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Abstract: Background: Wheat bran, nopal and psyllium are examples of particulate, viscous and
particulate, and viscous fibers respectively, with laxative properties yet contrasting
fermentability.
Objective: To assess these fibers’ fermentability in vitro and effect on intestinal function
relevant to laxation in vivo using magnetic resonance imaging (MRI).
 Methods: Each fiber was predigested prior to measuring gas production in vitro during
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48 hours anaerobic incubation with healthy fecal samples. We performed a
randomized, three-way crossover trial in 14 healthy volunteers who ingested 7.5 g fiber
twice on the day prior to study and once with the study test meal. Serial MRI scans,
fasting and hourly for 4 hours following meal ingestion, assessed small bowel water
content (SBWC), colonic volumes and T1 of the ascending colon (T1AC) as a measure
of colonic water. Breath samples for hydrogen analysis were obtained fasted and every
30 minutes for 4 hours.
Results: Mean (SD). In vitro, the onset of gas production was significantly delayed with
psyllium versus wheat bran, 14(5) vs 6(2)hours, p=0.003; associated with a smaller
total gas volume (p=0.01). 24 hours of pre-feeding of all three fibers was associated
with an increased fasting T1AC (over 75% of values >90th centile of the normal range).
There was a further rise during the 4 hours after psyllium, +0.3(0.3)s p=0.009, fall with
wheat bran, -0.2(0.2)s p=0.02, but unchanged by nopal, 0.0(0.1)s p=0.2. SBWC was
increased by wheat bran, +107(102)mL p=0.02, nopal +137(98)mL p=0.0005, and
psyllium, +70(80)mL p=0.02, with no differences between the fibers.
Breath hydrogen rose significantly after wheat bran and nopal but not after psyllium
(p<0.0001).  
Conclusion: Both viscous and particulate fibers are equally effective at increasing
colonic T1 over 24 hours. Mechanisms include water trapping in the small bowel by
viscous fibers and delivery of substrates to the colonic microbiota by more fermentable
particulate fiber.
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A - The NIH has updated their position on
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clinicaltrials.gov. They distinguish
between a clinical study and a clinical
trial.

The AJCN will adhere to the NIH position.
The NIH defines a clinical trial as a
research study in which one or more
human subjects are prospectively
assigned to one or more interventions
(which may include placebo or other
control) to evaluate the effects of those
interventions on health-related biomedical
or behavioral outcomes.

Authors should use the following four
questions to determine the difference
between a clinical study and a clinical trial
:

Does the study involve human
participants?

1.

Are the participants prospectively
assigned to an intervention?
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effect of the intervention on the
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participants?
Is the effect being evaluated a health-
related biomedical or behavioral
outcome?

4.
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definition of a clinical trial and must be
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B ---For all studies, including those that
don't require registration by the above
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the Methods Section the pre-declared
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primary and secondary endpoints of their
study and whether these changed during
the course of the study or during post-hoc
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explicitly that analyses not pre-specified
are considered exploratory.

To summarize, if you answer the 4
questions above with "yes" then you must
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need to register your study. In either case
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studies that fall under the NIH registration
rules and recruited their first participant
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Appropriate public trial registries include
ICMJE-approved public trials registries
(http://www.clinicaltrials.gov,
http://www.anzctr.org.au/,
http://www.isrctn.org,
http://www.umin.ac.jp,
http://www.trialregister.nl). Please report
the study ID number and the website
where the clinical trial is registered on the
title page of the paper.
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list below:

Variability in Diet and Food Responses

Has this manuscript been posted to a
preprint server?

No

Designated Alternate Author David Gunn, email: david.gunn@nottingham.ac.uk

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



MS ID#: AJCN-D-19-01476 Title: Contrasting effects of viscous and particulate fiber on 

colonic fermentation in vitro and in vivo, and their impact on intestinal water studied by 

magnetic resonance imaging in a randomized trial 

 

Dear Reviewers, 

 

Many thanks for the opportunity to improve our manuscript further. 

 

Our responses are listed below in red; line numbers refer to the manuscript with tracked 

changes 

 

1.The pdf should not contain the supplementary files as individual pages. They should be 

consolidated into a single file which is linked to the pdf (as is done on page 82) and the single 

pages deleted from the pdf. 

Response: Apologies, this has been amended. 

 

2.Within that supplementary file, The CONSORT flow chart should be identified as 

“Supplementary Figure 1” and the numbers on the other supplementary figures increased by 

one. Be sure to check that the numbers are changed in the text file when each supplementary 

figure is called out. 

Response: Apologies, this has been amended as instructed. 

 

3.The Supplementary methods should be identified as “Supplementary Methods” and should 

be called out in the text using that designation. The CONSORT flow chart and the other 

supplementary figures should be placed after the supplementary methods in the 

supplementary file. 

 

Response: Supplementary methods have been amended in the text and the CONSORT flow 

chart has been moved to after the supplementary methods.  

 

4.Supplementary Table 1 needs a label and needs to be referred to in the main text as 

“Supplementary Table 1” about line 158. 

Response: A label has been added beneath the table and referenced as “Supplementary Table 

1” on line 157 

 

5.The clean manuscript should end at page 33. It should not contain the figures or any of the 

supplementary material. – only text, tables, and figure legends. 

Response to Reviewers Click here to access/download;Response to
Reviewers;Response to editor comments 1505.docx

https://www.editorialmanager.com/ajcn/download.aspx?id=138951&guid=268c8c54-1ad7-4218-abb4-9532fbc231a0&scheme=1
https://www.editorialmanager.com/ajcn/download.aspx?id=138951&guid=268c8c54-1ad7-4218-abb4-9532fbc231a0&scheme=1


Response: Apologies, the extra material has been removed. 

 

6.Line 2. It is not clear how “viscous and particulate and viscous” are distributed between 

nopal and psyllium. Is nopal viscous and psyllium particulate and viscous? Or is nopal 

viscous and particulate and psyllium only viscous? Please clarify for the reader who is not 

familiar with these items. 

Response: Thank you for highlighting this. We have added further punctuation such that 

the abstract background now reads “Wheat bran, nopal and psyllium are examples of 

particulate, viscous and particulate, and viscous fibers respectively, with laxative 

properties yet contrasting fermentability.” 

 

7.Line 15. What is the number in parenthesis? SD? It needs to be defined in the 

abstract. 

Response: Thank you, “mean (SD)” has been added on line 4 at the beginning of the results 

section 

 

8.95% CI should be separated using a comma, not a hyphen. 

Response: Amended as requested. 

 

9.Figure 6 legend and line 258. Can you add a measure of variability to each difference? 

Response: Figure 6 legend and lines 296-300 now read “breath hydrogen concentration was 

significantly higher for both wheat bran and nopal versus psyllium (mean difference (SD) 

56.1 (42.8)ppm, p=0.0003 and 32.3 (32.4)ppm, p=0.04, respectively), with no difference 

between wheat bran and nopal. 

 

10.Footnotes in tables should be identified using superscript numbers, not letters or symbols. 

Response: Amended as requested 

 

11.The first name of each author should appear on the title page, not just initials. (If an author 

routinely only uses initials or an initial and a middle name that is OK.) 

Response: first names added. 

 



1 
 

Contrasting effects of viscous and particulate fiber on colonic 

fermentation in vitro and in vivo, and their impact on intestinal water 

studied by magnetic resonance imaging in a randomized trial 

David Gunn1,2, Rajani Murthy2, Giles Major1,2, Victoria Wilkinson-Smith1,2, Caroline Hoad1,3, 

Luca Marciani1,2, Jose Remes-Troche4, Samantha Gill5, Megan Rossi5, HannahC Harris6
, 

JenniferH Ahn-Jarvis6, FredJ Warren6, Kevin Whelan5, Robin Spiller1,2 

1NIHR Nottingham Biomedical Research Centre, Nottingham University Hospitals NHS Trust 

and the University of Nottingham, Nottingham, UK. 

2Nottingham Digestive Diseases Centre, School of Medicine, University of Nottingham, 

Nottingham, UK.  

3Sir Peter Mansfield Imaging Centre, University of Nottingham, UK. 

4Digestive Physiology and Motility Lab, Medical Biological Research Institute, University of 

Veracruz, Veracruz, Mexico. 

5King’s College London, Department of Nutritional Sciences, London, UK. 

6Quadram Institute Biosciences, Food, Innovation and Health, Norwich Research Park, 

Norwich, UK, NR4 7UQ. 

Correspondence: Prof. Robin Spiller, Nottingham Digestive Diseases Centre, NIHR 

Biomedical Research Centre, Queen’s Medical Centre, Nottingham, UK. email: 

robin.spiller@nottingham.ac.uk 

Short running head: Fermentation of fibers and effect on colonic water 

Formatted: Section start: Continuous

Formatted: Subscript

Formatted: Not Superscript/ Subscript

Formatted: Font: 12 pt

Formatted: Font: 12 pt, Superscript

Revised Manuscript: Track Changes Click here to access/download;Revised Manuscript: Track
Changes;Gunn et almanuscript revised 1405.docx

mailto:robin.spiller@nottingham.ac.uk
https://www.editorialmanager.com/ajcn/download.aspx?id=138480&guid=bcc4587b-e9b8-40db-b894-827d34f216d0&scheme=1
https://www.editorialmanager.com/ajcn/download.aspx?id=138480&guid=bcc4587b-e9b8-40db-b894-827d34f216d0&scheme=1


2 
 

 

Abbreviations 

ANOVA – Analysis of variance 

AUC – area under the curve 

FODMAP - fermentable oligo-, di-, mono-saccharides and polyols  

MRI – magnetic resonance imaging 

SBWC – small bowel water content 

SCFA – short chain fatty acids 

T1AC – T1 of the ascending colon 

 

Clinical Trial Registry: clinicaltrials.gov NCT03263065 

Conflicts of interest: GM has received speaker’s fees from Almirall and Vertex, research 

funding from Vertex and Sanofi. KW has served as a consultant for Danone, has received 

speaker fees from Alpro and Yakult and research funding from Clasado Biosciences, Nestec 

Ltd, Almond Board of California and the International Nut and Dried Fruit Council. RS has 

received speaker’s fees from Alfawasserman and research funding from Zespri International 

Limited and Sanofi-Aventis Deutschland GmbH. DG, RM, VW-S, CH, LM: no conflicts of 

interest. 

This research was funded by the MRC/CONACYT Newton Grant, BBSRC Institute Strategic 

Programme Food Innovation and Health. 



3 
 

 

Abstract  1 

Background: Wheat bran, nopal and psyllium are examples of particulate, viscous and 2 

particulate, and viscous fibers respectively, with laxative properties yet contrasting 3 

fermentability. 4 

Objective:  To assess their these fibers’ fermentability in vitro and effect on intestinal 5 

function relevant to laxation in vivo using magnetic resonance imaging (MRI). 6 

 DesignMethods: Each fiber was predigested prior to measuring gas production in vitro 7 

during 48 hours anaerobic incubation with healthy fecal samples. The three fibers were also 8 

tested inWe performed  a randomized, three-way crossover trial in 14 healthy volunteers 9 

who ingested 7.5 g fiber twice on the day prior to study and once with the study test meal. 10 

Serial MRI scans, fasting and hourly for 4 hours following meal ingestion, assessed small 11 

bowel water content (SBWC), colonic volumes and T1 of the ascending colon (T1AC) as a 12 

measure of colonic water. Breath samples for hydrogen analysis were obtained fasted and 13 

every 30 minutes for 4 hours.  14 

Results: Mean (SD). In vitro, the onset of gas production was significantly delayed with 15 

psyllium versus wheat bran, (14([5)] vs 6[(2)]hours, p=0.003;), associated with a smaller 16 

total gas volume (p=0.01). 24 hours of pre-feeding of all three fibers were was equally 17 

associated with an increased fasting T1AC (over >75% of values >90th centile of the normal 18 

range). There was a further rise during the 4 hours after psyllium, (+0.3([0.43])s, 19 

p=0.009226), fall with wheat bran, (-0.2(0[0.2)]s,  p=0.02,) but not afterandbut unchanged 20 

by nopal, (-0.01([0.1)]s, p=0.2022) but notor wheat bran (-0.1[0.2]s,  p=0.0571). SBWC was 21 
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increased by wheat bran,  (+107([102)]mL, p=0.01702), nopal (+137([98)]mL, p=0.0005,) and 22 

psyllium, ( +70(8[80)]mL, p=0.015402,) with no differences between the fibers. 23 

Breath hydrogen rose significantly after wheat bran and nopal but not after psyllium 24 

(p<0.0001p=0.001).   25 

Conclusion: Both viscous and particulate fibers are equally effective at increasing colonic T1 26 

over 24 hours. Mechanisms include water trapping in the small bowel by viscous fibers and 27 

delivery of substrates to the colonic microbiota by more fermentable particulate fiber. 28 

 

Keywords: fiber, bran, nopal, psyllium, MRI, intestine, colon, water  29 
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Introduction 30 

The underlying physico-chemical and functional properties of dietary fibers vary widely. Gel 31 

forming fibers such as psyllium have evolved as mucilage plant polymers with extremely 32 

high water-holding capacity which despite their large molecular weight (in excess of 1MDa) 33 

are easily able to hydrate. Such fibers form highly viscous solutions and gels when dissolved 34 

in water. In contrast, some fibers such as wheat bran, which has a large particle size (>100 35 

µM), have very limited solubility and do not form a gel nor contribute significantly to 36 

viscosity in the bowel(1).   37 

Clinical evidence shows that some viscous, gel-forming fibers (e.g. psyllium) benefit patients 38 

with irritable bowel syndrome whereas fiber from different sources (e.g. bran) may worsen 39 

symptoms(2), suggesting that the differing physico-chemical properties impact on mode of 40 

action in the gut, although this has to date not been studied in detail.  41 

Psyllium fiber is a hemicellulose rich mucilage comprising highly branched arabinoxylan, 42 

composed of a xylan polymer densely decorated with arabinose and xylose sidechains(3). 43 

Although this is poorly fermented it facilitates water-holding in the small bowel causing an 44 

increase in both small bowel and colonic water content as well as colonic volume assessed 45 

by magnetic resonance imaging (MRI)(4). Constipated patients have lower colonic water 46 

content which can be normalized by therapeutic doses of psyllium (7g three times daily)(4), 47 

which are widely used to treat constipation. 48 

The main fiber component of wheat bran is also an arabinoxylan, which comprises the 49 

majority of the cell wall in wheat but, unlike the arabinoxylan in psyllium, is highly 50 

fermentable(5). Wheat bran acts as a highly fermentable substrate for the colonic 51 

microbiota and is fermented to produce significant amounts of short-chain fatty acids 52 
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(SCFA)(6,7). Several studies have shown that wheat bran also accelerates oro-cecal transit(8) 53 

and increases small bowel water content (SBWC)(9).  54 

Nopal fiber is an extract from the nopal cactus Opuntia ficus-indica. In contrast with 55 

psyllium, nopal fiber is primarily a pectic mucilage comprising a complex mixture of 56 

galacturonan, rhamnogalactans and rhamnogalacturonans as well as arabinoxylans, which 57 

are gel forming(10–12) but readily fermentable. Nopal has been traditionally used as a 58 

laxative in North Africa and Mexico(13) but its effects on human gut microbiota and function 59 

have yet to be examined.  60 

The three fibers used in this study, with the contrasting physico-chemical properties 61 

described above, can be expected to be associated with different physiological behavior in 62 

the gastrointestinal tract but these have not previously been directly compared in humans.  63 

Our aim was to compare equal doses of wheat bran, nopal and psyllium fibers on gas 64 

production by microbial fermentation in vitro; and their dynamic effects on SBWC, colonic 65 

volume and water content of the chyme in the ascending colon in vivo using MRI in healthy 66 

human volunteers.   67 
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Methods 68 

Two studies were performed; the first examined the effect of the three fibers in a laboratory 69 

model of colonic fermentation (in vitro fermentation study) and the second examined the 70 

effect of ingesting the three fibers for two days on healthy subjects’ SBWC, colonic volume 71 

and colonic water content using MRI and breath hydrogen (human MRI study).  72 

The fibers used for both the in vitro fermentation study and the human MRI study were; 73 

coarse wheat bran (Holland and Barrett, Hinckley, UK), nopal provided as dehydrated cactus 74 

leaf (OroVerde Nopal Cactus Green Leaf Powder, Cuernavaca, Mexico) and psyllium husk 75 

(98%, Supernutrients, Bath, UK). Their composition is shown in Table 1, analyzed by 76 

Medallion Labs (Minneapolis, MN, USA) using standard AOAC methods and by Quadram 77 

Institute Biosciences (Norwich, UK) using . Megazyme Fructan HK enzymatic assay kit 78 

(Megazyme, Bray, IE), according to manufacture recommendations (40), see 79 

Ssupplementaryl Mmethodsfiles for details.  80 

 81 

In vitro fermentation study 82 

In vitro fermentations for the three test fibers were carried out using a well-established 83 

model of the human colon seeded with microbiota obtained from healthy human 84 

volunteers(14–17). Prior to the fermentation, wheat bran and nopal underwent in vitro 85 

digestion using the INFOGEST, a validated international consensus method(18) that mimics 86 

small intestinal digestion and absorption of non-fiber carbohydrates that would otherwise 87 

be fermented in the in vitro fermentation model. Digestions were performed using the 88 

INFOGEST digestion method(18) with the addition of amyloglucosidase (final concentration 89 

3 U/mL) at the intestinal phase. On completion, pre-digested fiber samples were frozen and 90 
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lyophilized for 6 days. Once dry, samples were washed with absolute ethanol to release 91 

unbound sugars. Ethanol was added at the concentration of 20mL ethanol / g dried 92 

substrate, the sample mixed and incubated at room temperature for approximately 90 93 

minutes. Samples were centrifuged to allow excess ethanol to be removed, and the 94 

remainder evaporated through for three days. Once complete the final mass of substrate 95 

was recorded. Psyllium did not undergo digestion as it is 98% dietary fiber.  96 

Gas production from the three fibers was measured using single stage anaerobic colon 97 

models(19). In brief, per 125mL vessel; 0.5g of pre-digested wheat bran, pre-digested nopal 98 

or psyllium were mixed with 76mL of media, as described by Williams et al.(19), kept 99 

anaerobic under a constant stream of CO2. Once sealed, bottles were injected with 5mL of a 100 

vitamin and buffer solution, 1mL of the reducing solution(19) and pre-warmed overnight at 101 

37°C.  102 

Fecal samples were obtained from five healthy individuals who had no history of 103 

gastrointestinal disease nor antibiotic use in the previous three months, and who were non-104 

smokers. Ethical approval for collection of stool samples from healthy people was obtained 105 

from London - Westminster Research Ethics Committee (REC) (15/LO/2169). Individual fecal 106 

samples were diluted in pre-reduced phosphate buffered saline (10% w/v) and strained to 107 

remove particulate. Each fiber substrate was fermented in triplicate per volunteer fecal 108 

sample. Each vessel was inoculated with 3mL of slurry by injection and incubated at 37°C for 109 

10 days. Gas production was measured at regular intervals using a pressure transducer 110 

(Omega USB-H transducer, Omega Engineering, Manchester, UK) and syringe. At each time 111 

point, the pressure in the bottle was recorded with the transducer and the volume 112 

measured by removing gas with a syringe to bring the pressure in the bottle to atmospheric 113 
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pressure. Data are reported as cumulative gas volume produced during fermentation, 114 

averaged from five volunteers measured in triplicate per fiber, a total of 15 fermentation 115 

studies per fiber.    116 

Human MRI study  117 

This was a single center, randomized, three-treatment crossover study of wheat bran, nopal 118 

and psyllium’s effects on SBWC, colonic volume and water content of the chyme in the 119 

ascending colon assessed by MRI, and on exhaled breath hydrogen breath concentration. 120 

The study followed the principles of Good Clinical Practice in accordance with the 121 

Declaration of Helsinki and was approved by the University of Nottingham Medical School 122 

Ethics Committee (51-1707). The study was completed between September 2017 and March 123 

2018 and prospectively registered on www.clinicaltrials.gov (NCT03263065). There were no 124 

changes to the protocol or endpoints. 125 

Participants 126 

Healthy volunteers were recruited by poster advertisement on University of Nottingham 127 

campuses and gave written informed consent. Participants were eligible for inclusion if they 128 

age 18 years or older and were able to give informed consent. The exclusion criteria were 129 

pregnancy, history of pre-existing gastrointestinal disorder including irritable bowel 130 

syndrome, previous intestinal resection, any serious medical condition, contraindications to 131 

MRI scanning, and inability to stop medications known to alter intestinal motility.  All 132 

subjects assessed completed the study protocol (see Consort diagram Supplementary 133 

Figure 1file). 134 
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Test fibers and controlled diet  135 

The wheat bran, nopal and psyllium consumed in the study were identical to those used in 136 

the in vitro fermentation except that wheat bran and nopal did not undergo pre-digestion. 137 

All fibers were stored in a sealed container in a cool, dry and dark environment. Doses were 138 

standardized to provide approximately 7.5 g of total fiber per dose so participants received 139 

20.6 g wheat bran, 14.8 g nopal and 8.4 g psyllium per dose (see Table 1 for nutritional 140 

composition). The pre-weighed test fiber was mixed with 300mL of water and taken with 141 

breakfast and lunch the day before the study visit and then again at the research center on 142 

the day of the study visit (therefore three doses in total over 24-hour period). Participants 143 

consumed the three fibers in random order with study days separated by at least 6 days to 144 

ensure adequate washout. 145 

The order of fiber consumption was determined by random sequence generated using the 146 

online program www.randomization.com. The researchers were not blinded to the order of 147 

fiber allocation as they prepared the supplement and water mix on the day. Although 148 

participants were not informed about the order of fiber allocation, the differing appearance, 149 

taste and texture of the fiber supplement meant that they could not be formally blinded to 150 

the fiber consumed that day. However, all study MRI and other data were link-anonymized 151 

via a study ID and MRI analysis was done blind to the intervention. 152 

Whilst consuming the fiber supplements (i.e. the day before and the day of the study visit), 153 

participants were instructed to avoid caffeine, alcohol and strenuous exercise and provided 154 

with a standardized controlled diet (see appendixSsupplementaryl filesMethodsTable 1), 155 

that was low in fermentable carbohydrates (low FODMAP diet, known to reduce the 156 

symptoms of bloating(20)) and otherwise low in fiber. This aimed to reduce the intra- and 157 
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inter-individual variability in colonic fermentation due to background diet and effects on 158 

gastrointestinal motility.  159 

Protocol 160 

On the day prior to the study day, the allocated test fiber was provided at two meals 161 

(breakfast and lunch) and correct and complete consumption was supervised. All food was 162 

provided as low fiber, low FODMAP meals (see appendixSsupplementary Methodsl files), 163 

including a supervised and standardized breakfast and lunch, and a standardized dinner was 164 

provided for participants to consume in the evening at home. Participants arrived the 165 

following morning at the Sir Peter Mansfield Imaging Centre at the University of Nottingham 166 

after an overnight fast and verbally confirmed compliance with dietary restrictions. MRI 167 

safety questionnaires were completed with the radiographer. Participants underwent a 168 

fasted MRI scan (see appendix Supplementary Methods supplemental files for details) and 169 

measurement of breath hydrogen by exhaling into a gas analyzer (GastroCH4eck, Bedfont, 170 

UK). Participants then consumed the same rice pudding meal as and fiber supplement as 171 

was taken for breakfast and lunch the previous day. MRI scans were performed immediately 172 

after the meal and then hourly for four hours with hydrogen breath tests every half hour 173 

(see Figure 1 for study schematic).  174 

Abdominal MRI was performed on a 3.0 T Philips Achieva scanner (Best, The Netherlands) 175 

using a parallel imaging SENSE 16-element torso coil. Images were acquired with an 176 

expiration breath-hold between 13 and 24 seconds, with participants spending 177 

approximately 15 minutes inside the magnet at any one time. MRI parameters included 178 

SBWC, colonic volume and T1 of the chyme in the ascending colon (T1AC). T1 is the time 179 

constant for the water hydrogen protons to return to their equilibrium state following 180 
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radiofrequency excitation. More watery chyme has a longer T1 relaxation time, and the T1 181 

of the descending colon has been recently shown to correlate with stool water content(4). 182 

The primary outcome was the T1AC 4 hours post-meal ingestion, measured by MRI. 183 

Secondary outcomes included the fasting T1AC and change in small bowel water content, 184 

colonic volume, T1AC and breath hydrogen over the same time period (0-4 hours). We also 185 

compared fasting values to our normal range for T1AC and colonic volumes. There were no 186 

changes to the pre-specified endpoints during the course of the study. 187 

Statistical considerations 188 

Sample size determination 189 

Our previous studies of psyllium showed a mean (SD) increase in T1AC of 0.35 (0.42) s 190 

(unpublished data on file) after therapeutic doses of psyllium which is a mild laxative and 191 

this increase represents a minimal clinically significant difference. Using the PS Power and 192 

Sample Size Calculations program, version 3.0.43 with a false discovery rate of 0.05 and 193 

power of 80% we calculated that we would need 13 subjects in order to demonstrate such a 194 

difference.  195 

Statistical analysis 196 

Parametric Symmetrical data are presented as mean (SD) and non-symmetricnona-197 

parametric symmetricalal data as median (interquartile range). All statistical analysis was 198 

performed using Graphpad Prism version 8.2.1 for Windows (GraphPad Software, La Jolla 199 

California USA). Repeated measures one-way ANOVA followed by Tukey’s multiple 200 

comparisons test was performed for area under the curve (AUC) volume versus time for  in 201 

vitro gas production,  and single time point comparison of time to onset,  202 



13 
 

T1AC, SBWC and total colonic volumes.s for in vitro gas production. Equal variance was not 203 

assumed,  and the Geisser-Greenhouse correction was used, and.  normality of the 204 

distributions was assessed by the D'Agostino & Pearson test. Friedman’s test followed by 205 

Dunn’s multiple comparisons test was used to assess the non-parametricsymmetrical   206 

Similarly we assessed AUC from time 0 to 240 minutes for,  T1AC, SBWC, total colonic 207 

volumes, and breath hydrogen data at 4 hours and AUC. We have assessed multiple MRI 208 

endpoints but have not corrected the p values for this. While we can be confident that our 209 

primary outcome result is not due to chance, secondary endpoints need confirming in 210 

further studies. 211 

 Two-way ANOVA was performed for gas production, T1AC, and breath hydrogen from 212 

baseline to 4 hours. Onset of fermentation was assessed from the inflection point of the  213 

volume versus time plot. 214 

Normal values for T1AC after an 8-hour fasting period have previously been obtained from 215 

29 healthy volunteers from previous studies, published(21) and unpublished, on the same 216 

3.0 T Philips Achieva MRI scanner, and are shown in Figure 3Bb as the median and 10th- 90th 217 

centiles. Normal values for total colonic volume after an 8-hour fasting period have been 218 

obtained from 34 healthy volunteers from a previous study(22) on a 1.5T Philips Achieva 219 

MRI scanner, and are shown in Figure 5 as the mean and standard deviation.  220 

Results 221 

In vitro fermentation study 222 

2-way ANOVA showed a significant effect of both time (F= 256, DF 16, p<0.0001) and fiber 223 

type (F=6, DF 2, p=0.0155) with a significant interaction of time with fiber (F=6, DF 32, 224 
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p<0.0001) (see Figure 2). AUC total gas production over 48 hours was significantly different 225 

between fibers (one-way ANOVA F= 9.07, DF= 2, p=0.0109), demonstrating with a 226 

significantly greater area AUC for wheat bran (854 [221] mL.hr) thancompared with  227 

psyllium,  (484 [163]mean (95% CI) difference 370.4  (76.8, -664.0) mL.hr, p=0.0235,) but not  228 

nopal, mean (95% CI) difference 164 (-117.6,  -446.4) mL.hr, p =0.2 .(see Figure 2).  Onset to 229 

gas production was significantly slower longer for psyllium (14 [5] hr) than wheat bran, 230 

mean (95% CI) difference 8.4 (2.9, -13.9) hours, p=0.0041;, and thancompared to nopal 10.1 231 

(4.6, -15.6) hours, p=0.001. 232 

 (6 [2] hr, p=0.0031) and nopal (4 [2] hr, p=0.0011).  233 

Human MRI study  234 

Fourteen participants completed the human MRI study (64% female, aged median 235 

[interquartile range, IQR] 20 [20-22] years with BMI median [IQR] 22.83 [21.1-25.86]). All 236 

participants consumed the allocated fibers with no adverse effects. Due to 237 

equipmentoperator or equipment  failuresissuesfailure only 112 complete data sets were 238 

available for analysis for T1ACSBWC AUC and 10 for breath hydrogen (see CONSORT 239 

diagram)., . and no drop outs.. 240 

Primary outcome 241 

As Table 2 and Figure 3 show, fasting values of T1AC after 24 hours of fiber ingestion were 242 

similar for the three fibers. However, over the study day T1AC rose significantly with 243 

psyllium but not wheat bran or nopal so that the differences were greatest  . 2-way ANOVA 244 

showed a significant effect of fiber (F= 6, DF 2, p=0.017) with a significant interaction with 245 

time (F=6, DF 10, p=0.0007).  246 
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Aat the end of the study day. , T1AC at 4 hours showed a significant difference between the 247 

fibers, (one-way ANOVA showed a significant difference between the fibers (F=23.216.6, 248 

DF=2, p<0.0001=0.0008) and Tukey’s multiple comparisons showed a significant T1 increase 249 

for psyllium compared to both wheat bran and nopal, mean difference (95% CI) difference 250 

0.383439425 (0.2076331, -0.6721320))s, ……..p=0.00074, and…………  0.3383074 (0.172548, -251 

0.5054900)s, p=0.00042, respectively. There was a significant increase for psyllium 252 

compared to wheat bran from 120 minutes (1.1 [0.1]s vs 0.8 [0.1]s, p<0.0001) and 253 

compared to nopal from 180 minutes (1.2 [0.2]s vs 0.95 [0.17]s, p <0.0001) (see Figure 3). 254 

Secondary outcomes 255 

Fasting T1AC 256 

24 hours of fiber pre-feeding resulted in at least  75% of fasting T1AC values lying above the 257 

90th centile of the normal range with no significant differences between the three fibers, 258 

(one-way ANOVA F=0.085, DF=2, p=0.9389, ( see Figure 3B).  259 

Small bowel water content 260 

Fasting SBWC on the study day did not significantly differ between the three fibers. There 261 

was a significant increase in SBWC for all fibers from fasting to 4 hours (see Figure 4). AUC 262 

analysis demonstrated a significant difference between fibers (one-way ANOVA F=…4.85.0, 263 

DF=2, p=0.020.039);, nopal wheat bran stimulating significantly less more small bowel water 264 

than wheat bran nopal or psyllium (mean (95% CI) difference 7.176894  (0.659914960, -265 

82713.8753) mL.min, p=0.03). 266 

diffrences (29.5 [16.2] L.min vs 37.7 [15.5] L.min and 35.7 ([0.2] L.min, p=0.0072 and 267 

p=0.0389 respectively). 268 
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Colonic Volume 269 

There were significant differences in the fasting colonic volume between fibers after 24 270 

hours of pre-feeding (one-way ANOVA F=20.5  , DF=2, p<0.0001=0.0003); participants pre-271 

fed with psyllium for 24 hours had larger fasting total colonic volumes than both nopal 272 

(mean (95% CI) difference 128 (71, -185) mL, p=0.0001) and wheat bran (mean (95% CI) 273 

difference 129 (53, -205) mL, p=0.00216(612[113]mL vs 484[134]mL and 483[130]mL, 274 

p=0.0003 and p=0.0013, respectively) with no significant difference between nopal and 275 

wheat bran. AUC for the study duration was significantly different (F=40, DF=2, p<0.0001); 276 

psyllium was greater than nopal (mean (95% CI) difference 4036.0 (24.1, -47.8) L.min, 277 

p<0.0001) and wheat bran (mean (95% CI) difference 45.8 (31.1, -60.4) L.min, p<0.0001) 278 

L.min, with no difference between nopal and wheat bbran.  279 

 280 

 larger for psyllium (189.7 [29.3] L.min) than nopal (157.6 [40] L.min) and wheat bran (144.1 281 

[43.6] L.min, p=0.0002 and p<0.0001 respectively). During the study day a small but 282 

significant increase in colonic volume was demonstrated from fasting to 4 hours 283 

postprandially in participants consuming nopal (484[134]mL to 581 [128]mL, p=0.0067) but 284 

not seen with psyllium or wheat bran (Figure 5). 285 

Breath hydrogen 286 

There were no significant differences between fasting breath hydrogen concentrations. 287 

Breath hydrogen concentration rose during the study, with wheat bran showing the largest 288 

effect (Figure 6).  289 

 290 
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2-way ANOVA showed a significant effect of time (F= 6.7, DF 9, p=0.008) and a significant 291 

interaction of fiber with time (F=3, DF 18, p<0.0001). After 4 hours there was a significant 292 

difference between the fibers (χ2(2)=16.5Friedman’s test0.51, Friedman test, p<0.0001); , 293 

breath hydrogen concentration was significantly higher for both wheat bran and nopal 294 

versus psyllium (mean difference (SD) 56.1 (42.8)ppm, p=0.0003 and 32.3 (32.4)ppm, 295 

p=0.04, respectively)and nopal , versus psyllium (rank sum difference 17.560 [44.5] and 36.2 296 

[31.5] pmol/mg versus 3.9 [5.6] pmol/mg, one way ANOVA F=, DF=2, p=0.000379  and 11, 297 

p=0.0425 respectively) with no difference between wheat bran and nopal. (p=0.3737). AUC 298 

from 0 - 4 hours demonstrated a significantly larger area for wheat bran than psyllium (5100 299 

[2280-6908] pmol/mg.min vs 1253 [383-1853] pmol/mg.min, p= 0.0156). 300 

  301 
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Discussion 302 

The laxative effect of the many and various dietary fibers is well recognized but the 303 

individual underlying mechanisms have until recently been unclear. Our study utilizes three 304 

very different fibers and shows that all three increase colonic water but by different 305 

mechanisms. We confirmed the results from our previous study(4) by showing that psyllium 306 

is highly effective in acutely trapping water in the small bowel, which rose steadily in the 307 

hours after meal ingestion. It should be noted that without fiber supplementation 308 

postprandial SBWC between 180-240 minutes has been shown to average under 100mls(9)  309 

whereas in our study it was 178mls. The in vitro fermentation studies, showing more rapid 310 

fermentation of wheat bran and nopal fiber compared to psyllium, match the earlier and 311 

more substantial rise in breath hydrogen seen in vivo. Psyllium is only very slowly fermented 312 

which will ensure a prolonged “trapping” of water in the colon. The larger colonic volume 313 

after psyllium may also reflect a lack of stimulation of colonic propulsion and lack of 314 

acceleration of colonic transitmotility(4) compared to the other more fermentable fibers. 315 

Psyllium would be predicted to produce lessThefewer short chain fatty acids, which are the 316 

metabolic products of fermentation, are known to stimulate 5-HT release from colonic 317 

enteroendocrine cells(23) which is known to have a prokinetic effect.  318 

Previous publications show that postprandial SBWC is strongly influenced by nutrient 319 

absorption and osmotic factors. Glucose(9), bread or rice meals(24) lead to rapid falls in 320 

SBWC over the next 1-2 hours as glucose and sodium are actively absorbed by small 321 

intestinal transporters with accompanying passive water absorption. Psyllium slows nutrient 322 

absorption(25), possibly by increasing viscosity and reducing the mixing which is essential to 323 

allow access of luminal contents to the mucosa. Psyllium potently retains water within its 324 
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complex network making it unavailable for absorption. We have shown in the current study 325 

that repeated doses of psyllium lead to an increase in colonic volumes and water content as 326 

assessed by the MRI parameter, T1. The rise in colonic volume may be due to the fact that, 327 

unlike wheat bran(26), psyllium does not significantly accelerate whole colonic transit(4,27), 328 

a feature which would reduce colonic volumes by increasing the frequency of defecation.   329 

Wheat bran by contrast, being less viscous, cannot trap water like psyllium but does 330 

however produce a similar increase in SBWC. Previous studies(8) had showed that 15g of 331 

both wheat bran and plastic particles caused similar acceleration of meal transit suggesting 332 

that this is driven by mechanical rather than chemical stimulation of the mucosa. Earlier 333 

studies have shown that stroking intestinal mucosa activates neurogenic secretion(28) 334 

which could accelerate transit. More recently, it has been shown that a subpopulation of 335 

enterochromaffin cells express mechanosensitive piezo-2 ion channels(29). 336 

Enterochromaffin cells are stimulated by shear forces to release serotonin(30) which 337 

stimulates crypt secretions. This may be an important mechanism to dilute luminal contents 338 

if they become too viscous and threaten to cause intestinal obstruction(9,31). Another 339 

potential mechanism through which particulate fiber can increase postprandial water is 340 

inhibiting amylase digestion of starch in the rice meal through adsorption of amylase to the 341 

particle surface(32). Wheat bBran is also known to increase fecal bacterial mass, a factor 342 

that accounts for a substantial proportion of stool mass(33) and may thus exert a laxative 343 

effect. Given that both viscous and particulate fiber increase small bowel water content but 344 

by different mechanisms, it is perhaps not unexpected that nopal, which contains both 345 

mucilage and particulate fiber, had a greater effect on small bowel water than either 346 

psyllium or wheat bran alone.  347 
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Towards the second half of the 4-hour study, small bowel contents would be expected to 348 

start entering the ascending colon and hence increase T1AC. At this point psyllium seemed 349 

to be most effective. This may reflect the slow breakdown and fermentation rate of 350 

psyllium’s highly branched structure, demonstrated by the delayed onset in vitro of gas 351 

production in our fermentation study and the virtual absence of a rise in breath hydrogen in 352 

the MRI study. The undegraded psyllium will continue to trap water, making it unavailable 353 

for absorption, hence increasing colonic volumes. Wheat bran, with a particulate structure, 354 

and a less branched arabinoxylan and a small amount of fructans, is more rapidly fermented 355 

in vitro and shows a clear rise in breath hydrogen in vivo. This rapid fermentation would 356 

increase bacterial mass and produce short-chain fatty acids (SCFAs) that stimulate sodium 357 

and water absorption(34). Fermentation products may also stimulate motility and 358 

accelerate transit thereby reducing colonic volumes though direct evidence of the impact of 359 

SCFAs on motility is contradictory, with some studies suggesting stimulation(35) and others 360 

not(36).  More recently it has been shown that SCFAs stimulate colonic motility in rats via 361 

the release of 5-hydroxytryptamine (5-HT)(37) that stimulates colonic peristalsis. Using germ 362 

free and mice colonized with human microbiota it has been shown that the presence of 363 

colonic microbiota increases serotonin synthesis and release by enteroendocrine cells(38), 364 

providing a mechanism whereby dietary fiber modulation of colonic microbiota could 365 

accelerate transit. 366 

We assessed fasting values of T1AC after two doses of fiber the day before to understand 367 

the longer-term effects. Despite the greater rise in T1AC soon (2-4 hours) after acute 368 

ingestion of psyllium compared to the other fibers, by 24 hours their effects were similar; all 369 

three fibers increasing T1AC to the upper limit of our normal range. While both wheat bran 370 
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and nopal increase small bowel water, this does not appear to increase colon volumes in the 371 

short term. This may be because, as shown by the greater breath hydrogen response, the 372 

more readily fermentable components of both wheat bran and nopal are rapidly fermented 373 

and absorbed thus limiting any increase in colonic volume. Alternatively, it may reflect 374 

greater stimulation of motility by wheat bran and nopal which would also reduce colonic 375 

volumes but demonstrating this would require further studies. Previous studies have shown 376 

a link between increased colonic volumes and the sense of distension and bloating(39) that 377 

may limit the use of psyllium in constipated patients.  378 
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Conclusion 380 

In summary, both viscous and particulate fiber stimulate an increase in postprandial small 381 

bowel water content and an increase in colonic T1. Possible mechanisms include inhibiting 382 

absorption of both water and nutrients or stimulating intestinal secretion. Psyllium appears 383 

more effective in trapping small bowel water and its slow metabolism means that colon 384 

volumes remain increased over at least 24 hours. Nopal and wheat bran, despite not being 385 

viscous, also increase small bowel water but are rapidly fermented in the colon and do not 386 

lead to colonic distension. Whether this will translate into greater efficacy and tolerability in 387 

the treatment of constipation remains to be seen when clinical trials, currently under way, 388 

are completed.  389 



23 
 

Acknowledgments 390 

This research was funded in part by the Medical Research Council (MRC) / Consejo Nacional 391 

de Ciencia y Tecnología (CONACYT) Newton Grant Reference MR/N029097/1, and in part by   392 

the Biotechnology and Biological Sciences Research Council (BBSRC) Institute Strategic 393 

Programme Food Innovation and Health BB/R012512/1 and its constituent projects 394 

BBS/E/F/000PR10343 and BBS/E/F/000PR10346., and supported by the NIHR Nottingham 395 

Clinical Research Facilities. The views expressed are those of the author(s) and not 396 

necessarily those of the MRC, CONACYT, BBSRC, NHS, the NIHR or the Department of Health 397 

and Social Care. We would like to thank Océane Leloup (Quadram Institute Bioscience) for 398 

her assistance with in vitro fermentation experiments, and Cathrina Edwards and Natalia 399 

Perez-Moral (Quadram Institute Bioscience) for assistance with the INFOGEST procedure. 400 

We would like to thank the staff of the Sir Peter Mansfield Imaging Centre for their 401 

assistance with the human MRI study, and the participants for their time.  402 

The authors’ responsibilities were as follows: RS, KW and FW: designed the study; GM, VW-403 

S, CH, LM, JR-T, SG, MR: contributed to study design; DG, RM HH, JAJ, FW: conducted the 404 

study; DG and RM: performed the statistical analyses; DG: wrote the manuscript with 405 

primary responsibility for the final content and all authors: read and approved the final 406 

manuscript. GM has received speaker’s fees from Almirall and Vertex, research funding from 407 

Vertex and Sanofi. KW has served as a consultant for Danone, has received speaker fees 408 

from Alpro and Yakult and research funding from Clasado Biosciences, Nestec Ltd, Almond 409 

Board of California and the International Nut and Dried Fruit Council. RS has received 410 

speaker’s fees from Alfawasserman and research funding from Zespri International Limited 411 

and Sanofi-Aventis Deutschland GmbH. DG, RM, VW-S, CH, LM, JAJ: no conflicts of interest. 412 



24 
 

References 

1.  Gidley MJ, Yakubov GE. Functional categorisation of dietary fibre in foods: Beyond 

'soluble’ vs ‘insoluble’ [Internet]. Vol. 86, Trends in Food Science and Technology. 

2019 [cited 2019 Aug 13]. p. 563–8. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0924224418300499 

2.  Bijkerk CJ, Muris JWM, Knottnerus JA, Hoes AW, De Wit NJ. Systematic review: The 

role of different types of fibre in the treatment of irritable bowel syndrome. Aliment 

Pharmacol Ther. 2004;19(3):245–51.  

3.  Yu L, Yakubov GE, Zeng W, Xing X, Stenson J, Bulone V, et al. Multi-layer mucilage of 

Plantago ovata seeds: Rheological differences arise from variations in arabinoxylan 

side chains. Carbohydr Polym [Internet]. 2017 Jun 1 [cited 2019 Aug 13];165:132–41. 

Available from: 

https://www.sciencedirect.com/science/article/pii/S0144861717301583 

4.  Major G, Murray K, Singh G, Nowak A, Hoad CL, Marciani L, 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(9):1–11.  

5.  Parker ML, Ng A, Waldron KW. The phenolic acid and polysaccharide composition of 

cell walls of bran layers of mature wheat (Triticum aestivum L. cv. Avalon) grains. J Sci 

Food Agric [Internet]. 2005 Dec 1 [cited 2019 Aug 13];85(15):2539–47. Available 

from: http://doi.wiley.com/10.1002/jsfa.2304 

6.  De Paepe K, Verspreet J, Verbeke K, Raes J, Courtin CM, Van de Wiele T. Introducing 

Formatted: Don't suppress line numbers



25 
 

insoluble wheat bran as a gut microbiota niche in an in vitro dynamic gut model 

stimulates propionate and butyrate production and induces colon region specific 

shifts in the luminal and mucosal microbial community. Environ Microbiol [Internet]. 

2018 [cited 2019 Aug 13];20(9):3406–26. Available from: 

https://onlinelibrary.wiley.com/doi/pdf/10.1111/1462-2920.14381 

7.  De Paepe K, Verspreet J, Rezaei MN, Martinez SH, Meysman F, Van De Walle D, et al. 

Modification of wheat bran particle size and tissue composition affects colonisation 

and metabolism by human faecal microbiota. Food Funct [Internet]. 2019 Jan 22 

[cited 2019 Aug 13];10(1):379–96. Available from: 

http://xlink.rsc.org/?DOI=C8FO01272E 

8.  McIntyre A, Vincent RM, Perkins AC, Spiller RC. Effect of bran, ispaghula, and inert 

plastic particles on gastric emptying and small bowel transit in humans: The role of 

physical factors. Gut. 1997;40(2):223–7.  

9.  Marciani L, Cox EF, Hoad CL, Pritchard S, Totman JJ, Foley S, et al. Postprandial 

Changes in Small Bowel Water Content in Healthy Subjects and Patients With Irritable 

Bowel Syndrome. Gastroenterology [Internet]. 2010 [cited 2017 Nov 2];138(2):469-

477.e1. Available from: http://www.gastrojournal.org/article/S0016-5085(09)01954-

4/pdf 

10.  Trachtenberg S, Mayer AM. Biophysical properties of Opuntia ficus-indica mucilage. 

Phytochemistry [Internet]. 1980 Jan 1 [cited 2019 Aug 13];21(12):2835–43. Available 

from: https://www.sciencedirect.com/science/article/pii/0031942280850527 

11.  Ishurd O, Zgheel F, Elghazoun M, Elmabruk M, Kermagi A, Kennedy JF, et al. A novel (1 



26 
 

→ 4)-α-d-glucan isolated from the fruits of Opuntia ficus indica (L.) Miller. Carbohydr 

Polym [Internet]. 2010 [cited 2019 Aug 13];82(3):848–53. Available from: 

https://www.researchgate.net/publication/223050023 

12.  Majdoub H, Roudesli S, Picton L, Le Cerf D, Muller G, Grisel M. Prickly pear nopals 

pectin from Opuntia ficus-indica physico-chemical study in dilute and semi-dilute 

solutions. Carbohydr Polym [Internet]. 2001 Sep 1 [cited 2019 Aug 13];46(1):69–79. 

Available from: 

https://www.sciencedirect.com/science/article/pii/S0144861700002848 

13.  Lopez-Romero P, Pichardo-Ontiveros E, Avila-Nava A, López-Romero P, Pichardo-

Ontiveros E, Avila-Nava A, et al. The Effect of Nopal (Opuntia Ficus Indica) on 

Postprandial Blood Glucose, Incretins, and Antioxidant Activity in Mexican Patients 

with Type 2 Diabetes after Consumption of Two Different Composition Breakfasts. J 

Acad Nutr Diet [Internet]. 2014;114(11):1811–8. Available from: 

http://dx.doi.org/10.1016/j.jand.2014.06.352 

14.  Theodorou MK, Williams BA, Dhanoa MS, McAllan AB, France J. A simple gas 

production method using a pressure transducer to determine the fermentation 

kinetics of ruminant feeds. Anim Feed Sci Technol. 1994;48(3–4):185–97.  

15.  Adiotomre J, Easiwood MA, Edwards C, Brydon W. Dietary fiber: in vitro methods that 

anticipate nutrition and metabolic activity in humans13. Vol. 52, Am J C/in Nuir. 1990.  

16.  Harris HC, Edwards CA, Morrison DJ. Impact of glycosidic bond configuration on short 

chain fatty acid production from model fermentable carbohydrates by the human gut 

microbiota. Nutrients. 2017;9(1).  



27 
 

17.  Warren FJ, Fukuma NM, Mikkelsen D, Flanagan BM, Williams BA, Lisle AT, et al. Food 

Starch Structure Impacts Gut Microbiome Composition. 2018 [cited 2019 Sep 5]; 

Available from: http://msphere.asm.org/ 

18.  Brodkorb A, Egger L, Alminger M, Alvito P, Assunção R, Ballance S, et al. INFOGEST 

static in vitro simulation of gastrointestinal food digestion. Nat Protoc [Internet]. 

2019 Apr 18 [cited 2019 Aug 13];14(4):991–1014. Available from: 

http://www.nature.com/articles/s41596-018-0119-1 

19.  Williams BA, Bosch MW, Boer H, Verstegen MWA, Tamminga S. An in vitro batch 

culture method to assess potential fermentability of feed ingredients for monogastric 

diets. Anim Feed Sci Technol [Internet]. 2005 Sep 30 [cited 2019 Aug 21];123-124 

Pa:445–62. Available from: 

https://www.sciencedirect.com/science/article/pii/S0377840105001744?via%3Dihub 

20.  Whelan K, Martin LD, Staudacher HM, Lomer MCE. The low FODMAP diet in the 

management of irritable bowel syndrome: an evidence-based review of FODMAP 

restriction, reintroduction and personalisation in clinical practice. J Hum Nutr Diet 

[Internet]. 2018 Apr 1 [cited 2019 Aug 1];31(2):239–55. Available from: 

http://doi.wiley.com/10.1111/jhn.12530 

21.  Wilkinson-Smith V, Dellschaft N, Ansell J, Hoad C, Marciani L, Gowland P, et al. 

Mechanisms underlying effects of kiwifruit on intestinal function shown by MRI in 

healthy volunteers. Aliment Pharmacol Ther. 2019;49(6):759–68.  

22.  Lam C, Chaddock G, Laurea LM, Costigan C, Cox E, Hoad C, et al. Distinct 

Abnormalities of Small Bowel and Regional Colonic Volumes in Subtypes of Irritable 



28 
 

Bowel Syndrome Revealed by MRI. Am J Gastroenterol [Internet]. 2017;112(2):346–

55. Available from: http://dx.doi.org/10.1038/ajg.2016.538 

23.  Lund ML, Egerod KL, Engelstoft MS, Dmytriyeva O, Theodorsson E, Patel BA, et al. 

Enterochromaffin 5-HT cells – A major target for GLP-1 and gut microbial metabolites. 

Mol Metab. 2018 May 1;11:70–83.  

24.  Marciani L, Pritchard SE, Hellier-Woods C, Costigan C, Hoad CLC, Gowland PAP, et al. 

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 [Internet]. 2013 [cited 2018 Jun 18];67(7):754–8. Available 

from: https://www.nature.com/articles/ejcn201378.pdf 

25.  Ulmius M, Johansson A, Önning G. The influence of dietary fibre source and gender 

on the postprandial glucose and lipid response in healthy subjects. Eur J Nutr. 

2009;48(7):395–402.  

26.  Vuksan V, Jenkins AL, Jenkins DJA, Rogovik AL, Sievenpiper JL, Jovanovski E. Using 

cereal to increase dietary fiber intake to the recommended level and the effect of 

fiber on bowel function in healthy persons consuming North American diets. Am J Clin 

Nutr. 2008 Nov 1;88(5):1256–62.  

27.  ASHRAF W, PARK F, LOF J, QUIGLEY EMM. Effects of psyllium therapy on stool 

characteristics, colon transit and anorectal function in chronic idiopathic constipation. 

Aliment Pharmacol Ther [Internet]. 2007 Mar 31 [cited 2019 Nov 21];9(6):639–47. 

Available from: http://doi.wiley.com/10.1111/j.1365-2036.1995.tb00433.x 

28.  Christofi FL, Wunderlich J, Yu JG, Wang Y-Z, Xue J, Guzman J, et al. Mechanically 



29 
 

evoked reflex electrogenic chloride secretion in rat distal colon is triggered by 

endogenous nucleotides acting at P2Y1, P2Y2, and P2Y4 receptors. J Comp Neurol 

[Internet]. 2004 Jan 26 [cited 2019 Apr 15];469(1):16–36. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/14689471 

29.  Alcaino C, Knutson KR, Treichel AJ, Yildiz G, Strege PR, Linden DR, et al. A population 

of gut epithelial enterochromaffin cells is mechanosensitive and requires Piezo2 to 

convert force into serotonin release. Proc Natl Acad Sci U S A. 2018 Aug 

7;115(32):E7632–41.  

30.  Chin A, Svejda B, Gustafsson BI, Granlund AB, Sandvik AK, Timberlake A, et al. The 

role of mechanical forces and adenosine in the regulation of intestinal 

enterochromaffin cell serotonin secretion. Am J Physiol Liver Physiol [Internet]. 2012 

Feb 1 [cited 2019 Apr 13];302(3):G397–405. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/22038827 

31.  Hebden JM, Blackshaw E, D’Amato M, Perkins AC, Spiller RC. Abnormalities of GI 

transit in bloated irritable bowel syndrome: Effect of bran on transit and symptoms. 

Am J Gastroenterol [Internet]. 2002 [cited 2017 Nov 2];97(9):2315–20. Available 

from: https://www.nature.com/ajg/journal/v97/n9/pdf/ajg2002593a.pdf 

32.  Dhital S, Gidley MJ, Warren FJ. Inhibition of α-amylase activity by cellulose: Kinetic 

analysis and nutritional implications. Carbohydr Polym. 2015 Jun 5;123:305–12.  

33.  Stephen AM, Cummings JH. The microbial contribution to human faecal mass. J Med 

Microbiol [Internet]. 1980 Feb [cited 2019 Oct 3];13(1):45–56. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/7359576 



30 
 

34.  Binder HJ. Role of Colonic Short-Chain Fatty Acid Transport in Diarrhea. 2010 [cited 

2019 Apr 13];72(1):297–313. Available from: www.annualreviews.org 

35.  Kamath PS, Phillips SF, Zinsmeister AR. Short-Chain Fatty Acids Stimulate Ileal Motility 

in Humans. Vol. 95, Gastroenterology. 1988.  

36.  Jouët P, Moussata D, Duboc H, Boschetti G, Attar A, Gorbatchef C, et al. Effect of 

short-chain fatty acids and acidification on the phasic and tonic motor activity of the 

human colon. Neurogastroenterol Motil. 2013;25(12):943–9.  

37.  Fukumoto S, Tatewaki M, Yamada T, Fujimiya M, Mantyh C, Voss M, et al. Short-chain 

fatty acids stimulate colonic transit via intraluminal 5-HT release in rats. Am J Physiol - 

Regul Integr Comp Physiol [Internet]. 2003 [cited 2019 Sep 18];284(5 53-5). Available 

from: www.ajpregu.org 

38.  Reigstad CS, Salmonson CE, Rainey JF, Szurszewski JH, Linden DR, Sonnenburg JL, et 

al. Gut microbes promote colonic serotonin production through an effect of short-

chain fatty acids on enterochromaffin cells. FASEB J. 2015 Apr 1;29(4):1395–403.  

39.  Lam C, Chaddock G, Marciani L, Costigan C, Paul J, Cox E, et al. Colonic response to 

laxative ingestion as assessed by MRI differs in constipated irritable bowel syndrome 

compared to functional constipation. Neurogastroenterol Motil [Internet]. 2016 

[cited 2019 Jan 12];28:861–70. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4949702/pdf/NMO-28-861.pdf 

40.  Mccleary B V, Rossiter P. Measurement of Novel Dietary Fibers [Internet]. Vol. 87, 

JOURNAL OF AOAC INTERNATIONAL. 2004 [cited 2020 Mar 31]. Available from: 

https://academic.oup.com/jaoac/article-abstract/87/3/707/5657208 



31 
 

41.  Pritchard SE, Marciani L, Garsed KC, Hoad CL, Thongborisute W, Roberts E, et al. 

Fasting and postprandial volumes of the undisturbed colon: Normal values and 

changes in diarrhea-predominant irritable bowel syndrome measured using serial 

MRI. Neurogastroenterol Motil. 2014;26(1):124–30.  

42.  Ziegler JU, Steiner D, Longin CFH, Würschum T, Schweiggert RM, Carle R. Wheat and 

the irritable bowel syndrome - FODMAP levels of modern and ancient species and 

their retention during bread making. J Funct Foods. 2016 Aug 1;25:257–66.  

 

  



32 
 

Tables 

Table 1. Composition of the three test fibers  

TestTest 

Wheat 

BranWheat 

Bran 

NopalNopal 
PsylliumPsylliu

m 

Resistant StarchResistant 

Starch 
<2%<2% <2%<2% <2%<2% 

FructansTotal Dietary 

Fiber 
1.5%41.3% 0.1%50.8% -97.9% 

Total Dietary Fiber  - 

Soluble Fiber 
41.3%6.2% 50.8%13.2% 97.9%88.9%32.4% 

  - Soluble Fiber  - 

Insoluble Fiber 
6.2%35.1% 13.2%37.6% 23.532.4%65.5% 

Total Fructans1a 1.2% 0.1% - 

Total Sugars 4.4% 4.9% - 

Mannitol trace 0.1% - 

Glucose 2.0% 1.4% - 

Fructose 0.7% 2.2% - 

Sucrose ND 1.2% - 

Raffinose 0.1% trace - 

1-Kestose 0.1% trace - 

Maltose 1.42% 0.1% - 
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Nystose ND trace - 

Kestopentose ND ND - 

1aquantified using high-performance anion exchange chromatography with pulsed 

amperometric detection.  

ND: not detectable 
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Table 2. T1 (in seconds) in the ascending colon, fasted and postprandially.  

 Ascending colon T1, mean (SD) 

Fiber Fasting 4 hours after meal and fiber 

Wheat bran, mean (SD) 0.989 (0.1920) 0.825 (0.187)1 a 

Nopal, mean (SD) 1.000.97 

(0.162) 

0.932 (0.176)a 

Psyllium, mean (SD) 0.9997 (0.17) 1.246 (0.3029)a1,2, b 

One-way ANOVA shows a significant difference between the fibers 4 hours after meal 

ingestion (n=14, , F=23.2, DF=2), p<0.0001.p=0.0008. 1a p<0.05 compared with fasting 

values, 2b p<0.005 compared with both wheat bran and nopal 4 hours after the meal and 

fiber. 
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Legends for figures 

Figure 1 - Schematic of events during the human MRI study. MRI scans are represented by 

 , hydrogen breath tests by   and test meal ingestion by ↓.  Test meals comprised 7.5 

g total fiber with a low fiber, low FODMAP meal. Each scan day was separated by a washout 

period of at least 6 days.  

Figure 2 – Data are presented as mean and 95% confidence intervals, n=5 (in triplicate). A) 

in vitro onset of gas production (in hours) when combined with the study fibers, 

demonstrating significantly longer onset time (defined by the inflection point in the time 

versus volume curve) for psyllium than wheat bran (14 (5) hours vs 6 (2) hours, p=0.0031) 

and nopal (4 (2), p=0.0011).  B) in vitro stool sample gas production when combined with 

the pre-digested fibers over 48 hours. AUCs were significantly different between fibers 

(F=9.07, p=0.0109), with a significantly greater AUC for wheat bran compared with psyllium, 

mean (95% CI) difference 370.4 (76.8-664.0) mL.hr, p=0.02, but not nopal, mean (95% CI) 

difference 164 (-117.6 -446.4) mL.hr, p=0.2. 

Figure 3 – A) Time course of T1 relaxation in the ascending colon (T1AC) (mean, 95%CI) 

following fiber ingestion on the MR imaging day (n=14).showing  4 hours after ingestion 

there was a significant difference between the fibers (p<0.0001) and Tukey’s multiple 

comparisons showed a significant T1 increase for psyllium, demonstratingcorresponding to 

a more watery chyme,  compared to both wheat bran and nopal (mean (95% CI) difference 

0.439 (0.207-0.672)s, p=0.0007, and 0.338 (0.17-0.505)s, p=0.0004, respectively)an increase 

for psyllium not demonstrated with the other two fibers. Significant differences between 



36 
 

psyllium and wheat bran are seen from 60 minutes after the test meal (p= 0.023), and 

between psyllium and nopal from 180 minutes (p =0.048). Ingestion of the test meal is 

designated by ↓. B) Fasting T1AC (mean, 95%CI) showing the effect afterof 2 24 hours of 

fiber pre-feeding (n=14), demonstrating at least 75% of values lying above the 90th centile of 

the normal range with no significant differences between the three fibers (p=0.93).. Normal 

fasting T1AC (median, 10th- 90th centile) is shown in grey. 

Figure 4 – Time course of Small Bowel Water Content (SBWC) (mean, 95%CI) following fiber 

ingestion on the MR imaging day (n=11). , s AUC analysis demonstrated a significant 

difference between fibers (p=0.02); nopal stimulating significantly more small bowel water 

than wheat bran (mean (95% CI) difference 7.1 (0.6-13.8) L.min, p=0.03).howing an increase 

in SBWC for all three fibers over the 4 hour postprandial period. Ingestion of the test meal is 

designated by ↓. 

Figure 5 - Time course of total colonic volumes (mean, 95%CI) following fiber ingestion on 

the MR imaging day (n=14). , demonstrating consistently higher values with psyllium than 

both wheat bran and nopal.AUC for the study duration was significantly different p<0.0001); 

psyllium was greater than nopal (mean (95% CI) difference 36.0 (24.1-47.8) L.min, p<0.0001) 

and wheat bran (45.8 (31.1-60.4) L.min, p<0.0001), with no difference between nopal and 

wheat bran. Normal colonic volumes (mean, SD) are demonstrated in grey. Ingestion of the 

test meal is designated by ↓. 

Figure 6 - Time course of breath hydrogen concentration (mean, 95% CI) following fiber 

ingestion on the MR imaging day (n=10).  showing an increase in breath hydrogen after 

consumption of wheat bran and nopal not seen with psylliumAfter 4 hours there was a 

significant difference between the fibers (p<0.0001); breath hydrogen concentration was Formatted: Font: Italic
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significantly higher for both wheat bran and nopal versus psyllium (mean difference (SD) 

56.1 (42.8)ppm, p=0.0003 and 32.3 (32.4)ppm, p=0.04, respectively), with no difference 

between wheat bran and nopalbreath hydrogen concentration was significantly higher for 

both wheat bran and nopal versus psyllium (rank sum difference 17.5, p=0.0003 and 11, 

p=0.04 respectively) with no difference between wheat bran and nopal. Ingestion of the test 

meal is designated by ↓. 
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