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Digital Ambulatory Manometry of the
Small Intestine in Healthy Adults

Estimates of Variation Within and Between Individuals
and Statistical Management of Incomplete MMC Periods

EINAR HUSEBYE, MD, VIGGO SKAR, PhD, ODD O. AALEN, PhD, and MAGNE OSNES, PhD

A new technique for ambulatory manometry of the small intestine with digital storage of
signals is presented. Postprandial motility after a 1700-kJ meal and nighttime fasting
motility were recorded in 19 healthy young adults. A comprehensive statistical approach
was worked out to illuminate the statistical properties of fasting motility data from
long-term studies. Separate quantifications of the variation within and between individ-
uals are presented for the migrating motor complex (MMC). The overall mean for the
MMC period was 107 min, with incomplete periods included as censored data. Standard
deviation within individuals was 49 min, and standard deviation between individuals 16
min. Presented in the same manner, phase I in the proximal jejunum lasted 5.3 min, with
standard deviations of 1.5 and 1.1 min, respectively. The propagation velocity of phase 111
in the distal duodenum was 10.8 cm/min, with standard deviations of 3.7 and 4.1 cm/min,
respectively. Fed-state lasted 324 * 110 min (mean = sD), and adjusted fed-state, an
alternative definition proposed in this study, 290 * 80 min. This variance component
model, extended to handle censored data, provides a useful statistical approach for the
analyses of the MMC. The MMC period proved to be less suitable for quantitative
comparisons because of dominating intraindividual variance. Comparisons presented
indicate that discrepancies in reference values depend, to a great extent, on the statistical
methods applied.
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The cyclic pattern of muscular contractions in the
small intestine during the fasting state, the migrat-
ing motor complex (MMC), has been considered
the ‘‘housekeeper’” because of the propulsive
properties of phase III (1, 2). This phenomenon
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has been thoroughly reviewed by others (3-6).
Meal induce a pattern of irregular contractions for
a period depending on caloric and osmotic load (7,
8). Most manometric studies of the small intestine
have entailed the application of open-tip perfused
catheters with low-compliance systems (9). Be-
cause of patient compliance and the technical and
personal requirements involved, fasting examina-
tions have commonly been confined to a few
hours, often one complete MMC period.
Ambulatory techniques have been developed
lately for long-term studies. Portable tape record-
ers have been used to sample analog signals from
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Fig 1. Intraluminal pressures recorded by pairs of oppositely located transducers placed in
the antrum and distal duodenum of a healthy individual. The transducers in each pair were
sampled at 2 and 16 Hz, respectively. Sampling frequency is given below each box. Small
deflections of baseline between peaks within the range of 5 mm Hg represent noise. (A)
The upper two boxes: phase III of the MMC recorded in the distal duodenum, lasting 2.6
min. Vertical scale: distance between dotted lines in 20 mm Hg. Horizontal scale: distance
between dots is 2 sec. (B) The lower boxes: fed pattern. In each box the lower curve
represents gastric antrum and the upper curve distal duodenum. The two peaks to the left
represent phasic contractions, while the two to the right show artifacts. Vertical scale:
distance between dotted lines is 10 mm Hg. Horizontal scale: distance between dots is 1 sec.

radio pills (10) and catheters with microtip trans-
ducers (11). A similar ability to detect phasic
events has been proved for microtip-transducers
compared with open-tip perfused catheters (12).
Portable units for storage of digital signals are now
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available. We have set up a new ambulatory tech-
nique for small intestine manometry, with microtip
transducers and a portable digital memory (13).
Incomplete MMC periods will ordinarily occur
in fasting motility records. If the incomplete peri-
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ods are ignored, a biased estimate for the MMC
period may result. To solve this problem we have
used a statistical method for censored data.

Great variation, within and between individuals,
has been observed for MMC in humans (11, 14-18),
but quantitative estimates of these components of
variance have not been given. The fasting motility
parameters often have been calculated by a mean
value for each individual (19) or by the pooling of
data (14). We present a more appropriate statistical
approach for the cyclic events encountered in long-
term fasting motility records, including separate
determination of the variance within and between
individuals.

The aims of the study were to test this new digital
ambulatory technique in healthy adults and to ob-
tain more informative estimates for the MMC in
humans.

MATERIALS AND METHODS

Digital Recording System

Two strain-gauge sensors (16CT/S/L.2-2), with a stated
maximum linearity error of £0.2% and a maximum hys-
teresis error of 0.5%, were placed 15 cm apart on a
flexible silicone-covered 3-mm-diameter catheter
(Gaeltec Ltd., Isle of Skye, Scotland). This was a prac-
tical compromise for recognition of pressure patterns.
The sensors were spaced too far apart to permit propa-
gation analysis of single contractions (20). An air-channel
through the catheter allowed inflation of a rubber balloon
at the tip to facilitate the movement through the small
intestine. The catheter was connected to a small portable
lightweight unit serving as a power supply, preamplifier,
analog-to-digital converter, and memory for two chan-
nels, with a total storage capacity of 198 kilobytes (Syn-
ectics AB, Stockholm, Sweden). The sampling frequency
can be preset at fixed values between 1/32 and 1024 Hz.
At 2 Hz, pressures can be recorded continuously from
both sensors for 13.6 hr. An event marker allowed
localization of events on the record by the test subject.
Data were transferred to a PC AT computer without any
reduction. The pressure curves were displayed and
printed by Motilitygram 1.97 (Synectics AB).

Equipment Tests

Drift and Noise. The catheter was submerged in 13.6 cm
of water with a temperature of 37° C, after 2 hr calibration
in water at 20° C. The sampling frequency was preset at 2
Hz, and six full time registrations were performed.

Sampling Frequency. A 37-year-old healthy male was
examined in the morning, after an overnight fast. Two
identical catheters were anchored together by sutures,
with the proximal and distal sensors opposite each other,
and with separate portable memory units. The sampling
frequencies were preset at 2 and 16 Hz, respectively. The
sensors were placed in the antrum and the distal duode-
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num, controlled by fluoroscopy. Phases I, II, and IIT of
fasting activity and fed pattern after a light meal were
recorded.

Phase III was analyzed both manually and by computer
(Motilitygram version 1.97, Synectics AB). In the com-
puter analysis the fixed baseline was placed at the lower
limit of deflections during phase 1II (Figure 1A). Ampli-
tude threshold was set at 5 mm Hg, according to the noise
level detected in the water bath. Minimum duration
threshold for a phasic event was set at 2.5 sec. In the
manual analysis, the amplitude was measured from the
minimum pressure immediately before rise in pressure to
peak.

Investigation of Healthy Adults

Subjects. Nineteen healthy individuals (15 males and 4
females) with median age 26 years (range 22-50) were
examined. Weights for females were median 65.5 kg
(range 65-67) and for males median 77.5 kg (range 64-90).
Seventeen were nonsmokers. All gave their informed
consent. The study was approved by the local ethics
committee.

Protocol. On the examination day, the test subjects
fasted after a light breakfast before 8 aM. They were
allowed to drink water ad libitum. At 1 pM the catheter,
after calibration in water at room temperature for 2 hr,
was introduced transnasally after 4% lidocaine aerosol to
the nose and throat. Sampling position with the distal
sensor in the proximal jejunum at the ligament of Treitz
was confirmed by fluoroscopy. The proximal sensor was
then always located in duodenum, usually in the middle
or distal part. Time spent from intubation of the nose to
final position was noted. The sampling frequency was set
at 2 Hz, which reliably identified phasic events during the
equipment test. They left the hospital between 2 and 4
PM. At 5:45 pM the portable unit was switched on, and at
6 pM they had the standardized mixed meal consisting of
two slices of coarse-grained bread with soya margarine,
jam, cheese, and 200 ml orange juice. This mixed solid—
liquid meal provided 1700 kJ in the proportions: fat 20%,
carbohydrate 68%, and protein 12%.

All were requested to press the event marker at the
start of the standardized meal, when going to bed and
waking up, and immediately before performing three
sit-ups. Each subject kept a diary of the type and time of
events located. They went to bed at 10-11 pM and set
their alarm clocks for 6:30 AM the next morning. At 7:25
AM, after 13.6 hr of continuous registration, the memory
was completed. They returned to the hospital, and the
catheter was removed after fluoroscopically checking the
location. Data were missing from the proximal sensor in
three subjects and from the distal sensor in two subjects,
because of weakness in a connecting cable. Altogether,
260 hr of continuous pressure registration from the prox-
imal small intestine was obtained.

Each subject estimated the time elapsed from going to
bed to falling asleep, according to three alternatives:
0-30, 30-90, or more than 90 min. The quality of sleep
was evaluated by a visual analog scale from 0 to 100%.
One hundred percent corresponded to a ‘‘normal’’ night
for the individual. Duration as well as the subjective
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experience of the quality of sleep were included in this
score.

Definitions and Data Analyses. The motility patterns
were recognized visually. A phasic event was defined as
an increase of pressure exceeding baseline pressure for
each peak by more than 5 mm Hg (noise level), lasting
more than 2.5 and less than 10 sec. Baseline pressure for
each peak was defined as the minimum pressure immedi-
ately before rise in pressure. Sit-ups always involved
simultaneous increase of pressure at both sensors with
similar amplitude and identical duration. Such pressure
events were regarded as artifacts.

Phase III was defined as contractions at a regular
frequency of 10-12/min (slow-wave frequency) at the
proximal sensor propagated to the distal sensor or at the
distal sensor only, followed by quiescence. A minimum
duration of 2 min was required at the distal sensor.

The interval between consecutive phase IlIs at the
distal sensor was divided into 10-min periods. Complete
quiescence or less than three single contractions within
such periods was considered as phase I activity (19).
Phase 11 activity was defined as three phasic contractions
or more.

The MMC period was taken as the time interval be-
tween termination of phase III of consecutive periods at
the distal sensor (16). An incomplete MMC period was
defined as the time interval between termination of the
last observed phase III and the end of the recording at the
distal sensor.

Propagation velocity was defined as the distance be-
tween the two sensors divided by the time interval
between the onset of phase III at the two sensors.
Calculated length was defined as the duration of each
phase III at the distal sensor multiplied by the propaga-
tion velocity.

Fed state was calculated as the time from commence-
ment of the meal to the return of phase III in the small
intestine (15). Adjusted fed state was calculated from the
commencement of the meal to the return of phase III, or
phase I if such activity preceded the first-appearing phase
III. The stated definition for phase I activity was applied.

Phase III-like activity during fed-state was defined as
regular contractions at the slow-wave frequency lasting
more than 1 min, occurring more than 5 min after intake
of the meal.

Statistical Analyses

Summary values are given as means * 1 sD, unless
otherwise stated. Comparisons of means are carried out
either by a two-sample or a matched-pair Student’s ¢ test.
The influence of phase I and phase III-like activity on the
duration of fed state is tested by multiple regression.
Correlation techniques are used.

The MMC parameters are analyzed by a variance
component model (21). This means that each parameter
value Y, i denoting the individual and j numbering the
observations for a given individual, is modeled on the
following equation: Y; = p. + X, + e;. Here . is the overall
mean, X; and e, are normally distributed with mean zero
and standard deviations o, and o, respectively. The quan-
tity X; models the variation between individuals, while e;;
models the variation within individuals.
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TABLE 1. COMPUTER ANALYSIS OF PHASE III RECORDED
SIMULTANEOUSLY AT 2 AND 16 Hz*

2/16 Hz

16 Hz 2 Hz (%)
Phasic events (number) 24 24 100
Mean duration of phasic events (sec) 4.8 4.9 102
Mean amplitude (mm Hg) 49 44 90
Maximum amplitude 80 58 73
Phasic events = 50 mm Hg
(number) 16 13 81
Phasic events = 60 mm Hg (number) 10 0 0
Area under the curve (sec mm Hg) 3078 2862 93

*The phase III recorded in the equipment test, shown in Figure
1.

Estimation is performed by maximum likelihood (22).
The estimate of . is denoted m, while those of o}, and o,
are denoted s, and s,,, respectively. The quantities s,°
and s,? are called variance components between and
within individuals, respectively. Summing up these quan-
tities and taking the square root produces the standard
deviation, s, of a single observation.

In the analysis of the MMC periods, the variance
component model was extended to take care of censored
periods at the end of the observation interval. This was
done by appropriate modification of the likelihood func-
tion (23).

RESULTS

Equipment Tests

Drift and Noise. A continuous signal was obtained
from both sensors during all registrations in the
water bath. Drift was 3.1 = 2.6 mm Hg during 13.6
hr. Maximal observed drift within 30 min was 1 mm
Hg. Noise was a constant phenomenon in both
channels with an amplitude of maximum 5 mm Hg.
Single spikes exceeding 5 mm Hg were occasionally
seen, at a maximum four times during one registra-
tion. The duration of these spikes was always
exactly 1 sec.

Sampling Frequency. The occurrence of phasic
events was almost identical at 2 Hz and 16 Hz
(Figure 1). As a rare exception, a phasic event was
detected by only one of two oppositely located
sensors, without preference for any of the sampling
frequencies.

In the analysis of phase III, at both sampling
frequencies the computer analysis identified 24 of
the 30 phasic events shown in Figure 1A. The
computer analysis of phasic events at 2 and 16 Hz is
shown in Table 1. By manual analysis, mean ampli-
tude was 44 mm Hg (range 18-62 mm Hg) at 2 Hz,
and 49 mm Hg (range 23-80 mm Hg) at 16 Hz. The
difference was statistically significant (P < 0.005).

Digestive Diseases and Sciences, Vol. 35, No. 9 (September 1990)



DIGITAL SMALL-INTESTINE MANOMETRY AND STATISTICS

Minutes
7001
p < 0.01
6001 o}
5001
(o)
4001 _g
(o)
3001 _6_
2001 0
1001 (0]
0
a b
n=7 n=12

Fig 2. Duration of fed state is presented for two subgroups: (a)
represents the seven individuals with phase I activity during fed
state, and (b) the 12 individuals without phase I activity during
fed state. Mean values are indicated by bars. P value for
two-sample 7 test is given.

Small Intestine Motility in Healthy Adults

Compliance. Apart from short-lasting unpleasant-
ness during intubation, the catheter was well toler-
ated. There were no complications or dropouts. The
intubation time was 92 min (range 25-180 min), and
positively correlated to the mean MMC period (only
complete periods) for each individual (r = 0.85, P <
0.001). Sixteen of 19 individuals stated subjectively
that they fell asleep within less than 30 min, the
remaining three within 1.5 hr. Sleep quality was
mean 88% (range 62-100%).

Fed State. The duration of fed state was 324 = 110
min. The adjusted fed state lasted 290 = 80 min.
Phase I activity was observed within fed state in
seven subjects, and their fed state lasted 422 * 83
min, compared with 266 = 80 min for the 12 without
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Fig 3. Duration of complete MMC periods is shown as mean * 1
sD for each individual. Figures above the bars denote number of
complete MMC periods recorded per individual. The dashed line
represents the estimate for the overall mean (m), with incomplete
periods included.

(Figure 2). This difference was statistically signifi-
cant (¢ test, P < 0.01). Phase IIl-like activity was
observed during fed-state in five individuals. Fifty-
nine percent of the variation in the fed state could
be explained by phase I and phase IIl-like activity
during fed state (F test, P < 0.001).

Fasting State. The main results, based on the
variance component model, are shown in Table 2.

The MMC period (Figure 3) lasted 107 min (m)
with the incomplete periods included. The incom-
plete periods lasted a mean of 59 min (range 4-131
min). The shortest MMC period lasted 20 min, and
the longest 288 min. The first MMC period after fed
state lasted 126 = 53 min and the second 99 *= 59
min. The difference was not statistically significant
(P = 0.09). The MMC period lasted 100 = 8 min (/m
* sg), when the first period after fed state was left
out.

Phase I amounted to 67% of the first, and 67% of
the second MMC period after the fed state. A
similar percentage of phase 1 activity was found
also for later periods.

TABLE 2. MMC oF HEALTHY ADULTS IN PROXIMAL SMALL BOWEL*

m (SE) s (SE) Sy (SE) Sy, (SE) Test sy, Vy, (%)
MMC period (min)} 107 () 52 @) 49 @ 16 9 P=0.24 10
Phase III duodenum (min) 4.6 (0.4) 2.5(0.2) 2.1 (0.2) 1.3 (0.4) P < 0.01 29
Phase III jejunum (min) 5.3(0.3) 1.8 (0.2) 1.5 (0.1 1.0 (0.3) P < 0.01 32
Propagation velocity (cm/min) 10.8 (1.2) 5.6 (0.7) 3.74 (0.4) 4.1 (0.9) P <0.01 55
Calculated length (cm)t 53.9 (5.8) 28.3 (3.4) 20.7 (2.2) 19.2 (5.0) P < 0.01 46

*m: Estimate of the overall mean; sg: standard error; s: standard deviation = /(s,> + 5,7); s,,: standard deviation within individuals.
s,: standard variation between individuals; V,, (%): variance between individuals as percentage of the total variance = s5,%(s,* + 5,7

X 100 %.
tProximal jejunum.
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Fig 4. Duration of phase IIls in the proximal jejunum is shown as
mean * 1 sp for each individual. Figures above the bars denote
number of phase IIls observed per individual. The dashed line
represents the estimate for the overall mean (m).

Ninety-nine phase IlIs were recorded, mean 5.2
(range 2-10) in each individual (Figure 4). Eleven
phase 111s (11%}), in eight subjects, were recorded in
the proximal jejunum only. Phase I1I lasted 4.6 min
(m) in the distal duodenum and 5.3 min (m) in the
proximal jejunum. The difference was significant (P
< 0.001). The maximum duration of phase III was
13.2 min. Of the phase IIIs recorded in the proximal
jejunum, 23% lasted less than 4 min and 11% less
than 3 min.

Phase III migrated at 10.8 cm/min () (propaga-
tion velocity). The slowest phase III migrated at 2.5
cm/min, and the most rapid at 26.5 cm/min. Phase
III appeared almost simultaneously at the proximal
and distal sensor on two occasions in one individ-
ual, and at the distal sensor before the proximal
sensor once in another individual. The calculated
length was 53.9 cm (m).

The association between the propagation velocity
and the duration of phase IIl is shown in Figure 5.
As an unequal number of phase HI was obtained for
each individual, a variance component model for
propagation velocity was applied, with duration of
phase III in the proximal jejunum as covariate. A
negative covariate coefficient, —0.50, was found for
the duration of phase 111, (P < 0.01), confirming the
association shown in Figure 5.

DISCUSSION

How should the fasting parameters be estimated
when an unequal number of MMCs was recorded
for each individual? Our answer is a variance com-
ponent model to avoid the statistical pitfalls and
limitations associated with pooling data or using a
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Fig 5. A scatter plot of propagation velocity versus duration of all
phase Ills recorded in the proximal jejunum is shown. Each
symbol (A, etc) denotes observations in the same individual.

mean value based on means for each individual.
The variance component model is a standard statis-
tical tool, and our purpose was to show its useful-
ness in the analysis of the fasting motility pattern,
The inclusion of incomplete MMC periods as cen-
sored data is a methodological innovation, which
extends the use of the variance component model.

In general, the variation within individuals was
considerable for all parameters; however, a distinc-
tion was encountered. The variance within individ-
uals for the MMC period came to 90% of the total
variance (Table 2). Hence, the variance between
individuals was not significant for the MMC period,
as opposed to the other parameters. Therefore, only
huge differences in the MMC period can be verified
by statistical tests, even in long-term studies, if a
realistic number of individuals are examined. The
informative value of recording one single complete
MMC period should therefore be questioned. Qual-
itative confirmation of MMC activity is obtained by
one phase III only. Registration for at least 5 hr in
the fasting state at night seems necessary to state
absence of such activity, as the longest MMC
period observed was 288 min. This concurs with
Vantrappen, who states that 6 hr of fasting registra-
tion is sufficient (24).

We also calculated the MMC period by two
statistical analyses commonly used in motility stud-
ies, and compared the outcome with the variance
component model (Table 3). The estimate for the
MMC period was too short when the pooling of data
was applied, while a mean value based on means for
each individual diverged only slightly from the
variance component model. However, the standard

Digestive Diseases and Sciences, Vol. 35, No. 9 (September 1990)
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TABLE 3. MMC PERIOD CALCULATED BY THREE DIFFERENT STATISTICAL METHODS*

Median of pooled datat

Variance Mean based on
component means? Percentile
MMC period (min) m s Mean SD Median 10th 90th
Without incomplete periods 102 53 106 35 90 41 166
With incomplete periods 107 52 not possible not possible

*m: estimate for the overall mean; s: standard deviation for a random observation; sp: standard deviation for an individual mean value.

tIncomplete MMC periods are included as censored data.
iPitfalls are illuminated in the discussion section.

deviation obtained by the method based on means
did not express the real dispersion of random ob-
servations.

The MMC period has been reported to last 108,
112, and 109 min in stationary manometry (15, 18,
19), and 66 and 85 min in long-term, ambulatory
manometric studies (11, 14). Shorter MMC periods
at night have been reported by Ritchie et al (25).
The composition and timing of an evening meal also
will influence nighttime motility, and reference to
these conditions is necessary for comparisons. Our
protocol corresponds to the study of Thompson et
al (14). When we pooled all the complete MMC
periods and used the median, as they did, the
estimate for the MMC period was 90 min compared
with 85 min in their study. The basic observations
therefore seem to agree, and the discrepancy in
results presented is due mainly to the statistical
analyses applied. Individuals with short MMC pe-
riods will have more periods recorded during a
certain interval. Therefore, pooling data will in-
crease the influence of short periods. Remington et
al (19) estimated the MMC period by a mean value
(109 min) based on individual mean values. In the
present study, this method of computation did not
result in a great bias for the mean estimate (Table
3), but it requires complicated statistical analysis to
derive standard deviation and standard error of the
mean, as the individual means are based on a
different number of MMC periods per individual.

The incomplete periods prolonged the overall
estimate for the MMC period by approximately 5%,
when included as censored data. If incomplete
MMC periods are ignored, a reduced estimate will
ensue as long periods are more prone to be cut off
than short ones. In short-term recordings or if the
MMC periods are prolonged, the influence of in-
complete MMC periods will obviously be more
dominant.

The first MMC period after the meal, which
should be regarded as a nighttime period because of
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the dominant influence of phase I activity, tended to
last longer than the second period, as earlier pre-
sented (26). Unabsorbed materials in the lumen,
still present during the first MMC period after the
meal (27), may have exerted some inhibitory effect
on the fasting motility. The estimate for the MMC
period without this first period was 100 min. The
relationship to the last meal should therefore be
considered when MMC periods are evaluated.

For the other parameters of the MMC, the vari-
ance between individuals turned out statistically
significant, because of a less dominant variation
within individuals (Table 2). The same line of argu-
ment, already presented, favors the variance com-
ponent model for these calculations, too. The dura-
tion of phase III in duodenum (4.6 min) agrees with
Vantrappen et al (18) and Gill et al (11), while
Kellow et al (15) reported mean 8.7 min. Phase III
was more variable in the duodenum than in the
proximal jejunum. Standard deviation was 53% and
40%, respectively, of the overall mean. This empha-
sizes the proximal jejunum as a suitable sensor
position. The higher frequency and longer duration
of phase III in the proximal jejunum compared with
the horizontal part of duodenum has previously
been shown (15, 18).

The propagation velocity of phase III (10.8 cm/
min) in the present study was considerably higher
than reported by Kumar et al (2.9 cm/min, median
of pooled data) at the ligament of Treitz at night
(28). The more proximal location of the sensors in
our study may explain this difference, as the prop-
agation velocity of contractions during phase III has
been shown to increase in the distal duodenum and
gradually decrease from the proximal jejunum in
aboral direction (15, 29). Possibly, the pooling of
data may have biased the estimate in their study
(28). During daytime, propagation velocity in the
duodenum has been reported to be 6.4,7.7, and 21.9
cm/min (18, 28, 30). Fleckenstein found the propa-
gation velocity in the duodenum twice as fast as in
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the proximal jejunum by myoelectric registration in
humans (31). We found that short-lasting phase 1IIs
propagated somewhat faster than long-lasting ones,
a negative correlation also shown by Larsen and
Osnes (32). The defined minimum duration of phase
III will therefore influence the estimate for the
propagation velocity. Single retrograde and appar-
ently simultaneous phase III complexes, known as
features of disease (33), may occur in healthy
adults, too, at this location. With only two sensors,
however, we cannot exclude initiation of indepen-
dent phase IIIs at two levels.

Calculated length (53.9 cm) was longer than that
found by Fleckenstein (31) (35 cm) and Vantrappen
et al (18) (34.2 cm). These differences may be
explained by the greater propagation velocity in our
study, and possibly, to some extent, by the statis-
tical methods applied.

The duration of fed state accords with previous
studies using meals with similar caloric content (8,
14). The first phase III after fed state, which deter-
mines the duration of fed state, almost invariably
starts in the small intestine, often distal to the
ligament of Treitz (15, 27). With the most distal
sensor in the proximal jejunum, the first phase III
after the fed state may have been missed in some
individuals. Our estimate may therefore be too
high. We found that phase I activity was a major
contributor to a long-lasting fed state (Figure 2).
When the return of either phase III or phase I was
used to define the termination of the fed state, a
somewhat shorter estimate with less variation be-
tween individuals was obtained. It is tempting to
assume that fasting motility can return as any of its
three phases, depending on the biorhythm of the
enteric nervous system. As phase I activity is a
fasting motility pattern, we propose the adjusted fed
state as a more specific estimate for duration of
motor activity induced by a meal.

The presence of phase III more than a few and
less than 90 min after the start of the meal is
regarded as an abnormality (33). Phase Ill-like
activity occurred during the fed state in some
healthy adults in this study. These temporary e¢le-
ments of fasting activity during the fed state were
associated with postponed return of the first phase
111.

Intubation and accomplishment were more con-
venient than expected. The discomfort of ambula-
tory examinations of this kind is limited, as demon-
strated by the preserved quality of sleep.
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The technical quality of the equipment was good,
and drift and noise were stable and within accept-
able limits. A fixed baseline, adjustable for present
intervals, was applied in this software. Therefore,
the computer analysis ignored the phasic events
superimposed on the tonic component of the phase
III shown in Figure 1A. Tonic contractions, base-
line shift, and artifacts make automatic baseline
correction and recognition of artifacts a prerequisite
for computer analysis in small intestine manometry.

The equipment test confirmed 2 Hz as sufficient
sampling frequency for reliable recognition of pha-
sic events and, hence, identification of motility
patterns. However, the mean amplitude of phasic
events during phase III was reduced by 10% at 2 Hz
compared with 16 Hz, a dampening effect especially
on the high amplitude pressure peaks. Underesti-
mation of the mean amplitude and the area under
the curve and reduction of high-amplitude peaks, in
particular, are possible biases when intraluminal
pressure is recorded at a sampling frequency of 2
Hz.

Even if computerization is not a prerequisite for
analysis of the motility patterns in the small intes-
tine, this technology provides advances in record-
ing, processing, and storage of data. In anticipation
of computerized systems able to perform detailed
and accurate analyses of single phasic events, itis a
good idea to store data from consecutive manomet-
ric studies in the digital form without reductions.

The statistical analyses and comparisons per-
formed indicate that discrepancies in estimates for
the MMC between studies, apart from random
variation and diverging protocols, depend on the
statistical methods applied. As presented here, the
variance component model extended to handle in-
complete MMC periods provides a useful statistical
approach for the analysis of the MMC. The consid-
erable intraindividual variation renders the MMC
period less useful as a quantitative parameter and
requires long-term recording to obtain informative
estimates for the MMC.

The digital ambulatory technique presented is
suitable for ambulatory long-term manometry of the
small intestine.

REFERENCES

1. Szurszewski JH: A migrating electric complex of the canine
small intestine. Am J Physiol 217(6):1757-1763, 1969

2. Code CF, Schlegel J: The gastrointestinal interdigestive
housekeeper: Motor correlates of the interdigestive myo-
electric complex of the dog. In Proceedings of the Fourth

Digestive Diseases and Sciences, Vol. 35, No. 9 (September 1990)



DIGITAL SMALL-INTESTINE MANOMETRY AND STATISTICS

10.

1.

12.

13.

14.

15.

16.

17.

18.

International Symposium on GI Motility. EE Daniel (ed).
Vancouver, Mitchell Press L.td, 1974

. Wingate DL.: Backwards and forwards with the migrating

complex. Dig Dis Sci 26:641-666, 1981

. Sarna SK: Cyclic motor activity; migrating motor complex:

1985 Gastroenterology 89:894-913, 1985

. Vantrappen G, Janssens J, Coremans G, Jian R: Gastroin-

testinal motility disorders. Dig Dis Sci 31(suppl 9):5-25, 1986

. Szurszewski JH: Electrophysiological basis of gastrointesti-

nal motility. In Physiology of the Gastrointestinal Tract. LR
Johnson (ed). New York, Raven Press, 1987, pp 383-422

. DeWever 1, Eeckhout C, Vantrappen G, Hellemans J:

Disruptive effect of test meals on interdigestive motor com-
plex in dogs. Am J Physiol 235(E):661-665, 1978

. Ouyang A, Sunshine AG, Reynolds JC: Caloric content of a

meal affects duration but not contractile pattern of duodenal
motility in man. Dig Dis Sci 34:528-536, 1989

. Arndorfer RC, Stef JJ, Dodds WJ, Linehan JH, Hogan WJ:

Improved infusion system for intraluminal esophageal ma-
nometry. Gastroenterology 73:23-27, 1977

Browning C, Valori R, Wingate DL, Maclachlan D: A new
pressure-sensitive ingestible radio-telemetric capsule. Lan-
cet 2:504-505, 1981

Gill RC, Kellow JE, Wingate DL: The migrating motor
complex (MMC) at home. Gastroenterology 92(5):1405, 1987
Valori RM, Collins SM, Daniel EE, Reddy SN, Shannon S,
Jury J: Comparison of methodologies for the measurement
of antroduodenal motor activity in the dog. Gastroenterol-
ogy 91:546-553, 1986

Husebye E, Skar V, Osnes M: Digital ambulatory registra-
tion of small-intestine motility. Scand J Gastroenterol
23(suppl 145):30, 1988

Thompson DG, Wingate DL, Archer L, Benson MJ, Green
WI, Hardy RJ: Normal patterns of human upper small-bowel
motor activity recorded by prolonged radiotelemetry. Gut
21:500-506, 1980

Kellow JE, Borody TJ, Phillips SF, Tucker RL, Haddad AC:
Human interdigestive motility: Variations in patterns from
esophagus to colon. Gastroenterology 91:386-395, 1986
Rees WDW, Malagelada JR, Miller LY, Go VLW: Human
interdigestive and postprandial gastrointestinal motor and
gastrointestinal hormone patterns. Dig Dis Sci 27(4):321-
329, 1982

Kerlin P, Phillips S: Variability of motility of the ileum and
jejunum in healthy humans. Gastroenterology 82:694-700,
1982

Vantrappen G, Janssens J, Hellemans J, Ghoos Y: The
interdigestive motor complex of normal subjects and pa-
tients with bacterial overgrowth of the small intestine. J Clin
Invest 59:1158-1166, 1977

Digestive Diseases and Sciences, Vol. 35, No. 9 (September 1990)

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Remington M, Malagelada JR, Zinsmeister A, Fleming CR:
Abnormalities in gastrointestinal motor activity in patients
with short bowels: Effect of a synthetic opiate. Gastroenter-
ology 85:629-636, 1983

Summers RW, Anuras S, Green J: Jejunal manometry pat-
tern in health, partial intestinal obstruction, and pseudoob-
struction. Gastroenterology 85:1290-1300, 1983

Armitage P, Berry G: Statistical Methods in Medical Re-
search, 2nd ed. Oxford, Blackwell, 1987

Searle SR: Linear Models for Unbalanced Data. New York,
Wiley, 1987

Cox DR, Oakes D: Analysis of Survival Data. Chapman and
Hall, London, 1984

Vantrappen G: Small-bowel manometry and electromyogra-
phy. In Methodology of Gastrointestinal Motility Measure-
ments. Proceedings of the Satellite Symposium to the XIth
International Symposium on Gastrointestinal Motility. D Win-
gate, JR Malagelada (eds). Oxford, Mediscript, 1988, p 51
Ritchie HD, Thompson DG, Wingate DL: Diurnal variation
in human jejunal fasting motor activity. J Physiol 305:54P-
55P, 1980

Husebye E: Fed and fasting motility of the small bowel by
digital registration at home. Gastroenterol Int 1(suppl 1):532,
1988

Read NW, Al-Janabi MN, Edwards CA, Barber DC: Rela-
tionship between postprandial motor activity in the human
small intestine and the gastrointestinal transit of food. Gas-
troenterology 86:721-727, 1984

Kumar D, Wingate D, Ruckebusch Y: Circadian variation in
the propagation velocity of the migrating motor complex.
Gastroenterology 91:926-930, 1986

Ehrlein HJ, Siegle MS, Bithner S, Schemann M: Propagation
velocity and frequency of contractions along the canine
small intestine. J Gastrointe Motil 1:54, 1989

Gregersen H, Rittig S, Vinter-Jensen L., Kraglund K: The
relation between antral contractile activity and the duodenal
component of the migrating motility complex. Scand J
Gastroenterol 23(suppl 152):36—41, 1987

Fleckenstein P: Migrating electrical spike activity in the
fasting human small intestine. Dig Dis Sci 23(9):769-775, 1978
Larsen S, Osnes M: The unstimulated duodenal pressure
activity in healthy humans. Scand J Gastroenterol
22(suppl): 131, 1987

Malagelada JR, Camilleri M, Stanghellini V: Manometric
Diagnosis of Gastrointestinal Motility Disorders. New York,
Thieme, 1986

Valori RM, Kumar D, Wingate DL: Effects of different types
of stress and of ‘‘prokinetic’’ drugs on the control of the
fasting motor complex in humans. Gastroenterology
90:1890-1900, 1986

1065



