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SUMMARY

Background
Loperamide (LOP) is an anti-diarrhoeal agent which is thought to act lar-
gely by slowing transit with an uncertain effect on the fluid content of the
small and large bowel in humans. Adding simethicone (SIM) to LOP
improves its efficacy, but the mechanism of interaction is unclear. Novel
MRI techniques to assess small bowel water content (SBWC) have shown
that mannitol solutions markedly increase SBWC and can be used as a
model of diarrhoea.

Aim
We aimed to use quantitative MRI techniques to compare the actions in the
gut of LOP and LOP + SIM in a model of secretory diarrhoea using mannitol.

Methods
A total of 18 healthy volunteers ingested capsules containing placebo (PLA)
or 12 mg LOP or 12 mg LOP + 125 mg SIM. After 100 min they were given
a drink containing 5% mannitol in 350 mL of water. They underwent baseline
fasting and postprandial serial MRI scans at 45 min intervals for 4.5 h after
ingesting the drink. A range of MRI sequences was acquired to image the gut.

Results
LOP and LOP + SIM significantly accelerated gastric emptying (P < 0.03)
and reduced SBWC during the late phase (135–270 min after mannitol
ingestion), P < 0.009, while delaying arrival of fluid in the ascending colon
(AC). The relaxation time T2 of the contents of the AC was reduced by
both drugs (P < 0.0001).

Conclusions
LOP and LOP + SIM accelerate gastric emptying, but reduce small bowel
water content which may contribute to the delay in oral-caecal transit and
overall anti-diarrhoeal effect.
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INTRODUCTION
Acute diarrhoea is a very common disorder that can
have significant social and economic impacts. Lopera-
mide hydrochloride is a widely used anti-diarrhoeal
agent that has been shown to be efficacious in diarrhoea
of both infectious and non-infectious origin.1, 2 Early
work in humans and more recent studies in animals
show that loperamide (LOP) reduces peristaltic move-
ments and slows the gastrointestinal transit.3 In particu-
lar, Schiller et al.4 used a model of experimental
diarrhoea produced by intubating subjects and giving a
rapid intragastric infusion of electrolyte solution
(2700 mL in 90 min). They showed that loperamide
delayed intestinal transit without altering the overall rate
of absorption, but their infusion rate was substantially
higher than the flow in a normal bowel, 30 mL/min
compared with 2–4 mL/min, raising questions about its
relevance to the clinical situation. Sandhu et al.5, 6 using
the perfused rat jejunum showed that loperamide may
also have an anti-secretory effect, acting via opiate recep-
tors. More recent studies show that loperamide slowed
oral-caecal transit by 30�50% and improved lactose mal-
absorption in subjects with lactose maldigestion, Szilagyi
et al.7 Studies in pigs using 0.1 mg/kg by mouth showed
that loperamide could reverse the strong secretory effect
of hypertonic mannitol, reducing ileocolonic inflow and
enhancing colonic water absorption.8 These changes are
associated with altered motility paralleling human studies
using jejunal, ileal and colonic perfusion which showed
that 12 mg of loperamide by mouth increased the fre-
quency of migrating motor complexes, and decreased
irregular motor activity while slowing jejunal transit
time.9

Simethicone (SIM) is a silicone polymer which acts as
a surfactant: it has a very low surface tension and forms
a thin film. For this reason it is often used as an anti-
flatulent in gas and bloating conditions. Therefore, lop-
eramide and simethicone in combination could poten-
tially provide better relief from diarrhoeal symptoms. A
study from Kaplan et al.1 demonstrated that the combi-
nation of loperamide and simethicone improved not only
the relief of symptoms but also the speed of onset of
action. The reason for faster onset of action remains
unclear, but scintigraphic studies suggest a more even
spread throughout the bowel. This might enhance lop-
eramide’s action which is largely local, as very little is
absorbed systemically.10.

On the basis of these assumptions, we hypothesised
that the predominant effect of loperamide in treating
acute secretory diarrhoea originating in the small bowel

will be to delay transfer of fluid from the small bowel to
the colon. It was also hypothesised that it is the rapid
transfer of fluid to the ascending colon (AC) which
causes propulsive motor patterns in the colon and hence
urgent bowel movements. Until recently proving such
hypotheses involved arduous intubation experiments,
which were highly unphysiological as we and others11

have shown, intestinal intubation alters gut motility,
delaying gastric emptying, but accelerating intestinal
transit.12 We have developed and validated a non-inva-
sive MRI method to measure the small bowel water con-
tent (SBWC) which should give results more relevant to
the normal clinical situation.13

Our aims in this study were to test these hypotheses
concerning the mode of action of loperamide in a man-
nitol model of diarrhoea, which we have recently shown
increases SBWC and delivers freely mobile water to the
colon.14 We also wished to test whether our novel tech-
niques could show a superiority in effectiveness when
loperamide was combined with simethicone, as has been
suggested from clinical studies.1

An important secondary aim of this study was to
demonstrate the ability of our novel MR imaging
sequences to throw light on the movement of fluid
through the entire gut, something we believe will be of
value in the evaluation of the mode of action of the
range of novel secretagogues and prokinetics currently
being introduced as treatments for both constipation and
diarrhoea.

MATERIALS AND METHODS

Study design and population
This was a randomised, double-blind, placebo (PLA)
controlled, three ways crossover study in healthy adult
volunteers. A total of 18 healthy subjects (11 women and
7 men, age range 20�45 years) without known contrain-
dications to MRI imaging and of normal body mass
index participated in the study. All volunteers had no
history of gastrointestinal disease; they were free from
medication likely to alter gastrointestinal motility and
from food allergy or intolerance. The study was
approved by the local Research Ethics Committee and all
volunteers gave informed written consent on enrolment.
The loperamide and simethicone capsules were over
encapsulated by the University Hospitals Pharmacy,
which also provided the placebo. The Pharmacy dis-
pensed the study drugs according to a randomisation
schedule provided by the local Clinical Trials Unit. Simi-
lar previous studies in pigs showed that loperamide
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0.1 mg/kg, equivalent to 7 mg in a 70 kg man, could
completely block the effect of mannitol,10 whereas stud-
ies in man suggest that 12 mg will delay small bowel
transit by 50%.15 We therefore used a 12-mg dose which
is well tolerated and yet would ensure that we would get
a clear effect. This was an Investigator Initiated Study
which was funded by a research grant from McNeil Con-
sumer Healthcare, which had no other role in the run-
ning of the trial, analysis of the data or writing this
manuscript.

Study protocol
The volunteers were asked to follow restrictions on their
diet and lifestyle for the day prior to the study day,
including avoiding taking foods with high fibre content
to avoid excessive residue in the bowel on the study day,
avoiding spicy food as it can stimulate bowel secretions
and avoiding caffeine, alcohol and strenuous exercise for
18 h before the study start time. Volunteers were asked
to fast overnight (from 20:00 hours the night before)
except for a small cup of water on waking on the morn-
ing of the study.

All imaging was carried out using a 1.5 T Philips Achi-
eva scanner (Philips, Best, the Netherlands) with a SENSE
4-element abdominal body coil. Volunteers attended on
three separate experimental sessions: they were first
imaged in the fasted state as a baseline scan; subsequently
they ingested capsules containing placebo or 12 mg lop-
eramide or 12 mg loperamide + 125 mg simethicone.

They underwent a second baseline scan after 100 min
and 15 min after that they received a drink containing
5% mannitol in 350 mL of water with an osmolality of
300 mOsmol/L. The subjects then underwent serial
imaging at 45 min intervals for 4.5 h after the drink. A
range of MRI sequences were used to image the abdo-
men including:

(i) A balanced gradient echo (called balanced turbo
field echo, bTFE or trueFISP) sequence (repetition time
TR = 2.4 ms, echo time TE = 1.19 ms, flip angle 45o)
to acquire 25 transverse images each with an in-plane
resolution of 2.50 9 1.56 mm and slice thickness
of 10 mm, with no gap between slices. This was used to
measure gastric volumes and hence assess gastric
emptying.
(ii) A high resolution bTFE to acquire images of the con-

tents of the ascending colon (TR = 3.2 ms, TE = 1.58 ms,
acquired resolution = 1.50 9 1.50 mm, reconstructed reso-
lution = 0.86 9 0.86, 8 slices 5-mm thick, 0.58-mm gap, flip
angle 45o).

(iii) A single shot, fast spin echo sequence (rapid
acquisition with relaxation enhancement) to acquire in a
single breath-hold 24 coronal images with in-plane reso-
lution interpolated to 0.78 9 0.78 mm and a slice thick-
ness of 7 mm, with no gap between slices (TR =
8000 ms, TE = 320 ms, acquired resolution = 1.56 9

2.90 mm). This sequence yields high intensity signals
from areas with fluid and little signal from body tissues
and is used to measure SBWC.
(iv) A T2-prepared bTFE sequence (TR/TE = 3.0/

1.5 ms, TEprep values (ms): 20, 29, 43, 63, 93, 137, 201,
295, 434, 637, resolution 2.00 9 1.56 mm and a slice
thickness of 7 mm) to measure the T2 values in the
ascending colon.16

Each image set was acquired on an expiration breath-
hold with duration between 13 and 24 s depending on
the sequence, monitored using respiratory belt. Includ-
ing set-up and imaging, the volunteers spent approxi-
mately 10 min inside the magnet for every time point,
spending the rest of the time sitting upright in an adja-
cent room.

Data analysis
Data are expressed as means ± S.E. Measurements of the
gastric emptying were performed by manually drawing
the region of interest on each slice using Analyze9 soft-
ware (Biomedical Imaging Resource, Mayo Foundation,
Rochester, MN, USA), and summing across all the slices
to determine the total volume at each time point. In par-
ticular, the gastric volumes were analysed distinguishing
the contents and the gas. The total gastric volume is the
sum of the contents and the gas.

Texture analysis was performed on the region of inter-
est drawn around the whole ascending colon, as a mea-
sure of the heterogeneity of the colonic contents, which
will depend on the arrival of different boluses from the
small bowel, their mixing within the chyme and the
growth of bacteria within the colon. The texture analysis
method described in Appendix S1 was performed on the
high resolution images of the colon for every subject
with the exception of one because the volunteer had an
ectopic kidney which meant that no kidney was visible
in the slices and therefore no normalisation was possible
and the subject had to be excluded from the texture
analysis.

T2 data sets were processed, first using Analyze9 to
generate a region of interest in the ascending colon
chyme, avoiding small ‘pockets’ of free water (high-
intensity signal), if present, then using the mean of this
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region at all the different echo times to calculate the T2
of the tissue using an in-house program which modelled
the effect of the T2-prepared scheme and subsequent
imaging sequence for the T2-prepared bTFE sequence.16

T2 is a measure of how protons interact with each other
magnetically. Pure water has a long T2 of around
2000 ms, implying a slow loss of coherence of water pro-
tons after excitation by a radiofrequency pulse. Protons
on larger molecules interact with water protons causing
them to lose coherence more rapidly, thus as the concen-
tration of such larger molecules increase as in tissue, the
T2 falls and is typically 100–300 ms.

It is a parameter commonly used to provide image
contrast, as it has different values for different tissues;
for example, pure water has a long T2 compared with
solids, whereas the T2 for proteinaceous material or fat
is intermediate.

The volume of free (mobile) water content, in both
the small bowel and ascending colon, was calculated for
each volunteer using methods validated by duodenal
infusion intubation studies.13, 14

Our previous work with mannitol showed that gastric
emptying is rapid and effectively complete by 135 min.14

Therefore, the total observation time (from 0 to
270 min) was divided into the ‘early phase’ (0–135 min)
when the SBWC is strongly influenced by gastric empty-
ing and ‘late phase’ (135–270 min) when the SBWC
depends more on absorption and rate of transit into the
colon.

Power and statistical analysis
Using the mannitol model of acute diarrhoea observed
using MRI,14 we have previously found a marked rise
in total small bowel free water content with time in
11 healthy subjects. Small bowel water content at its
peak was 398 ± 198 mL, so it would be possible to
detect an decrease of 33%, i.e. 130 mL, which we con-
sidered likely to be a clinically significant effect of lop-
eramide using n = 12 subjects. We recruited 18
healthy volunteers to increase power for other out-
comes. Statistical analysis was carried out using Prism
4 (GraphPad Software Inc., San Diego, CA, USA). All
data were tested for normality using the Shapiro–
Wilk’s Test. Two-way analysis of variance (ANOVA) was
used to assess the significance of differences over time,
followed by post hoc tests corrected for multiple com-
parison. Paired comparisons were performed using
two-tailed Student’s t-test for normal, and two-tailed
Wilcoxon’s test for non-normal data. A P-value <0.05
was considered to be statistically significant.

RESULTS
All subjects tolerated the experimental procedures well;
there were no adverse events. One of the 18 volunteers
experienced an episode of diarrhoea that resolved within
2 h. Figure 1 shows examples of the MRI images taken
throughout the study.

Gastric emptying
As expected, gastric emptying was rapid and effectively
complete by 135 min. Loperamide and loperamide +
simethicone (LOP + SIM) accelerated the emptying of
the gastric contents by 17% and significantly reduced the
overall AUCs of the gastric contents in the early phase
(0–135 min), P < 0.03 (Figure 2, Table 1). There was no
significant difference between loperamide and lopera-
mide + simethicone. Note that as the first scan was
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Figure 1 | (a) Example of the bTFE sequence used to
measure the gastric volumes of a subject at 45 min
after the mannitol drink. The gastric contents are
indicated by the open arrows, the gastric gas by the
closed arrows. (b) MIP image of the segmented small
bowel water content (SBWC) taken from the abdomen
of a subject 90 min after ingestion of the mannitol
drink. (c–d) MIP images of the segmented ascending
colon water content (ACWC) taken from the abdomen
of a subject 90 min and 135 min after ingestion of the
mannitol drink, respectively, showing the different
water distribution in the two cases.
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45 min after ingestion began, a substantial amount of
the 350 mL ingested had already left the stomach at this
first time point.

The combination of both drugs also reduced the
amount of gas in the stomach by 40%. In particular, in
the early phase the drugs had an effect on the intraga-
stric air (P < 0.0026), reducing the amount of gas by
33% (Table 1).

The total gastric volume AUC was significantly
decreased by both drug combinations. Post hoc testing

showed a significant effect of the drugs at 45 min
and 90 min (LOP vs. PLA P < 0.01 for both time points
and loperamide + simethicone vs. placebo P < 0.01 and
P < 0.05 respectively). Again loperamide and loperamide
+ simethicone did not differ significantly in this respect.

Small bowel water content
As expected from the accelerated gastric emptying, the
peak of the SBWC which occurred during the early
phase (0–135 min) was slightly higher, with loperamide
and loperamide + simethicone being 578 ± 32 mL and
600 ± 30 mL, respectively, but the differences were not
statistically significant compared with placebo which was
564 ± 38 mL. Despite this initial increase, the amount of
water in the small bowel was significantly reduced at the
later phase (135�270 min) by more than 30% (Fig-
ure 3). During the late phase (135–270 min), loperamide
and loperamide + simethicone significantly reduced the
AUCs of the SBWC volumes compared with placebo,
P < 0.009, but there was no significant difference
between the two active treatments.

Ascending colon water content
The high resolution sagittal bTFE images provided
detailed anatomical images (Figure 4). The baseline
images for the three conditions showed very heteroge-
neous contents. At 45 min after the mannitol drink,
when taking the placebo, the images showed the arrival
of fluids in the ascending colon and a corresponding dis-
tention of the ascending colon volume, whereas when
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Figure 2 | (Mean ± S.E.) Total gastric volume vs. time.
Loperamide and loperamide + simethicone accelerated
the gastric emptying by 17% and significantly reduced
the AUCs in the early phase (0�135 min) of the total
gastric volume.

Table 1 | Areas under curve (AUC) for the two observation times: early phase and late phase (mean ± S.E.)

PLA LOP LOP + SIM ANOVA

Early Phase (0–135 min)
Gastric contents (103 mL/min) 10.9 ± 1.2 7.3 ± 1.1 8.4 ± 1.1 P < 0.03
Gastric gas (103 mL/min) 4.8 ± 0.6 3.2 ± 0.5** 3.0 ± 0.3** P < 0.0026
Gastric volume (103 mL/min) 15.8 ± 1.4 10.5 ± 1.3** 11.4 ± 1.2* P < 0.0094
SBWC (103 mL/min) 58.9 ± 5.0 59.6 ± 3.6 63.6 ± 3.9 NS
ACWC (103 mL/min) 7.9 ± 1.7 4.2 ± 0.8** 4.5 ± 1.2* P < 0.0045

Late Phase (135–270 min)
Gastric contents (103 mL/min) 4.0 ± 0.3 2.8 ± 0.3 2.9 ± 0.3 NS
Gastric gas (103 mL/min) 2.3 ± 0.3 1.9 ± 0.3 1.7 ± 0.3 NS
Gastric volume (103 mL/min) 6.3 ± 0.5 4.7 ± 0.5 4.6 ± 0.5 NS
SBWC (103 mL/min) 34.8 ± 4.9 22.5 ± 3.5* 25.9 ± 3.5 P < 0.009
ACWC (103 mL/min) 6.9 ± 1.3 6.8 ± 1.5 4.5 ± 0.9* NS

ACWC, ascending colon water content; LOP, loperamide; LOP + SIM, loperamide+simethicone; NS, not significant; PLA, placebo;
SBWC, small bowel water content.

The statistically significant difference compared with placebo is reported.

* P < 0.05.

** P < 0.01.
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taking loperamide and loperamide + simethicone the
ascending colon image remained heterogeneous and
dark.

The drugs reduced the amount of free water in the
AC, P < 0.04. Figure 5a shows the mean ascending
colon water content (ACWC) over time. During the
early phase (0–135 min, Figure 5b), loperamide and lop-
eramide + simethicone significantly reduced the AUCs of
the ACWC volumes by more than 40%, P < 0.004, com-
pared with placebo with no significant difference
between the two active compounds.

During the late phase (time from 135 to 270 min
shown in Figure 5c), there was no significant difference
between loperamide and placebo, but there was a signifi-
cant reduction due to loperamide and simethicone,
P < 0.04. Comparing loperamide and loperamide +
simethicone directly showed no significant difference.

T2 in the ascending colon
Longer T2 values reflect a greater amount of unbound
water in the AC. Both loperamide and loperamide +
simethicone reduced the T2 measured in the ascending
colon compared with placebo with a significant overall
effect (P < 0.0001 calculated on the data normalised by
log transformation), Figure 6. Post hoc tests showed a
significant difference at 90 min, with the placebo having
a T2 of 144 ± 28 ms vs. 79 ± 4 ms for the loperamide
and 67 ± 6 ms for the loperamide + simethicone (both
P = 0.001). Loperamide + simethicone also showed a

statistically significant reduction in T2 from 130 ± 22 ms
vs. 82 ± 6 ms for the placebo at 180 min, with P = 0.01.

Texture analysis in the AC
The results of the texture analysis showed that the con-
trast homogeneity ratio was significantly higher for the
placebo than for the drugs at all time points, ANOVA

repeated measurements P < 0.034, integrated over the
first 11 frequencies (Figure 7). In addition, post hoc tests
showed a significant difference between loperamide
and placebo (P < 0.041) and loperamide+simethicone
and placebo (P < 0.042) at all time points excluding the
baseline.

DISCUSSION
The study showed that the optimised MRI protocol pro-
vides a powerful and well-tolerated method for studying
the gastrointestinal tract response to pharmacological
agents. The mannitol model is well tolerated and does
not cause profuse diarrhoea, but does provide a stress to
the absorptive capacity of the gut. As Figure 3 shows,
ingestion of 350 mL of mannitol solution caused a rise
of greater than 350 mL in SBWC, in keeping with the
known secretory effect of the mannitol solution. This
provided an effective model of secretory diarrhoea which
from our previous experience proved to be much better
tolerated by the volunteers compared with intubation.4

Both drug combinations significantly increased the
gastric emptying rate of our non-nutrient meal, possibly
because loperamide increases the frequency of migrating
motor complexes.9 The reduction in gastric air content
suggests an increased tone in the wall of the stomach.
This effect of loperamide on accelerating gastric empty-
ing, which has also been observed in the fed state,17, 18

is paradoxical as most studies report opiates to delay
gastric emptying.

This accelerated gastric emptying obscures the proab-
sorptive effect of loperamide on SBWC, which can only
be clearly seen in the late intestinal phase, 135–270 min
post ingestion. At this time a significant reduction in the
SBWC was observed both for loperamide and lopera-
mide + simethicone. Existing data suggests that the
delayed onset of impact of loperamide on SBWC also
reflects regional changes in permeability and the ability
to transport sodium against an electrochemical gradient.
As the bolus of mannitol with very low sodium concen-
tration passes initially through the highly permeable jeju-
num, there is an influx of sodium rich fluid down the
electrochemical gradient, which in the absence of nutri-
ents cannot be reabsorbed. However, as the luminal fluid
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Figure 3 | (Mean ± S.E.) Small bowel water content vs.
time. The peak of the small bowel water content
(SBWC) was slightly higher with the drugs, but the
differences were not statistically significant compared
with placebo. Despite this initial increase, the amount
of water in the small bowel is reduced by more than
30% at the later phase (135–270 min).
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increases its sodium content and after 1–2 h enters the
ileum, net absorption becomes possible,19 hence the lag
of several hours before the loperamide effect is seen.
Binding of loperamide to mu opioid receptors will
enhance this sodium transport,20 and by reducing intesti-
nal permeability21 decrease the secretory response to
mannitol.

It should be noted that in this, the first mechanistic
MRI study of the effect of loperamide, we used a very
large dose, 12 mg, to be sure of getting a clear effect, but
future studies should perhaps use lower doses as used in
clinical practice.

One advantage of MRI over intubation techniques is
that we can assess the distribution of water throughout the

gut. As Figure 3 shows, mannitol does induce a net secre-
tion of several hundred millilitres for the first few hours
and loperamide shortens this secretory phase. The faster
fall in SBWC in the late phase (135–270 min) was not due
to accelerated transit to the colon, as Figure 5 shows
ACWC rose more slowly with loperamide treatment. This
suggests that loperamide either stimulates absorption or
inhibits secretion, something which could only be deter-
mined by measuring flux of labelled water or ions.

The reduction in the AUC of ACWC in the late phase
was significant with simethicone + loperamide but not
with loperamide alone. This is in keeping with the slight
increase in efficacy of loperamide + simethicone com-
pared with loperamide alone in clinical practice.1
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Figure 4 | A roadmap showing the high resolution bTFE sagittal images of the AC for the same volunteer for the
three arms of the study. The baseline images show in all conditions a very dark and heterogeneous ascending colon.
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delayed to 90 min for the drugs arms of the study. Later scans show the gradual decrease in volume and brightness
up to restoring the baseline condition at about 270 min.
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The high resolution images show the characteristics of
the colonic contents, with great detail. The texture analysis
performed on the data showed a significant reduction in
contrast homogeneity ratio due to both loperamide treat-
ments at all time points. Compared with the T2 analysis,
the texture analysis method has the main advantage of
considering the whole colon giving information on the
mixing of the contents, whereas for the T2 calculation,
only a small more homogeneous region is taken into
account. Other types of secretory diarrhoea where a steady
state of secretion was established by activating cyclic
nucleotide, prostaglandin or guanylate cyclase C mediated
pathways, could also be studied using this technique to see
if loperamide would inhibit jejunal secretion.

While MRI provides a wealth of detail concerning water
absorption/secretion, if only transit measurements are

required there are several less expensive methods includ-
ing scintigraphy and breath hydrogen measurements and
more recently lactose-ureide.22 It should, however, be
noted that breath hydrogen techniques often use added
lactulose which has the disadvantage of accelerating tran-
sit, thereby altering what is being measured. A thorough
validation of MRI as an assessment of absorption and
secretion would require simultaneous MRI and compari-
son with an established gold standard, such as intestinal
perfusion with non-absorbable markers,23 although it
should be recognised that intubation does stimulate
secretion and alter motility.

Finally, it should be recognised that the slowed transit
through the distal ileum we observed could either be
due to loperamide’s anti-motility effects which allowed
more time for absorption or it could be that by enhanc-
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ing absorption, transit was slowed as a consequence.
The only way to assess the relative importance would be
to control transit using a rapid perfusion technique and
in animal studies when this has been carried out, both
anti-motility and proabsorptive effects have been
observed.6, 8

In conclusion, the optimised MRI sequences and
analysis methods provided a non-invasive method of
monitoring a number of different parameters that pro-
vide novel insights that are likely to be useful in defin-
ing the mode of action of new drugs coming on to
market, with both pro- and anti-secretory/motility
effects. In particular, this study allowed assessment of
the total gut water distribution, thus showing that lop-
eramide and loperamide + simethicone reduced the net
secretion after a mannitol challenge and prolonged oro-
caecal transit.
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