in addition to waves at 3-8 cpm. Kerlin, Zinsmeister, 
and Phillips34 reported colonic frequencies which they could not 
distinguish from respiratory artifacts. Due to this uncertainty, in 
many studies, rhythmic activity that was deemed to be potentially 
caused by respiration in the frequency range of 8-12 cpm, was not 
analyzed.35-37 In other studies, frequencies between 16 and 20 cpm 
were deemed potential respiratory movements and removed from 
the analysis.4,13,30,38 Other studies defined the cyclic motor pattern 
by its frequency range from 2 to 6 cpm and hence did not analyze 
data > 6 cpm.30 We did not filter our data nor did we exclude any 
frequency domain. We did carefully identify artifacts due to body 
movements and removed those from the analysis. We show that 
pressure waves within the high-frequency cyclic motor patterns are 
not caused by breathing since the pressure waves caused by breath-
ing, which were always visible in the background, had a distinctly 
different frequency as determined by impedance measurements and 
manual assessments, and was usually 15-16 cpm. Furthermore, the 
individual pressure waves within the high-frequency cyclic motor 

patterns always showed a percentage of antegrade or retrograde 
propagation, which was never seen in breathing artifacts.

The occurrence of the high-frequency cyclic motor pattern with 
rhythmicity between 9 and 15 cpm is consistent with human colon 
electrophysiological studies that showed a prominent presence of 
slow waves within this frequency range. Sarna et al recorded with 
serosal electrodes during surgery and found a frequency of 11.4 cpm 
to be extensively present (see figure 2 in ref. 14). Bueno et al found 
a prominent presence of cyclic electrical activity between 10 and 
12 cpm.15 Couturier et al found the most prominent frequency be-
tween 8.4 and 10.6  cpm,39 similar to Schang and Devroede, their 
average was 10 cpm.40 Consistently, in vitro studies of the human 
colon circular muscle showed prominently a slow wave activity in 
a similar frequency range.16,41,42 Hence, the pressure wave pattern 
will be caused by rhythmic circular muscle contractions generated 
by short bursts of smooth muscle action potentials superimposed on 
slow wave activity in the 9-15 cpm range. The slow waves are gener-
ated by one of the dense networks of interstitial cells of Cajal.16,43,44 
Human and animal studies have shown that, in contrast to the stom-
ach and small intestine, the colon pacemaker activity is labile and 
does not show a persistent frequency gradient.45 If the frequency is 
“noisy,” that is, if it fluctuates around, for example, 12 cpm, both at 

Low-Frequency CMP 
(2-6 cpm)

High-Frequency CMP 
(7-20 cpm)

Frequency 3.6 ± 1.7 cpm 12.4 ± 1.8 cpm

Number of pressure waves/ subject

Mean ± SD 12.2 ± 7.5 pressure waves 14.0 ± 14.1 pressure 
waves

Min-Max 3-35 pressure waves 3-107 pressure waves

25th-75th percentile 6-15.75 pressure waves 6-17 pressure waves

Pressure wave amplitude

Mean ± SD 16.5 ± 6.4 mm Hg**** 22.2 ± 8.7 mm Hg

Min-Max 2.5-40.7 mm Hg 8.5-75.2 mm Hg

25th-75th percentile 12.4-20.5 mm Hg 16.7-26.0 mm Hg

Pressure wave propagation direction

Percent direction per CMP 
episode (mean ± SD)

Simultaneous: 47.4 ± 33.8% Simultaneous: 
59.9 ± 33.4%

Anterograde: 22.3 ± 29.3% Anterograde: 
19.7 ± 24.1%

Retrograde: 30.4 ± 32.8% Retrograde: 
20.5 ± 25.3%

CMP duration/subject

Mean ± SD 296.3 ± 355.3 s 99.8 ± 218.5 s

Min-Max 20 s-47 min 14 s-38 min

25th-75th percentile 90-390 s 33-105 s

Note: The values for the 25th and 75th percentiles were included to report where the majority 
(50%) of the data was present without the impact of potential outliers that may be present in the 
min and max values stated in the table above.
Asterisk represents the comparison between cyclic motor patterns belonging to the high- and low-
frequency ranges.
****P < .0001. 

TA B L E  1  Comparison of the cyclic 
motor patterns of the human colon
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F I G U R E  6  Features of the cyclic motor patterns. (A) Propagation direction (simultaneous (S), antegrade (A) and retrograde (R)) reported 
as a function of high- and low-frequency groups, and as a combination of all frequencies. Note within each frequency group, simultaneous 
propagation is most prominent while no statistically significant difference exists between the two frequency groups nor between antegrade 
and retrograde propagation within the frequency groups. (B) Propagation direction reported as percent of pressure waves per cluster of 
high-frequency cyclic motor patterns following HAPWs. (C) Propagation direction reported as percent of pressure waves per cluster of 
rectal-CMP. (D) Propagation direction reported as percent of pressure waves per cluster of high-frequency colonic cyclic motor patterns. (E) 
Amplitude correlation of all HAPWs and their corresponding cyclic motor patterns (Pearson's correlation coefficient = 0.4662; P < .0001). (F) 
Average amplitude of pressure waves per cluster of all CMPs and those categorized as the high- and low-frequency cyclic motor patterns. 
The y-axis reports the average pressure (mm Hg) of the pressure waves within the clusters. Each point represents a cluster of the CMP’s. 
****P < .0001, ***P < .001,**P < .01, *P < .05
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the proximal and distal end of the cyclic motor pattern activity, prop-
agation direction will be “chaotic” and can switch direction quickly 
and can occur simultaneous; in a system of coupled oscillators, the 
propagation is not determined by sequential depolarization of con-
secutive cells but rather by the synchronization of cyclic electrical 
activities with or without phase lags.46-49 The high-frequency cyclic 
motor pattern consists of rather randomly alternating retrograde 
and antegrade propagating, or simultaneous pressure waves. The 
electrical activity underlying simultaneous pressure waves can be 
synchronized slow wave activity without phase lag, or slow wave 
activity at a very high apparent velocity. In the rabbit colon, where 
we recorded contractile activity and pressure waves simultaneously, 
simultaneous pressure waves were often associated with clusters of 
contractions that propagated at high velocity.50 Mixed direction of 
propagation is likely associated with net non-propulsive activity pro-
moting absorption and storage.51,52

The present study uses a water-perfused catheter over a period 
of 6-8 hours. A consideration is whether or not the water perfusion 
would lead to colonic distention that might introduce motor activity. 
We observed no significant increase in baseline pressure over the 
duration of the study. Furthermore, the high-frequency cyclic motor 
pattern was often seen during baseline with features no different 
from patterns observed later in the recording. The colon has a large 

capacity to absorb water and water was expelled by the many pro-
pulsive motor patterns and some water was drained out via a rec-
tal catheter. Importantly, a frequency spectrum of cyclic activity in 
the human colon obtained using a fiber optics catheter also showed 
peaks at ~3 and ~11 cpm, see figure 2 in ref. 53. In general, compar-
ison between studies that use water-perfused or solid-state cathe-
ters shows no significant differences.27

Many human manometry studies have shown an increase 
in motility in response to a meal, in particular an increase in 
HAPWs.5,11,13,34,37,54-57 Dinning et al reported that retrograde prop-
agating cyclic motor patterns at 2-6 cpm occurred on average 5.6 
times per 2  hours during baseline, which changed after a meal to 
34.7 ± 19.8 per 2 hours.8,13,38 This impressive post-prandial increase 
in the low-frequency cyclic motor pattern became a benchmark for 
normal colonic response parameters,58 which was then implemented 
in a later study4 assessing colonic motor abnormalities in slow transit 
constipation. It was concluded that in patients with STC, on average, 
the occurrence of the low-frequency cyclic motor pattern did not 
show a difference before and after a meal although in 5 out of 14 
patients, the meal initiated the cyclic motor pattern when no pattern 
was present during baseline (table 1 in ref. 4); hence the absence 
of a meal response does not appear to be a consistent feature in 
patients with constipation. Relatedly, Bassotti et al59 reported an 

TA B L E  2  Comparison of the cyclic motor patterns in the colon and rectum without separation in high- and low-frequency categories

HAPW-CMP Colonic-CMP Rectal-CMP

Pressure wave frequency

Mean ± SD 11.6 ± 4.2 cpm**** 8.1 ± 4.4 cpma/#### 3.3 ± 2.3 cpm♦♦♦♦

Min-Max 3.3-20 cpm 0.3-16.3 cpm 0.6-12 cpm

25th-75th percentile 9.1-13.7 cpm 3.9-12.0 cpm 2.3-3.3 cpm

Pressure wave amplitude

Mean ± SD 22.7 ± 8.9 mm Hg*** 18.2 ± 6.4 mm Hg 18.0 ± 5.6 mm Hg♦♦

Min-Max 9.7-78.2 mm Hg 3.4-38.3 mm Hg 2.5-32.8 mm Hg

25th-75th percentile 18.8-26.4 mm Hg 14.5-21.7 mm Hg 15.0-21.7 mm Hg

Percent direction per CMP episode (mean ± SD)

Pressure wave propagation direction Simultaneous: 47.1 ± 31.7% Simultaneous: 58.6 ± 33.3% Simultaneous: 36.7 ± 32.8%

Anterograde: 26.7 ± 29.3% Anterograde: 16.5 ± 22.3% Anterograde: 17.2 ± 22.8%

Retrograde: 26.2 ± 29.8% Retrograde: 24.9 ± 28.3% Retrograde: 46.1 ± 32.4%

Pressure wave length

Mean ± SD 15.8 ± 8.1 cm* 20.1 ± 13.5 cm#### 5.7 ± 2.5 cm♦♦♦♦

Min-Max 4-45 cm 3-68 cm 3-13 cm

25th-75th percentile 10-21 cm 8-27 cm 4-7 cm

CMP duration

Mean ± SD 1.3 ± 0.9 min**** 5.0 ± 10.0 min 6.0 ± 5.0 min♦♦

Min-Max 14 s-4.3 min 15 s-74 min 40 s-24 min

25th-75th percentile 35-105 s 47 s-5.5 min 2.5-8.0 min

Note: All * represent comparisons between HAPW- and Colonic-CMP; All # represent comparisons between Colonic- and Rectal-CMP. All ♦ 
represent comparisons between HAPW- and Rectal-CMP. Four symbols = P < .0001. Three symbols = P < .001. Two symbols = P < .01. One 
symbol = P < .05. The values for the 25th and 75th percentiles were included to report where majority (50%) of the data was present without the 
impact of potential outliers that may be present in the min and max values stated in the table above.
aThis value reflects a combination of low-frequency and high-frequency activity. 
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F I G U R E  7  The high-frequency cyclic motor pattern is distinct from breathing artifacts. (A) 2-D plot: HAPW-CMP during the meal 
intervention with the most proximal sensor in the proximal ascending colon (PA), a balloon (B1) at the mid-transverse colon (MT) and the anal 
sphincter (AS) approximately 85 cm from the proximal sensor. The white line represents positioning of 10 cm balloon. (B) Respiratory Time 
Series: y-axis reports the change in voltage with a maximal change of 23 mV; x-axis reports the time of the recording in seconds which is 
used to time match with the segment of the cyclic motor pattern in the HRCM recording in (A) seen by the two dotted lines. The impedance 
recording directly corresponds to the low-amplitude background frequency seen between 60 and 80 cm (left y-axis in (A)), thereby providing 
evidence that the breathing is 16 cpm. (C) 3-D plot of HAPW-CMP in (A). The true HAPW average amplitude was 110.0 mm Hg which was 
cut off in the plot to allow for the visualization of lower-amplitude events. (D) FFT spectrum of (A) and (C) with peak centered at 11.8 cpm 
corresponding to the cyclic motor pattern following HAPW. X-axis represents the frequency from 0 to 20 cpm. Y-axis represents the sensors 
where the vertical scale bar in the spectrum equates to 20 sensors. The FFT analysis was run on the same 60 s duration of the cyclic motor 
pattern in (A) and (C) following the HAPW

(A)

(B) (D)

(C)
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increase in regular rhythmic activity with a dominant frequency of 
3 cpm from 10% to 34% in patients with slow transit constipation 
after a meal compared to the period preceding the meal. The present 
study shows that although some subjects showed an increase in the 
low-frequency cyclic motor pattern and some showed an increase in 
the high-frequency cyclic motor pattern, on average there was no 
significant difference before and after meal intake. This means that 
the absence of a meal response in a patient with constipation should 
probably not be seen as an abnormal feature and does not necessar-
ily indicate pathophysiology.

In the present study, the rectal cyclic motor pattern was pre-
dominantly retrograde and around 3 cpm. Rao et al,12 comparing 
activity at 7 cm (rectum) to 14 cm (sigmoid) from the anus, found 
that the clusters of rectal cyclic motor activity to be 14% retro-
grade and 47% simultaneous, whereas at night time it was 16% si-
multaneous and 36% retrograde. This analysis is different from the 
present study and other studies using high-resolution manometry 
where the characteristics of the individual pressure waves can be 
analyzed which is not possible with low resolution manometry. In 
the present study, the presence of the rectal cyclic motor pattern 
was quite variable (it occurred in 66% of 21 healthy volunteers) 
and did not, on average, increase with a meal.12 It was proposed to 
be an intrinsic braking mechanism preventing untimely flow of co-
lonic contents into the rectum, particularly during sleep.12 Patients 
with slow transit constipation showed a 50% increase in this rectal 
cyclic motor pattern and the hypothesis was put forward that an 
increase in the rectal cyclic motor activity may contribute to the 
pathogenesis of slow transit constipation.9 The rectosigmoid brake 
hypothesis was supported by studies from Lin et al8 pointing to 
the prominence of retrograde propagation in the sigmoid and rec-
tum. This motor pattern was very strong and persistent in the dis-
tal colon in patients after surgery involving right hemicolectomy30 
suggesting that it may serve to restore normal bowel function.8 
Interestingly, the pattern shows all the characteristics of a network 
of pacemaker cells, coupled oscillators, underlying it (see figure 
3 in ref. 30), such as a frequency gradient, patterns of Cannon-
type segmentation and dislocations (the sudden disappearance of 
a pressure wave), as reported on recently, based on comparisons 
between recorded slow wave activity and a mathematical model of 
coupled oscillators.49,60

Giorgio et al3 came to the conclusion that simultaneous pres-
surizations found between bisacodyl-induced HAPWs were a bio-
marker of neuromuscular pathology in children with constipation 
since it was not observed in children who were deemed not to have 
constipation based on HRCM features and subsequent assessments. 
In the present study in adults from 19 years of age and older, 4.5% 
of the HAPWs during all interventions across all healthy volunteers 
were followed by absolute quiescence (and 5.4% post-bisacodyl), 
whereas 43.6% of HAPWs were followed by a cyclic motor pattern 
(and 36.6% post-bisacodyl). Because of the prominence of post-
HAPW cyclic motor patterns in healthy subjects, it appears that 
this cyclic motor pattern is not a unique feature of constipation in 
adults. The cyclic motor pattern that follows the HAPWs is primarily 

high-frequency, which may explain why Lin et al did not find a cor-
relation between HAPWs and cyclic motor patterns as they analyzed 
only the 3 cpm cyclic motor pattern.8

The high-frequency oscillator and low-frequency oscillator 
are likely coming from two different ICC networks, since we saw 
these cyclic motor patterns operate in the same spatial and tempo-
ral region in the distal sigmoid colon overlapping with one another 
(Figure 2C). Interestingly, where these two distinct frequencies 
overlap, there is sometimes evidence of the Cannon-type segmen-
tation pattern similar to the small intestine where we showed that 
this segmentation pattern is caused by phase-amplitude coupling of 
two oscillators.32

In summary, the human colon has two prominent cyclic 
motor patterns, clusters of pressure waves centering on 3-4 and 
11-13 cpm. Within almost all clusters, pressure waves show a mix 
of antegrade, retrograde, and simultaneous propagation, likely to 
move content in alternating directions. We proved the high-fre-
quency pattern to be unrelated to breathing. This pattern should 
be regarded as a prominent feature of normal colon motility likely 
associated with segmentation (absorption and storage) and mainte-
nance of continence.
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