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Abstract: Understanding how the gut responds to food has always been limited by the available
investigatory techniques. Previous methods involving intubation and aspiration are largely limited
to liquid-only meals. The aim of this review is to describe how MRI has allowed analysis of the
processing of complex multiphase meals. This has demonstrated the role of physical factors such as
viscosity, fat and fibre content in controlling gastric secretion and motility. It has also allowed the
description of changes induced in small bowel water content and the role of osmotic effects of poorly
absorbed carbohydrates such as fructose, sorbitol and mannitol. Intestinal secretions can be shown
to be stimulated by a range of fruit and vegetables and the effect of this on colonic water content
can also be measured. This has been used to demonstrate the mode of action of commonly used
laxatives including bran and psyllium. The wealth of data which can be obtained together with its
non-invasive nature and safety makes the technique ideal for the serial evaluation of the impact of
different nutrients and drugs in both health and disease.
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1. Introduction

Imaging the gut using MRI has proven to be a powerful new tool in understanding how the gut
responds to the complex, multinutrient, multiphasic meals we typically consume. Previous techniques
which relied on intubation and aspiration to define what happens after meal ingestion were essentially
limited to low viscosity fluids which could be aspirated up narrow oral/nasal tubes, whose size
was limited by what could be reasonably tolerated by volunteers. MRI by contrast can image and
quantify the movement of liquid/solid mixtures both within the stomach and the small and large
bowel, irrespective of their viscosity. The earliest MRI studies were focused on the stomach which
provided clear easily analysable images. This selected review will use studies mostly from our own
laboratory but also from others to describe how food alters intraluminal content in the stomach, small
and large intestine.

2. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a medical imaging technique that can acquire detailed
images of the body and of foods and beverages inside the gastrointestinal tract non-invasively.

The method is based on the use of radiofrequency and therefore does not use harmful ionizing
radiation. As such, it is ideal for studies of gastrointestinal function and its response to feeding. Briefly,
when the human body (or a food or beverage) is placed inside a strong magnetic field like that of an
MRI scanner, it is possible to transmit and receive radiofrequency signals to and from the hydrogen
protons. The signal depends on the magnetic field hence it is possible to encode spatial information
using three orthogonal magnetic field gradients. The encoded signal can be later post processed thereby
reconstructing the MRI image. The signal also depends on the physicochemical characteristics of the
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tissue or material being imaged. This dependence is characterized by two principal time constants,
one reflecting the recovery of the longitudinal magnetization after a radiofrequency excitation, and
is termed T1 recovery, and the other constant reflects the gradual decay of the magnetization in the
transverse plane and is called T2 decay.

The MRI images can be weighted to contain different contributions from T1 and T2, which is at
the heart of the richness of contrast in the MRI images. Additional information can be captured by
sensitizing the images, for example, to flow and diffusion.

3. Gastric Processing of Complex Foods

Imaging of intra-gastric contents demonstrates a wealth of detail previously unrecognized and
unmeasurable when studies were limited to measurement of merely the rate of gastric emptying using
scintigraphy (Figure 1). When food is ingested, chewing and mixing with saliva play a crucial role in
modifying its consistency to form a bolus, whose physical properties allows easy passage past the
larynx and down the oesophagus into the stomach [1]. The successive food boluses are accommodated
within the stomach by reflex fundal relaxation. Soon after ingestion, antral contractions, starting
mid-way down the lesser curvature, elute material from the outside of the solid component of the meal
into the antrum and thence through the pylorus. MRI sequences sensitive to flow have been used to
demonstrate the backward and forward movements induced by a combination of antral contractions
and pyloric closure, which results in both retropulsion of contents back into the antrum and propulsion
of a fine stream through the pylorus [2]. The retropulsive movements we observed were most marked
after mixed nutrient fat/protein/carbohydrate meals compared to 5% or 10% glucose. The shear forces
generated by antral grinding are surprisingly small compared to those in the mouth, and when assessed
from the force required to break agar gel beads were found to be <0.65 newton [3].
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Figure 1. Gastric MRI images of different mixed solid/liquid meals: (A) Soup, (B) roasted chicken and
vegetables, (C) whole wheat bread and (D) rice pudding. Reproduced from [4], Springer Nature 2013,
under Creative Commons CC-BY license and from [5], Oxford University Press 2012, with permission.

4. Gastric Sieving

The antral contractions are typically propulsive as they commence in the mid stomach but as
they approach the pylorus change to a more systolic pattern with pyloric closure occurring before
all the chyme is expelled into the duodenum. This effectively restricts gastric emptying to particles
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<2 mm in diameter and creates shearing forces as the remaining material is forced backwards away
from the contracting pylorus. The resulting forward and backward flows can be detected using
flow sensitive MRI sequences as mentioned previously. The net effect is the earlier emptying of the
fluid component of mixed liquid/solid meals, which make up most of what normal humans ingest.
MRI images can clearly show the heterogeneity of food immediately after food ingestion, which varies
according to the meal type (Figure 1). A rice pudding meal typically separates into an uppermost
fluid layer above a dependent solid component, whereas a roast chicken and vegetable meal produces
a very heterogeneous intragastric distribution of solid and liquid. Other more homogenous meals
like porridge, soup or bread produce a uniform intra-gastric mass from which no separation of the
liquid and solid phase is possible. When we compared an equicaloric rice meal with wholemeal bread,
we found that while the rice pudding meal separated into a solid and liquid phase, the wholemeal
bread formed a rather homogeneous mass with no clear separation of fluid and solid. While the rice
meal allowed the stomach to sieve the meal and empty the fluid faster than the solid, sieving was not
possible with the more homogeneous bread meal and as a consequence the gastric volume fell more
slowly. In contrast, once the wheat entered the small intestine it was rapidly absorbed and the small
bowel water content (SBWC) was consistently lower than after the rice meal postprandially, suggesting
than any sensation of bloating after a bread meal most probably comes from gastric distension [4].
Other groups have also used MRI to document gastric sieving and its prevention by homogenization
with both solid [6] and liquid [7] meals.

In Figure 2 it is shown how a typical solid meal taken with water drink (D–E) fills the stomach
with heterogeneous content from which the fluid can be preferentially emptied causing a faster fall in
total gastric volume and hence feeling of fullness. We compared this with the same meal blenderised
to create a homogeneous soup (images A–C) and showed that the volume of the stomach fell more
slowly with the soup and this was associated with more prolonged satiety [5].
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Figure 2. Cross-sectional MRI images showing a stomach at 0, 60 and 120 minutes after ingesting either
roast chicken and vegetables or the same meal blenderised to create a homogeneous soup. Reproduced
from [5], Oxford University Press 2012, with permission.

5. Effect of Gastric Secretion on Intra-Gastric Dilution of the Meal

Regardless of the initial meal viscosity, the addition of salivary and then gastric secretions mean
that the meal is rapidly diluted. This can be assessed by performing serial imaging at different times
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after proton excitation (See Figure 3). The time constant of the decay of image intensity, known as T2,
which reflects the interaction of water molecules with their environment can be used as a measure of
intra-gastric dilution and from in vivo calibration this can also be used as a measure of viscosity of
meals of known composition. Using T2 we could show that intra-gastric chyme viscosity rapidly falls,
with an immediate reduction of around 10% due to saliva. Gastric secretions continue this process so
that by 40 minutes it is diluted around 50% with an associated 10-fold fall in viscosity compared to
the meal viscosity prior to ingestion. The homogeneity of intra-gastric dilution is strongly dependent
on meal viscosity. Thus, for a highly viscous (just pourable viscosity 17 Pa·s) locust bean gum meal,
a viscosity gradient persists, with the viscosity as assessed by T2 in the centre of the gastric lumen
remaining virtually unchanged from the original value, even after 48 minutes. This may be important,
because it will allow salivary lipase to continue to act within a swallowed bolus, even though its pH
optimum is several log units higher than that of gastric acid.

MRI using a gadolinium contrast-containing fluid allow the detection of gastric acid secretion,
which is added to the meal, increasing the total volume in the first 30 minutes postprandially and
creating a peripheral rim of gastric acid. The total gastric secretion can be quantified from the dilution
of gadolinium contrast [8] confirming previous findings by others [9,10]. The more viscous meals like
porridge show prolonged retention with elution of the periphery which leaves the interior of the food
bolus largely intact.
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Figure 3. The time constant of the decay of image intensity (T2) maps of the stomach after ingestion of
locust bean gum with viscosity of 17 Pa·s. Reproduced from [11], American Physiological Society 2001,
with permission.

The sensation of fullness after meal ingestion correlates strongly with gastric volume (Figure 4)
and is greater at all time points in high viscosity compared with low viscosity meals [11]. This was also
shown by others using meals with different macronutrient composition [12] showing the importance
of gastric volume and viscosity in influencing satiety [13,14]. Whether this reflects the greater force of
gastric contractions required to process the more viscous meal or, more likely, the different perception
and longer time taken during swallowing [15], remains to be more clearly defined. Interestingly when
agar beads are included in the meal, harder beads which require greater forces to fracture them induce a
greater sense of fullness suggesting that antral wall tension may also influence the sense of fullness [11].

The relation between gastric distension and fullness sensation is important since it means
that delaying emptying by modifying critical physical factors of food such as meal viscosity and
homogeneity, as was shown in the soup studies referred to above [5], could be used as adjuncts to
weight reducing programmes.

The effect of water ingested after a meal has also been extensively studied by MRI and confirms
earlier studies in showing that water easily passes around gastric contents, particularly solid
components, and empties into the small bowel as quickly as if the stomach were empty. It appears to
preferentially pass down the lesser curvature, where the longitudinal gastric folds form what has been
termed the “magenstrasse” (stomach road) [16].
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The high viscosity meal generated a greater sensation of fullness. Reproduced from [11], American
Physiological Society 2001, with permission.

6. Effect of Gluten on Intra-Gastric Processing of Bread

There has been much interest in the possible adverse effects of gluten in functional gastrointestinal
disease and many patients complain that bread induces bloating. We have investigated the effect of
gluten on the upper intestinal processing of 308 g bread meals comparing 2 days of feeding gluten-free
bread (GFB) with the effect of bread with normal gluten content and a bread supplemented with
3% gluten. The gastric images showed the added gluten produced a less homogeneous intra-gastric
appearance, but this was not associated with any difference in gastric emptying and all meals showed
the same pronounced drop in small bowel water postprandially [17]. Unexpectedly, feeding GFB for 2
days significantly increased the fasting transverse colonic volumes by 36% compared to normal bread,
possibly reflecting the effect of the fermentation of residues from the tapioca and potato starches used
to replace wheat in GFB. Later studies have also showed a rise in colonic volumes on a low FODMAP
(Fermentable Oligo-, Di-saccharide And Polyhydric alcohols) diet, which includes the substitution
of normal with gluten-free bread [18]. Feedback from the colon via short chain fatty acid production
may well be important in appetite control and several studies are attempting to exploit this in the
management of obesity.

7. Effect of Emulsification of Fat on Intra-Gastric Distribution and Gastric Emptying

One key factor determining gastric emptying is duodenal sensing of nutrients and this depends on
when nutrients first leave the stomach. This was clearly demonstrated using an unemulsified oil–water
mixture [19]. When subjects lay with their left side uppermost, the fat remained in the stomach floating
in the fundus while the water phase emptied rapidly. However, if the subjects lay with their right side
uppermost, the fat entered the duodenum much earlier and gastric emptying was much delayed and
satiety prolonged. Most fat is of course consumed as an emulsion, but gastric acidity means that many
emulsions “crack” on entering the stomach, leaving a layer of the less dense but more calorific fat
floating above the water phase. In the upright position, the water phase which contains little fat can
leave the stomach rapidly since it does not excite duodenal receptors which detect fatty acids, releasing
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cholecystokinin (CCK) and thereby delaying gastric emptying. MRI shows that making emulsions
more stable using emulsifiers can prevent cracking (Figure 5A) and result in much delayed gastric
emptying (Figure 5B) [20]. Interestingly, such stable emulsions appear more efficient in releasing CCK,
which may be why they are more satiating.Nutrients 2019, 11, x FOR PEER REVIEW 7 of 15 
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Figure 5. (A) MRI of isocaloric stable and unstable emulsions imaged 2 and 4 h after ingestion.
The unstable emulsion shows fat layering above the fluid phase, most of which has emptied by 4 h,
while the stable emulsion remains homogeneous with slower overall emptying. (B) Gastric volume
over time post ingestion showing faster emptying of the acid unstable meal. Reproduced from [20],
American Physiological Society 2007, with permission.

During normal meal consumption it is common to consume courses, such as pates or mousses with
a high fat content separate from the rest of the meal. Under such circumstances MRI has been able to
demonstrate that the intra-gastric behaviour of fat depends on the order in which fat is consumed [21].
Taking it first results in earlier filling of the antrum and more layering as it meets the resting gastric
acid, relatively undiluted by the non-fat component of the subsequent meal. When consumed second
the fat mixed with the larger non-fat component whose buffering of gastric acid may account for
reduced cracking of the emulsion and less layering. The same group, which assessed both intra-gastric
secretions as well as fat, has recently confirmed that emulsion stability was a key determinant of fat
layering, and also showed that the more stable emulsion increases the accumulation of gastric secretion
in the antrum [22].
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8. Effect of Simple Sugars, Polyhydric Alcohols and Osmotic Laxatives on Small Bowel Contents

While intestinal perfusion studies have shown that glucose is rapidly absorbed by a 30 cm perfused
jejunal segment it has not been possible to quantitatively translate this into the effect in an intact human
being until the advent of MRI studies. Isotonic glucose can be shown to be absorbed very rapidly so
that 40 minutes after ingesting 350 mL of 5% glucose, 250 mL has left the stomach, but the small bowel
contains only 50 mL of water implying that 200 mL has been absorbed over this time (Figure 6) [23].Nutrients 2019, 11, x FOR PEER REVIEW 8 of 15 
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Figure 6. Postprandial time profile of small bowel water content (SBWC) in mL after ingestion of a
350 mL 5% glucose or mannitol test meal. While the glucose solution is absorbed almost as soon as it
leaves the stomach the osmotically active but unabsorbable mannitol causes marked water secretion
quadrupling the SBWC. Reproduced from [23], Elsevier 2010, with permission.

By contrast at the same time after 250ml of mannitol has left the stomach the small bowel contains
nearly 400ml indicating a net secretion of 150ml. The effect of mannitol is most likely due to its
osmotic activity and very similar effects are known to occur after ingestion of other osmotically active,
unabsorbable small molecules.

Lactose intolerance has been studied in detail using intestinal intubation and aspiration showing
a 10-fold dilution of the non-absorbable marker polyethylene glycol (PEG) after ingestion of 50 g
lactose in 180 mL of water. This implies that around 1600 mL of water had entered the small bowel,
most likely driven by the low sodium concentration and hypertonicity of the ingested solution [24].
Previous perfusion studies indicate that the luminal Na+ concentration strongly influences Na+ and
water flow with net secretion at concentrations <90 mEq/L in mixed saline nutrient solutions [25]

Lactulose, a nonhydrolyzable disaccharide, similarly induces small bowel secretion with an
increase of around 150 mL of small bowel water 1 hour after ingestion as shown by MRI [26].
Moviprep®, an osmotic laxative composed of a PEG solution containing sodium chloride, sulphate
and ascorbate caused a rapid increase in SBWC, from a baseline of 80–100 mL raising to peak around
650 mL after 1 L of Moviprep®. [27]. There was also a rapid transfer of fluid to the colon, which
showed as a much brighter image with an associated rise in T2. The effect of mannitol was much less
apparent and at the dose used the colonic images changed surprisingly little, indicating that most of
the mannitol was fermented and the resulting short chain fatty acids (SCFAs) absorbed. Small bowel
water content has also been shown to be increased markedly by grapefruit juice [28]. This is of interest
since grapefruit juice is known to have important effects on the bioavailability of a number of drugs.
Initially it was thought to be due to inhibition of key drug metabolizing enzymes such as intestinal
CYP3A enzymes and by inhibiting transporters such as the organic anion transporting polypeptide
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(OATP). However, an additional factor could be that grapefruit juice increases the small bowel water
and thus aids drug absorption.

9. Effect of FODMAPs on the Small Bowel and Colon

Fructose is also an osmotically active poorly absorbed monomer, which behaves somewhat like
mannitol and lactulose increasing small bowel water. It is an important dietary component and in some
parts of the world daily intake is substantial, being 12.7 g in a typical Australian diet [29]. When 50 g of
fructose is given in 500 mL of water, SBWC rises to over 400 mL [30]. Low FODMAP diets emphasize
the concept of fructose in excess of glucose since animal studies show that glucose can enhance fructose
absorption. Our MRI study also compared 50 g of fructose with 50 g of glucose and 50 g glucose plus
fructose and clearly showed that adding glucose slowed gastric emptying and reduced the increase in
SBWC (Figure 7A). This also reduced the increase in small bowel diameters (Figure 7B).
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Patients with the irritable bowel syndrome often develop symptoms after consuming fructose-containing
foods, but this appears not to be due to abnormally increased secretion or worse malabsorption since
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when challenged with either fructose or inulin they showed similar increases in both SBWC and colonic
volumes as were seen with healthy controls [31].

10. Effect of Fibre on Small Bowel and Colonic Water Content

Dietary fibre comprises a range of materials derived from plant-supporting structures and storage
polysaccharide, which are divided into soluble and insoluble forms. These are widely used to treat
constipation. MRI has enabled us to understand the underlying mechanisms. Psyllium appears to trap
water in the small bowel by increasing viscosity thereby impairing convection and reducing access
of water to the intestinal mucosa where absorption takes place. Therapeutic doses of 3.5 g and 7 g
three times daily with food lead to increased postprandial SBWC, which rises steadily during the day
until meal two, a large (1000 kcal) meal stimulates ileal emptying, reducing SBWC back towards the
baseline (Figure 8) [32].
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Our earlier studies with bran [23], and more recent studies comparing bran directly with psyllium
and prickly pear extract [33], show a similar increase in SBWC, though in this case the increase appears
to be more likely due to stimulation of secretion since bran shows little water trapping [34].

The residual watery ileal contents are emptied into the ascending colon after a large meal which
is associated with an increase in fluidity of the ascending colon contents, shown by an increase in
T1 (Figure 9A,B). T1 is a time constant reflecting the recovery of longitudinal magnetization after
excitation by radiofrequency energy pulses and increases as the colonic contents become more watery.
During the study day, the T1 was significantly higher after both 3.5 g and 7 g psyllium being 631 ± 37
and 779 ± 48 ms, respectively, compared to the maltodextrin control at 447 ± 37 ms. We validated the
use of T1 measurements as an assessment of colonic water content by showing that T1 of descending
colon contents were well correlated with the percentage water of stool passed subsequently (Pearson’s
r = 0.65; Figure 9C) [32].
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11. Effect of Phytochemicals

During evolution there has been a constant battle between plants and herbivores or insects as
plants develop toxins to inhibit grazing by animals or insects. Humans, by developing cooking,
have been able to exploit these substances to enhance food attractiveness and add flavours. However,
some of these toxins exert a laxative effect, often mediated by prostaglandin secretion since, like the
laxative effect of sennosides [35] and Bisacodyl® [36], they can be blocked by the cyclooxygenase
inhibitor, indomethacin.

Rhubarb creates substantial amounts of the mild cytotoxin, rhein, which is a powerful laxative
widely used in Chinese herbal medicines. We recently showed that the laxative properties of rhubarb
are associated with a marked increase in postprandial small bowel water, which is followed by an
increase in ascending colon T1 [37]. We also found that lettuce similarly increased small bowel water,
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possibly due to the latex-like bitter lactucins they contain, which inhibit insect attacks. This may
explain why ileostomists report that both lettuce and rhubarb increase ileostomy output [38].

Other plant defences are used by kiwifruit, which contains needle-like calcium phosphate crystals,
rafides, as well as the cysteine protease, actinidin. Clinical trials have shown that regular kiwifruit
can increase stool frequency and soften stool in healthy subjects, and a kiwifruit extract has been
developed to treat constipation successfully [39,40]. Two kiwifruits taken twice daily demonstrate an
immediate increase in small bowel water following consumption, which increases steadily throughout
the day only falling after a second large meal which stimulates ileal emptying into the ascending colon.
This was associated with a rise in ascending colon T1, indicating increased water content caused by
increased inflow of ileal fluid [41].

12. Effect of Physical Form of Food

It has long been known that the physical form of food has an important effect on satiety with whole
foods [42] and those with high fibre content resulting in more prolonged satiety. A recent MRI study
has made it possible to monitor gastric, small and large intestine contents postprandially. This showed
that whole apples produced a more heterogeneous intra-gastric bolus, which emptied slower and was
associated with more prolonged fullness and reduced hunger. The satiating effect lasted several hours
after the stomach was emptied, indicating the importance of intestinal effects. SBWC was greater
with the solid apple, as was the colonic volumes, suggesting undigested material was entering the
colon and products of microbiota-induced fermentation may play a part in satiety (Krishnasamy et al.,
manuscript in preparation). A greater understanding of how physical factors influence the gut may
be useful in the future in guiding dieticians’ advice to patients with food intolerances, since slowing
delivery by taking less processed foods may well improve tolerance and simplify exclusion diets.

13. Limitations and How These Might Be Overcome

A major impediment to using MRI is its expense. This can in part be overcome with greater
knowledge of the time course of events. By allowing studies to make less frequent measurements at
critical time points, the costs can be reduced many fold. Another limitation is that what is measured is
a net effect and cannot separate easily changes in secretion versus changes in absorption. This can in
part be overcome by adding contrast labels such a gadolinium and measuring its dilution as has been
done to measure gastric secretion. However, this could only be used in the small intestine if contrast
was given via a naso-intestinal tube, which would introduce artefact and detract from the otherwise
non-invasive features of the technique.

Although the volumes of organs such as the stomach and colon are often what gives rise to symptoms,
mechanistically we are often interested in flow rather than just intestinal volumes. This requires a more
accurate measurement of transit to allow calculation of flow from the formula Flow = Volume/Transit
Time. Our current five marker pill technique is far from ideal. Firstly, the pills are large and may not
behave as liquids do, and secondly, it is well-known that the more pills one uses the more reproducible
the marker technique becomes, with more than 10 being ideal [43]. The obvious need is for much
smaller pills. The development of indigestible MRI-visible mini-capsules, which move down the gut at
the same speed as chyme, is currently an active area of research.

14. Conclusions and Outlook

MRI has opened up some exciting possibilities allowing non-invasive assessment of intra-gastric
processing of complex foods and intestinal fluid distribution in response to both food and drugs.
Assessment of intra-gastric viscosity and flow, intestinal water content and regional colonic volumes is
possible at the same session using different MRI sequences. Water content in the colon can be measured
using the T1 parameter, which allows assessment of response to treatments aimed at altering stool
consistency. Whilst some of the methods are now established, there are many additional developments
that will expand the application of MRI to the understanding of the intraluminal impact of food.



Nutrients 2019, 11, 1147 12 of 14

The ability of MRI to selectively image the fat components has only started to be explored but could be
used to examine fat malabsorption. Magnetic resonance spectroscopy (MRS) has also been widely
applied in other fields to look at metabolites, but the applications to food and beverages in the body has
been thus far limited. The techniques can be used to assess the mode of action of novel food materials
and products to facilitate decisions on industrial development using relatively small numbers, before
committing to large-scale, very expensive human trials. Another aspect under constant evolution is
increasing imaging speed to counteract respiratory and organ motion, and also automation of data
processing which can still be a burden. Some applications may well move MRI from its current purely
research role into clinical practice. Imaging the response of constipated patients to an osmotic laxative
clearly distinguishes those with an inert hypomotile colon from those with a hyperactive irritable
bowel and may well guide treatment in the future [44,45]. Whether individual differences in responses
to dietary items might also guide diet therapy remains to be determined.

Funding: Both authors are supported by the NIHR Biomedical Research Centre.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Engelen, L.; Fontijn-Tekamp, A.; Van Der Bilt, A. The influence of product and oral characteristics on
swallowing. Arch. Oral Boil. 2005, 50, 739–746. [CrossRef]

2. Boulby, P.; Moore, R.; Gowland, P.; Spiller, R.C. Fat delays emptying but increases forward and backward
antral flow as assessed by flow-sensitive magnetic resonance imaging. Neurogastroenterol. Motil. 1999, 11.
[CrossRef]

3. Marciani, L.; Gowland, P.A.; Fillery-Travis, A.; Manoj, P.; Wright, J.; Smith, A.; Young, P.; Moore, R.; Spiller, R.C.
Assessment of antral grinding of a model solid meal with echo-planar imaging. Am. J. Physiol. Liver Physiol.
2001, 280, G844–G849. [CrossRef]

4. Marciani, L.; E Pritchard, S.; Hellier-Woods, C.; Costigan, C.; Hoad, C.L.; A Gowland, P.; Spiller, R.C.;
Spiller, R. Delayed gastric emptying and reduced postprandial small bowel water content of equicaloric
whole meal bread versus rice meals in healthy subjects: novel MRI insights. Eur. J. Clin. Nutr. 2013, 67,
754–758. [CrossRef] [PubMed]

5. Marciani, L.; Hall, N.; Pritchard, S.E.; Cox, E.F.; Totman, J.J.; Lad, M.; Hoad, C.L.; Foster, T.; Gowland, P.A.;
Spiller, R.C. Preventing Gastric Sieving by Blending a Solid/Water Meal Enhances Satiation in Healthy
Humans. J. Nutr. 2012, 142, 1253–1258. [CrossRef] [PubMed]

6. Mackie, A.R.; Bajka, B.H.; Rigby, N.M.; Wilde, P.J.; Alves-Pereira, F.; Mosleth, E.F.; Rieder, A.; Kirkhus, B.;
Salt, L.J. Oatmeal particle size alters glycemic index but not as a function of gastric emptying rate. Am. J.
Physiol. Liver Physiol. 2017, 313, G239–G246. [CrossRef] [PubMed]

7. Camps, G.; Mars, M.; De Graaf, C.; Smeets, P.A. A tale of gastric layering and sieving: Gastric emptying of
a liquid meal with water blended in or consumed separately. Physiol. Behav. 2017, 176, 26–30. [CrossRef]
[PubMed]

8. Hoad, C.; Parker, H.; Hudders, N.; Costigan, C.; Cox, E.; Perkins, A.; Blackshaw, P.; Marciani, L.; Spiller, R.;
Fox, M.; et al. Measurement of gastric meal and secretion volumes using magnetic resonance imaging.
Phys. Med. Boil. 2015, 60, 1367–1383. [CrossRef] [PubMed]

9. Treier, R.; Steingoetter, A.; Goetze, O.; Fox, M.; Fried, M.; Schwizer, W.; Boesiger, P. Fast and optimized
T1mapping technique for the noninvasive quantification of gastric secretion. J. Magn. Reson. Med. 2008, 28,
96–102. [CrossRef] [PubMed]

10. Goetze, O.; Treier, R.; Fox, M.; Steingoetter, A.; Fried, M.; Boesiger, P.; Schwizer, W. The effect of gastric
secretion on gastric physiology and emptying in the fasted and fed state assessed by magnetic resonance
imaging. Neurogastroenterol. Motil. 2009, 21, 725-e42. [CrossRef] [PubMed]

11. Marciani, L.; Gowland, P.A.; Spiller, R.C.; Manoj, P.; Moore, R.J.; Young, P.; Fillery-Travis, A.J. Effect of meal
viscosity and nutrients on satiety, intragastric dilution, and emptying assessed by MRI. Am. J. Physiol. Liver
Physiol. 2001, 280, G1227–G1233. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.archoralbio.2005.01.004
http://dx.doi.org/10.1046/j.1365-2982.1999.00133.x
http://dx.doi.org/10.1152/ajpgi.2001.280.5.G844
http://dx.doi.org/10.1038/ejcn.2013.78
http://www.ncbi.nlm.nih.gov/pubmed/23594839
http://dx.doi.org/10.3945/jn.112.159830
http://www.ncbi.nlm.nih.gov/pubmed/22649258
http://dx.doi.org/10.1152/ajpgi.00005.2017
http://www.ncbi.nlm.nih.gov/pubmed/28572083
http://dx.doi.org/10.1016/j.physbeh.2017.03.029
http://www.ncbi.nlm.nih.gov/pubmed/28343939
http://dx.doi.org/10.1088/0031-9155/60/3/1367
http://www.ncbi.nlm.nih.gov/pubmed/25592405
http://dx.doi.org/10.1002/jmri.21400
http://www.ncbi.nlm.nih.gov/pubmed/18581398
http://dx.doi.org/10.1111/j.1365-2982.2009.01293.x
http://www.ncbi.nlm.nih.gov/pubmed/19344341
http://dx.doi.org/10.1152/ajpgi.2001.280.6.G1227
http://www.ncbi.nlm.nih.gov/pubmed/11352816


Nutrients 2019, 11, 1147 13 of 14

12. Goetze, O.; Steingoetter, A.; Menne, D.; Van Der Voort, I.R.; Kwiatek, M.A.; Boesiger, P.; Weishaupt, D.;
Thumshirn, M.; Fried, M.; Schwizer, W. The effect of macronutrients on gastric volume responses and gastric
emptying in humans: a magnetic resonance imaging study. Am. J. Physiol. Liver Physiol. 2007, 292, G11–G17.
[CrossRef] [PubMed]

13. Camps, G.; Mars, M.; De Graaf, C.; Smeets, P.A. Empty calories and phantom fullness: A randomized trial
studying the relative effects of energy density and viscosity on gastric emptying determined by MRI and
satiety. Am. J. Clin. Nutr. 2016, 104, 73–80. [CrossRef] [PubMed]

14. Camps, G.; Veit, R.; Mars, M.; De Graaf, C.; Smeets, P.A. Just add water: Effects of added gastric distention by
water on gastric emptying and satiety related brain activity. Appetite 2018, 127, 195–202. [CrossRef] [PubMed]

15. Bolhuis, D.P.; Lakemond, C.M.M.; De Wijk, R.A.; Luning, P.A.; De Graaf, C. Both Longer Oral Sensory
Exposure to and Higher Intensity of Saltiness Decrease Ad Libitum Food Intake in Healthy Normal-Weight
Men. J. Nutr. 2011, 141, 2242–2248. [CrossRef] [PubMed]

16. Grimm, M.; Scholz, E.; Koziolek, M.; Kühn, J.-P.; Weitschies, W. Gastric Water Emptying under Fed State
Clinical Trial Conditions Is as Fast as under Fasted Conditions. Mol. Pharm. 2017, 14, 4262–4271. [CrossRef]

17. Coletta, M.; Gates, F.K.; Marciani, L.; Shiwani, H.; Major, G.; Hoad, C.L.; Chaddock, G.; Gowland, P.A.;
Spiller, R.C. Effect of bread gluten content on gastrointestinal function: a crossover MRI study on healthy
humans. Br. J. Nutr. 2016, 115, 55–61. [CrossRef] [PubMed]

18. Sloan, T.J.; Jalanka, J.; Major, G.A.D.; Krishnasamy, S.; Pritchard, S.; Abdelrazig, S.; Korpela, K.; Singh, G.;
Mulvenna, C.; Hoad, C.L.; et al. A low FODMAP diet is associated with changes in the microbiota and
reduction in breath hydrogen but not colonic volume in healthy subjects. PLoS ONE 2018, 13, e0201410.
[CrossRef] [PubMed]

19. Boulby, P.; Gowland, P.; Adams, V.; Spiller, R.C. Use of echo planar imaging to demonstrate the effect of
posture on the intragastric distribution and emptying of an oil/water meal. Neurogastroenterol. Motil. 1997, 9,
41–47. [CrossRef] [PubMed]

20. Marciani, L.; Wickham, M.; Singh, G.; Bush, D.; Pick, B.; Cox, E.; Fillery-Travis, A.; Faulks, R.; Marsden, C.;
Gowland, P.A.; et al. Enhancement of intragastric acid stability of a fat emulsion meal delays gastric emptying
and increases cholecystokinin release and gallbladder contraction. Am. J. Physiol. Liver Physiol. 2007, 292,
G1607–G1613. [CrossRef] [PubMed]

21. Kunz, P.; Feinle-Bisset, C.; Faas, H.; Boesiger, P.; Fried, M.; Steingötter, A.; Schwizer, W. Effect of ingestion
order of the fat component of a solid meal on intragastric fat distribution and gastric emptying assessed by
MRI. J. Magn. Reson. N.a. 2005, 21, 383–390. [CrossRef]

22. Liu, D.; Parker, H.L.; Curcic, J.; Kozerke, S.; Steingoetter, A. Emulsion Stability Modulates Gastric Secretion
and Its Mixing with Emulsified Fat in Healthy Adults in a Randomized Magnetic Resonance Imaging Study.
J. Nutr. 2016, 146, 2158–2164. [CrossRef] [PubMed]

23. Marciani, L.; Cox, E.F.; Hoad, C.L.; Pritchard, S.; Totman, J.J.; Foley, S.; Mistry, A.; Evans, S.; Gowland, P.A.;
Spiller, R.C. Postprandial Changes in Small Bowel Water Content in Healthy Subjects and Patients With
Irritable Bowel Syndrome. Gastroenterology 2010, 138, 469–477.e1. [CrossRef]

24. Christopher, N.L.; Bayless, T.M. Role of the Small Bowel and Colon in Lactose-Induced Diarrhea.
Gastroenterology 1971, 60, 845–852. [CrossRef]

25. Spiller, R.C.; Jones, B.J.; Silk, D.B.; Spiller, R. Jejunal water and electrolyte absorption from two proprietary
enteral feeds in man: importance of sodium content. Gut 1987, 28, 681–687. [CrossRef]

26. Undseth, R.; Berstad, A.; Kløw, N.-E.; Arnljot, K.; Moi, K.S.; Valeur, J. Abnormal accumulation of intestinal
fluid following ingestion of an unabsorbable carbohydrate in patients with irritable bowel syndrome: An MRI
study. Neurogastroenterol. Motil. 2014, 26, 1686–1693. [CrossRef]

27. Marciani, L.; Garsed, K.C.; Hoad, C.L.; Fields, A.; Fordham, I.; Pritchard, S.E.; Placidi, E.; Murray, K.;
Chaddock, G.; Costigan, C.; et al. Stimulation of colonic motility by oral PEG electrolyte bowel preparation
assessed by MRI: comparison of split vs single dose. Neurogastroenterol. Motil. 2014, 26, 1426–1436. [CrossRef]

28. Grimm, M.; Koziolek, M.; Saleh, M.; Schneider, F.; Garbacz, G.; Weitschies, W.; Kuhn, J.P. Gastric Emptying
and Small Bowel Water Content after Administration of Grapefruit Juice Compared to Water and Isocaloric
Solutions of Glucose and Fructose: A Four-Way Crossover MRI Pilot Study in Healthy Subjects. Mol. Pharm.
2018, 15, 548–559. [CrossRef]

29. Halmos, E.P.; Power, V.A.; Shepherd, S.J.; Gibson, P.R.; Muir, J.G. A Diet Low in FODMAPs Reduces
Symptoms of Irritable Bowel Syndrome. Gastroenterology 2014, 146, 67–75.e5. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpgi.00498.2005
http://www.ncbi.nlm.nih.gov/pubmed/16935851
http://dx.doi.org/10.3945/ajcn.115.129064
http://www.ncbi.nlm.nih.gov/pubmed/27281305
http://dx.doi.org/10.1016/j.appet.2018.04.023
http://www.ncbi.nlm.nih.gov/pubmed/29730186
http://dx.doi.org/10.3945/jn.111.143867
http://www.ncbi.nlm.nih.gov/pubmed/22049294
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00623
http://dx.doi.org/10.1017/S0007114515004183
http://www.ncbi.nlm.nih.gov/pubmed/26522233
http://dx.doi.org/10.1371/journal.pone.0201410
http://www.ncbi.nlm.nih.gov/pubmed/30048547
http://dx.doi.org/10.1046/j.1365-2982.1997.d01-6.x
http://www.ncbi.nlm.nih.gov/pubmed/9058391
http://dx.doi.org/10.1152/ajpgi.00452.2006
http://www.ncbi.nlm.nih.gov/pubmed/17332474
http://dx.doi.org/10.1002/jmri.20295
http://dx.doi.org/10.3945/jn.116.234955
http://www.ncbi.nlm.nih.gov/pubmed/27605407
http://dx.doi.org/10.1053/j.gastro.2009.10.055
http://dx.doi.org/10.1016/S0016-5085(71)80083-5
http://dx.doi.org/10.1136/gut.28.6.681
http://dx.doi.org/10.1111/nmo.12449
http://dx.doi.org/10.1111/nmo.12403
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00919
http://dx.doi.org/10.1053/j.gastro.2013.09.046
http://www.ncbi.nlm.nih.gov/pubmed/24076059


Nutrients 2019, 11, 1147 14 of 14

30. Murray, K.; Wilkinson-Smith, V.; Hoad, C.; Costigan, C.; Cox, E.; Lam, C.; Marciani, L.; Gowland, P.;
Spiller, R.C. Differential Effects of FODMAPs (Fermentable Oligo-, Di-, Mono-Saccharides and Polyols) on
Small and Large Intestinal Contents in Healthy Subjects Shown by MRI. Am. J. Gastroenterol. 2014, 109,
110–119. [CrossRef] [PubMed]

31. Major, G.; Pritchard, S.; Murray, K.; Alappadan, J.P.; Hoad, C.L.; Marciani, L.; Gowland, P.; Spiller, R. Colon
Hypersensitivity to Distension, Rather Than Excessive Gas Production, Produces Carbohydrate-Related
Symptoms in Individuals With Irritable Bowel Syndrome. Gastroenterology 2017, 152, 124–133.e2. [CrossRef]
[PubMed]

32. Major, G.; Murray, K.; Singh, G.; Nowak, A.; Hoad, C.L.; Marciani, L.; Silos-Santiago, A.; Kurtz, C.B.; Johnston, J.M.;
Gowland, P.; et al. Demonstration of differences in colonic volumes, transit, chyme consistency, and response to
psyllium between healthy and constipated subjects using magnetic resonance imaging. Neurogastroenterol. Motil.
2018, 30, e13400. [CrossRef]

33. Gunn, D.; Murthy, R.; Major, G.; Wilkinson-Smith, V.; Hoad, C.; Gill, S. Varying effects of bran, psyllium and
prickly pear cactus fibre (nopal) on small intestinal water content and colonic volume demonstrated using
magnetic resonance imaging (MRI). Neurogastroenterol. Motil. 2018, 30 (Suppl. 1), A230, Ref Type: Abstract.

34. Stephen, A.M.; Cummings, J.H. Water-holding by dietary fibre in vitro and its relationship to faecal output
in man. Gut 1979, 20, 722–729. [CrossRef] [PubMed]

35. Kobayashi, M.; Yamaguchi, T.; Odaka, T.; Nakamura, T.; Tsuchiya, S.; Yokosuka, O.; Yano, S. Regionally
Differential Effects of Sennoside A on Spontaneous Contractions of Colon in Mice. N.a. Clin. Pharmacol.
Toxicol. 2007, 101, 121–126. [CrossRef] [PubMed]

36. Kon, R.; Ikarashi, N.; Nagoya, C.; Takayama, T.; Kusunoki, Y.; Ishii, M.; Ueda, H.; Ochiai, W.; Machida, Y.;
Sugita, K.; et al. Rheinanthrone, a metabolite of sennoside A, triggers macrophage activation to decrease
aquaporin-3 expression in the colon, causing the laxative effect of rhubarb extract. J. Ethnopharmacol. 2014,
152, 190–200. [CrossRef] [PubMed]

37. Wilkinson-Smith, V.C.; Major, G.; Ashleigh, L.; Murray, K.; Hoad, C.L.; Marciani, L.; Gowland, P.A.;
Spiller, R.C.; Nottingham GI MRI Research Group. Insights Into the Different Effects of Food on Intestinal
Secretion Using Magnetic Resonance Imaging. J. Parenter. Enter. Nutr. 2018, 42, 1342–1348. [CrossRef]

38. Thomson, T.J.; Runcie, J.; Khan, A. The effect of diet on ileostomy function. Gut 1970, 11, 482–485. [CrossRef]
39. Kindleysides, S.; Kuhn-Sherlock, B.; Yip, W.; Poppitt, S.D. Encapsulated green kiwifruit extract: a randomised

controlled trial investigating alleviation of constipation in otherwise healthy adults. Asia Pac. J. Clin. Nutr.
2015, 24.

40. Weir, I.; Shu, Q.; Wei, N.; Wei, C.; Zhu, Y. Efficacy of actinidin-containing kiwifruit extract Zyactinase on
constipation: A randomised double-blinded placebo-controlled clinical trial. Asia Pac. J. Clin. Nutr. 2018, 27,
564–571.

41. Wilkinson-Smith, V.; Dellschaft, N.; Ansell, J.; Hoad, C.; Marciani, L.; Gowland, P.; Spiller, R. Mechanisms
underlying effects of kiwifruit on intestinal function shown by MRI in healthy volunteers. Aliment. Pharmacol.
Ther. 2019, 49, 759–768. [CrossRef] [PubMed]

42. Haber, G.B.; Heaton, K.W.; Murphy, D.; Burroughs, L.F. Depletion and disruption of dietary fibre. Effects on
satiety, plasma-glucose, and serum-insulin. Lancet 1977, 2, 679–682.

43. Abrahamsson, H.; Antov, S. Accuracy in assessment of colonic transit time with particles: how many markers
should be used? Neurogastroenterol. Motil. 2010, 22, 1164–1169. [CrossRef] [PubMed]

44. Lam, C.; Chaddock, G.; Marciani, L.; Costigan, C.; Paul, J.; Cox, E.; Hoad, C.; Menys, A.; Pritchard, S.;
Garsed, K. Colonic response to laxative ingestion as assessed by MRI differs in constipated irritable bowel
syndrome compared to functional constipation. Neurogastroenterol. Motil. 2016, 28, 861–870. [CrossRef]
[PubMed]

45. Whitehead, W.E.; Palsson, O.S.; Simren, M. Biomarkers to distinguish functional constipation from irritable
bowel syndrome with constipation. Neurogastroenterol. Motil. 2016, 28, 783–792. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ajg.2013.386
http://www.ncbi.nlm.nih.gov/pubmed/24247211
http://dx.doi.org/10.1053/j.gastro.2016.09.062
http://www.ncbi.nlm.nih.gov/pubmed/27746233
http://dx.doi.org/10.1111/nmo.13400
http://dx.doi.org/10.1136/gut.20.8.722
http://www.ncbi.nlm.nih.gov/pubmed/488767
http://dx.doi.org/10.1111/j.1742-7843.2007.00088.x
http://www.ncbi.nlm.nih.gov/pubmed/17651314
http://dx.doi.org/10.1016/j.jep.2013.12.055
http://www.ncbi.nlm.nih.gov/pubmed/24412547
http://dx.doi.org/10.1002/jpen.1157
http://dx.doi.org/10.1136/gut.11.6.482
http://dx.doi.org/10.1111/apt.15127
http://www.ncbi.nlm.nih.gov/pubmed/30706488
http://dx.doi.org/10.1111/j.1365-2982.2010.01543.x
http://www.ncbi.nlm.nih.gov/pubmed/20584262
http://dx.doi.org/10.1111/nmo.12784
http://www.ncbi.nlm.nih.gov/pubmed/26871949
http://dx.doi.org/10.1111/nmo.12852
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Magnetic Resonance Imaging 
	Gastric Processing of Complex Foods 
	Gastric Sieving 
	Effect of Gastric Secretion on Intra-Gastric Dilution of the Meal 
	Effect of Gluten on Intra-Gastric Processing of Bread 
	Effect of Emulsification of Fat on Intra-Gastric Distribution and Gastric Emptying 
	Effect of Simple Sugars, Polyhydric Alcohols and Osmotic Laxatives on Small Bowel Contents 
	Effect of FODMAPs on the Small Bowel and Colon 
	Effect of Fibre on Small Bowel and Colonic Water Content 
	Effect of Phytochemicals 
	Effect of Physical Form of Food 
	Limitations and How These Might Be Overcome 
	Conclusions and Outlook 
	References

